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ABSTRACT: Catalytic photo-oxygenation of tau amyloid is a potential therapeutic approach to tauopathies, including Alz-
heimer disease (AD). However, tau is a complex target containing great molecular size and heterogeneous isoforms/pro-
teoforms. Although catalytic photo-oxygenation has been confirmed when using catalyst 1 and recombinant tau pretreated 
with heparin, its effects on tau from human patients have not yet been clarified. In this study, focusing on the histidine resi-
dues being oxygenated, we have constructed two assay systems capable of quantitatively evaluating the catalytic activity 
when used on human patient tau: (1) fluorescence labeling at oxygenated histidine sites and (2) LC-MS/MS analysis of histi-
dine-containing fragments. Using these assays, we identified 2 as a promising catalyst for oxygenation of human tau. In addi-
tion, our results suggest that aggregated tau induced by heparin is different from actual AD patient tau in developing effective 
photo-oxygenation catalysts. 

Introduction 

Alzheimer disease (AD) is a neurodegenerative disorder 
with cognitive decline and is the most common cause of 
dementia. AD is pathologically characterized by two types 
of lesions, senile plaques and neurofibrillary tangles, which 
are mainly composed of aggregated amyloid-β (Aβ) and tau, 
respectively.1 Of these two, tangles have been reported to 
correlate more significantly with neuronal loss.2 Moreover, 
there are known neurodegenerative diseases caused by tau 
accumulation, collectively known as tauopathies. Therefore, 
inhibition and clearance of aggregated tau may exhibit more 
direct therapeutic effects not only on AD but also 
tauopathies in general. 

Aggregated Aβ as well as tau contains the cross-β-sheet 
structure and is called amyloid. Targeting the cross-β-sheet 
structure characteristic of amyloids, we developed Aβ 
amyloid-selective photo-oxygenation catalysts 1–4 (Figure 
1a).3-7 Only when interacting with the cross-β-sheet 
structure, do these catalysts act as photosensitizers to 
generate singlet oxygen (1O2) under light irradiation. Due to 
the short-lived nature of 1O2,8 it reacts selectively with the 
proximal Aβ amyloid. Specifically, histidine (His) was the 
main oxygenation site using catalysts 1–4.9 The covalent in-
corporation of hydrophilic oxygen atoms into the amyloid 

decreased its aggregative property and facilitated 
phagocytotic degradation of Aβ amyloid by microglia cells 
in mice brains.7 

Among those catalysts, BODIPY analog 1 photo-oxygenated 
the wild-type of the recombinant tau repeat domain 
(WTRD-tau) amyloid,6,10 which is artificially aggregated 
with heparin.1 Photo-oxygenation resulted in inhibition of 
its amyloid characteristics, such as cross-β-sheet 
propensity and seeding ability.6,12 WTRD-tau is, however, a 
too-simplified model of tau derived from real AD patient 
(AD-tau) due to differences in molecular size [molecular 
weights (MW) of WTRD-tau and AD-tau are 13.4 kDa and 
36.8~45.9 kDa, respectively] and 
complexity/heterogeneity. AD-tau is comprised of various 
isoforms and proteoforms containing post-translational 
modifications that play important roles in its function.13 
Also, the recent cryo-electron microscopy analysis revealed 
that the structures of protomer of WTRD-tau and AD-tau 
are distinct.14 Hence, it is challenging but critically 
important to identify effective catalysts that oxygenate AD-
tau through quantitative evaluation of the catalytic activity. 
Here we report two quantitative assay methods to evaluate 
oxygenation levels of AD-tau. These methods have allowed 
us to identify a promising catalyst 2 for AD-tau photo-
oxygenation. 

 



 

Results and discussion 

Since protein oxygenation by singlet oxygen forms higher 
molecular-weight structures by crosslinking nucleophilic 
amino acid residues (e.g. His, Lys) and oxidatively gener-
ated electrophilic functional groups of His,15 we initially at-
tempted quantification of the crosslinked structures by 
Western blot (WB). However, WB of AD-tau showed com-
plicated band patterns irrespective of photo-oxygenation 
(Figure 1b). Many high molecular-weight bands were ob-
servable with or without catalytic photo-oxygenation, 
showcasing the complexity/heterogeneity of AD-tau. It was 
difficult to identify the bands corresponding to crosslinked 
tau. 

 

Figure 1. (a) Selective photo-oxygenation catalysts for Aβ 
(1–4) and WTRD-tau (1) amyloids. (b) Initial trial for 
quantification of oxygenated AD patient tau (AD-tau) by 
Western blot (WB). A mixture of the AD patient brain 
homogenate and catalyst (5 μM) was irradiated with 660 
nm LED (3.0±0.5 mW/cm2) at 37 °C for 100 min. WB was 
conducted using 5A6 tau antibody. 

 

Considering that the main photo-oxygenation site of amy-
loids is His,3 we envisioned quantifying photo-oxygenated 
His in tau with a fluorescent molecule. Sato et al. reported 
that a nucleophilic small molecule, 1-methyl-4-arylurazole 
(MAUra)-derivative 5, selectively reacts with intermediate 
6 generated through the reaction of His with 1O2 (Figure 
2a).16,17 The modified sites can be further labeled with the 
fluorescent molecule, tetramethylrhodamine (TAMRA)-
derivative 7, through azide-alkyne cycloaddition (AAC) to 
afford 8 (Figure 2a).18 

On the basis of this idea, we examined reaction conditions 
using catalyst 1 and the wild type of recombinant full-length 
1N4R tau, one of the isoforms of human tau (Figure 2b, 
WTF-tau: MW = 43.0 kDa, 4 μM). After photo-oxygenation 
in the presence of 5 (400 μM) under irradiation of red LED 
light (λmax = 660 nm) in phosphate-buffered saline (PBS) 
buffer, copper-promoted AAC was conducted with 7 (100 
μM). The sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) analysis with fluorescence 

detection (λex = 520 nm) showed the generation of fluores-
cent products 8 (Figure S4). The fluorescence of the bands 
in SDS-PAGE was significantly weaker under the control 
conditions without light irradiation, MAUra-derivative 5, or 
AAC with fluorescent molecules 7. The copper-catalyzed 
AAC was preferable to strain-promoted AAC (SPAAC)19 us-
ing dibenzylcyclooctyne (DBCO)-PEG4-TAMRA, because the 
latter conditions showed nonspecific fluorescence labeling 
of tau unmodified with 5 (Figure S5). This fluorescence as-
say system is concise and well-behaved. The fluorescence 
intensity of the whole product solution, which corresponds 
to oxygenation yield, consistently increased with reaction 
time (Figure 2c, left) and amount of catalyst (Figure 2c, 
right). These results support the utility of this assay method 
for the quantitative evaluation of photo-oxygenation cata-
lyst activity. 
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Figure 2. Quantitative evaluation of oxygenated tau by flu-
orescence assay. (a) A reaction scheme for quantitative 
evaluation of photo-oxygenated tau using two-step fluores-
cence labeling with MAUra technique. (b) Amino acid se-
quence of 1N4R tau (WTF-tau). The repeat domain corre-
sponding to WTRD-tau are in bold letters. Fragments enzy-
matically digested with AspN/GluC to be detected by LC-
MS/MS analysis are underlined (see Figure 3). (c) Time- and 
catalyst equivalent-dependencies of fluorescence intensity 
of 8. Left: heparin-treated WTF-tau (4 μM), catalyst 1 (2 μM), 
and 5 (400 μM) were irradiated with 660 nm LED (3.0±0.5 
mW/cm2) in PBS buffer at 37 °C for a different reaction time, 
and then AAC was conducted with CuSO4 (250 μM) and 7 
(100 μM) to afford 8. Error bars are based on three inde-
pendent experiments. Right: heparin-treated WTF-tau (4 
μM), a different equivalent of catalyst 1, and 5 (400 μM) 
were irradiated with 660 nm LED in PBS buffer at 37 °C for 
30 min, and then AAC was conducted with CuSO4 (250 μM) 
and 7 (100 μM) to afford 8. Data are averages of triple trials. 
Error bars indicate standard deviation. 

 

To further validate the fluorescence assay, we next sought 
to establish a complementary assay method using mass 
spectrometry (MS).20 After photo-oxygenation of WTF-tau 
(4 μM) with 1, products were digested by AspN/GluC and 
the intensities of peptide fragments were quantified by LC-
MS/MS analysis (Figure 3a). Because photo-oxygenation 
produced various products with different molecular 
weights by crosslinking, it was difficult to directly detect ox-
ygenated fragments. Therefore, we quantified unreacted in-
tact fragments. The catalytic activity was evaluated by de-
termining the conversion ratio defined as (1–R/T) x 100[%], 
where T (total) and R (remaining) are MS intensities of the 
fragments before and after photo-oxygenation, respectively.  

The results showed that the conversion ratio of successfully 
detected fragments increased in both a time- (Figure 3b, 
left) and a catalyst concentration-dependent manner 
(Figure 3b, right), supporting the validity of this method. 
Furthermore, the reaction kinetics are consistent with those 
observed by the fluorescence method (Figure 2c). 
Intriguingly, the conversion ratio of the H5 fragment is 
greater than those of other fragments (See Figure 2b for the 
correspondence between fragment names and sequences). 
Given the presence of the H5 fragment in the cross-β-sheet 
structure of heparin-induced tau amyloid,21 this observed 
tendency may reflect the cross-β-sheet selectivity of 
catalyst 1.6 

We next applied the two assay methods to compare the cat-
alyst activities of 1–4 using a further advanced model of AD-
tau, mice-expressed human 1N4R tau (MEH-tau, MW = 43.0 
kDa).22 MEH-tau harbors a familial frontotemporal demen-
tia-linked P301S mutation and forms amyloid in mice brains. 
Therefore, MEH-tau extracted from mice brains is more rel-
evant to AD-tau than WTF-tau, which requires heparin 
pretreatment. Whereas 3 was the most active catalyst for 
WTF-tau (Figure 4a), we determined that 2 was equally or 
more active than 3 for MEH-tau (Figure 4b). Because the 
amino acid sequence is identical between WTF-tau and 
MEH-tau except for the amino acid residue-301, the 
observed difference is likely due to the distinct 
conformations and/or aggregation states between these 

two tau aggregates. Catalyst 2 can be activated with longer 
wavelength light (λmax = 627 nm) than 3 (λmax = 537 nm).4 
This property is favorable for in vivo applications because 
longer wavelength light is more cell- and tissue-permeable. 
Considering such favorable photophysical properties and 
catalyst activity, we selected 2 as the optimum photo-
oxygenation catalyst for AD-tau. 

 

 

 

 
Figure 3. Quantitative evaluation of oxygenated tau by LC-
MS/MS. (a) LC-MS/MS analysis of enzyme-digested frag-
ments of oxygenated tau. (b) Reaction time- (left) and cata-
lyst equivalent-dependencies (right) of conversion ratios. 
Heparin-treated WTF-tau (4 μM) and 1 were irradiated 
with 660 nm LED (3.0±0.5 mW/cm2) at 37 °C and the result-
ing mixture was digested with AspN/GluC in ammonium bi-
carbonate buffer for LC-MS/MS analysis. See Figure 2b for 
the correspondence between fragment names and se-
quences. Data are averages of triple trials. Error bars indi-
cate standard deviation. 

 

Finally, we compared the activity of catalyst 2 to 1, the sole 
photo-oxygenation catalyst previously known to be active 
to tau (WTRD-tau),10 using AD-tau prepared as a sarkosyl-
insoluble fraction from an AD patient’s brain. In the 
fluorescence assay, however, there was little difference in 
the fluorescence intensity between samples derived from 
an AD patient and a healthy person after photo-oxygenation 
(Figure S8). It may be due to the existence of only a very 
small concentration of AD-tau amyloid below the detection 
limit of the fluorescence assay in the samples. Using the LC-
MS/MS method, however, we found that catalyst 2 was 
significantly more active than catalyst 1 (Figure S14, 8% vs. 
0% conversion ratio using catalysts 2 and 1, respectively). 
Notably, catalyst 1 showed little activity with AD-tau while 
it afforded >60% conversion ratio to WTF-tau (Figure 3b), 
supporting the idea that AD-tau amyloid furnishes 
completely distinct structures from artificially prepared 
WTRD-tau aggregates.21,23 This is also supported by the fact 
that 1 was more active than 2 in the oxygenation of WTRD-
tau.6 



 

 

  
 

   
Figure 4. Comparison of catalyst activity of 1–4. (a) 
Evaluation of catalytic activity using WTF-tau by 
fluorescence labeling (left) and LC-MS/MS analysis (right). 
A mixture of heparin-treated WTF-tau (4 μM) and catalyst 
(2 μM) was irradiated with 595 (for 3 and 4)/660 nm (for 1 
and 2) LED (3.0±0.5 mW/cm2) at 37 °C for 30 min. The 
conversion ratio for LC-MS/MS analysis is the average of the 
conversion ratio for H1, H2, H5, H7, and H10. (b) Evaluation 
of catalytic activity using MEH-tau using fluorescence 
labeling (left) and LC-MS/MS analysis (right). A mixture of 
the sarkosyl-insoluble fractions from mouse brain 
homogenate containing MEH-tau and catalyst (1 μM) was 
irradiated with 595 nm LED for 3 and 4 and 660 nm LED for 
1 and 2 (3.0±0.5 mW/cm2) at 37 °C for 30 min. The 
conversion ratio for LC-MS/MS analysis is the average of the 
conversion ratio for H1 and H7 fragments. Data are 
averages of triple trials. Error bars indicate standard 
deviation. 

 

In summary, we developed two assay methods to quantify 
photo-oxygenation catalyst activity on full-length tau 
proteins, such as WTF-, MEH-, and AD-tau. The two methods, 
fluorescence and LC-MS/MS assays, were consistent with 
and complementary to each other. Although the 
fluorescence assay was not applicable to AD-tau due to the 
limited quantity of human AD patient sample available, LC-
MS/MS assay was sufficiently sensitive. We identified 2 as 
the first photo-oxygenation catalyst applicable to AD-tau. 
Since catalyst 2 is excited by long-wavelength light and 
suited to animal experiments,4 further structural 
modifications of 2 promise to produce clinically useful 
catalysts targeting tau amyloid.  

Materials and Methods 

General 

All solvents and chemicals were purchased from commercial 
suppliers, Kanto Chemical Co., Inc., Sigma–Aldrich, Inc., Tokyo 

Chemical Industry Co., Ltd., Wako Pure Chemical Co., Inc., 
Watanabe Chemical Industries, Ltd., and Click Chemistry Tools, 
and were used without further purification. Nuclear magnetic 
resonance (NMR) spectra were recorded on JEOL ECX500 spec-
trometer, operating at 500 MHz for 1H NMR and 124.51 MHz 
for 13C NMR, or JEOL ECS400 spectrometer, operating at 400 
MHz for 1H NMR, 100 MHz for 13C NMR, 369 MHz for 19F NMR, 
and 126 MHz for 11B NMR. Chemical shifts were reported in 
ppm on the  scale relative to residual CHCl3 ( = 7.26 for 1H 
NMR,  =77.0 for 13C NMR), and CD2HCN ( = 1.93 for 1H NMR), 
DMSO-d5 ( = 39.5 for 13C NMR), as an internal reference, and 
BF3 ( = 0.00 ppm for 11B NMR) and hexafluorobenzene ( = -
164.90 ppm for 19F NMR) as an external reference. For HRMS, 
ESI mass spectra were measured on a JEOL JMS-T100LC Ac-
cuTOF spectrometer, and APCI mass spectra were measured on 
a Bruker microTOF-II spectrometer. LC–MS/MS analyses were 
conducted using AB Sciex Triple TOF 4600 equipped with eksi-
gent ekspert microLC 200, with a ChromXP C18 column (0.5  
100 mm) using a linear gradient of 5–60% acetonitrile with 
0.1% formic acid (v/v) in 0.1% aqueous formic acid (v/v) over 
20 min at 40 °C with a flow rate of 20 μL/min. The eluent was 
monitored by on-line quadrupole time-of-flight mass spec-
trometer (ESI-Q-TOF MS), operated in positive ion mode. Data 
analysis was carried out on PeakView software (AB Sciex, ver-
sion 1.2.0.3) based on the following method. Some of intense 
and/or characteristic MS/MS fragment ions were selected from 
each precursor ion, and chromatogram was extracted based on 
both the precursor and the fragment ions with a mass tolerance 
of 0.2 Da. Photoreaction was performed with a Valore light 
emitting diode ( = 595 nm) and U-TECHNOLOGY light emit-
ting diode ( = 660 nm). Absorbance measurement was per-
formed using a Shimadzu UV-1800 spectrometer with a rectan-
gular quartz cell (5 mm pathlength). The fluorescence intensity 
was measured using Promega GloMax®.  

Recombinant tau (WTF-tau) preparation 

The human tau plasmid (2N4R full-length tau cloned into 
pRK172 vector) was gifted from Dr. Hasegawa.24 The wild type 
of recombinant full-length 1N4R tau (WTF-tau) was con-
structed by deletion from full-length tau sequence.  

Recombinant tau preparation was according to previous report 
of our group.25 Briefly, wild-type tau protein was expressed in 
BL21(DE3) (Nippon Gene Co., Ltd.) and purified using the cat-
ion exchange chromatography column with cellulose phos-
phate. After elution, the eluates were applied to reverse-phase 
chromatography to increasing the purity. After the evaporating 
of elution buffer from reverse-phase chromatography, the pel-
lets were dissolved with phosphate buffered saline (PBS), the 
concentration of tau was measured by BCA assay kit (Takara), 
and the resulting tau solution was stocked at -30 °C until use. 

Heparin induced WTF-tau aggregation 

To a solution of WTF-tau (4 µM) in PBS buffer, 1,4-dithio-
threitol (DTT: 2 mM) and heparin-sodium (4 µM) were added. 
The mixture was incubated at 37 °C for 24 hrs. The mixture was 
stocked at -80°C until use. 

Mouse brain samples (MEH-tau) 

All experiments using animals were performed according to 
the guidelines provided by the Institutional Animal Care Com-
mittee of the Graduate School of Pharmaceutical Sciences at the 



 

University of Tokyo (protocol no.: P31-11). PS19 mice, which 
are human tau transgenic mice with age-dependent deposition 
of human 1N4R tau with P301S mutation, were used as Alz-
heimer disease mouse models. Wild-type animals were 8-
week-old C57BL/6J mice (Japan SLC, Inc). All animals were 
maintained on a 12 h light/dark cycle with food and water 
available ad libitum. 

Human brain samples (AD-tau) 

Samples of brain tissue from patients with Alzheimer disease 
and aged controls were obtained from the tissue bank at the 
University of Pennsylvania Alzheimer's Disease Core Center 
(ADCC) and the Center for Neurodegenerative Disease Re-
search (CNDR). Alzheimer’s disease and control patients were 
diagnosed symptomatically and pathologically at ADCC-CNDR 
as previously described.26 All samples used in experiments 
were obtained from temporal cortex under the approval of the 
institutional review board, ADCC-CNDR, and the institutional 
ethical committee of the Graduate School of Pharmaceutical 
Sciences, University of Tokyo (No. 2-1). 

Sarkosyl insoluble fraction (SIF) preparation 

A whole brain from PS19 mouse or a piece of the brain tissue 
from AD patient was homogenized in PBS buffer containing 
cOmplete and phosSTOP, and then subjected to sonication. The 
solution was ultra-centrifuged at 113,000 x g, 4 °C for 20 min. 
The pellet was sonicated again to afford SIF suspension solu-
tion. 

Western blotting of human brain samples 

After sonication of the brain tissue from an AD patient in PBS 
buffer containing cOmplete and phosSTOP at output 1.5 for 10-
20 sec, the mixture of the homogenate and catalyst (5 µM) was 
irradiated with 660 nm LED (3.0±0.5 mW/cm2) at 37 °C for 100 
min. The samples were separated by SDS-PAGE, and western 
blotting was conducted using anti tau antibody (5A6). 

Fluorescent labeling assay 

To a solution of WTF-tau aggregates (4 µM) or a sarkosyl insol-
uble fraction (SIF), a stock solution of catalyst 1-4 (2 µM in 
WTF-tau, 1uM in SIF) and azide conjugated MAUra 5 (400 µM) 
were added. The mixture was irradiated with 595 nm (for cat-
alyst 3 or 4) or 660 nm (for catalyst 1 or 2) LED (suitable for 
catalyst absorption wavelength) at 37 °C for 30 min, and then 
subjected to acetone precipitation after addition of coumarin-
conjugated HaloTag protein as internal standard. To the pellet 
was added SDS sample buffer (without dithiothreitol (DTT) 
and bromophenol blue (BPB)), and then the mixture was boiled 
at 95 °C for 5 min. To the solution, TBTA (500 µM), CuSO4 (250 
µM), alkyne conjugated TAMRA 7 (100 µM), and L(+)-ascorbic 
acid sodium salt (2 mM) were added and then the mixture was 
incubated at room temperature for 1 hr. The solution was again 
subjected to acetone precipitation. The pellet was dissolved in 
SDS sample buffer (without BPB), and the mixture was boiled 
at 95 °C for 5 min. The fluorescence intensity of the solution 
was analyzed in duplicate using GloMax® (λex = 365 nm for 
coumarin / 520 nm for TAMRA). The fluorescence intensity for 
evaluation was provided as the fluorescence intensity of 
TAMRA divided by the fluorescence intensity of coumarin. The 
fluorescence intensity of a sample without oxygenation was 
subtracted as a background from that of samples with 

oxygenation. In the WTF-tau sample, Hela cell extract was 
added after the photo-oxygenation reaction to promote pellet 
formation in acetone precipitation. 

LC-MS/MS analysis assay 

To a solution of WTF-tau aggregates (4 µM) or a sarkosyl insol-
uble fraction (SIF), a stock solution of catalyst 1-4 (2 µM in 
WIF-tau, 1 uM in SIF) was added. The mixture was irradiated 
595 nm (for catalyst 3 or 4) or 660 nm (for catalyst 1 or 2) LED 
(suitable for catalyst absorption wavelength) at 37 °C for 30 
min, and then subjected to sonication with urea (8 M) and DTT 
(10 mM). The solvent was exchanged to ammonium bicar-
bonate aqueous solution (50 mM) with Amicon Ultra, and then 
enzymatically digested with AspN/GluC at 37 °C for 3-18 hrs. 
The solvent was exchanged to sample buffer (5% formic acid, 
5% acetonitrile in water), and then fragments were analyzed in 
duplicate using LC-MS/MS. The quantified peak areas were 
converted to relative values using a His- and Met-free fragment, 
as internal standards (fragment IS), which is not to be oxygen-
ated. Considering the fragment area of the sample without ox-
ygenation (T; Total) as 100% of the raw material, the fragment 
area of the sample with oxygenation (R; Remain) was also con-
verted to conversion ratio through the formula (1). 

𝑻 − 𝑹

𝑻
 ×  𝟏𝟎𝟎 [%]   (𝟏) 

Associated content  

Supporting Information 

The Supporting Information is available free of charge on the 
ACS Publications website. Synthetic protocols and Figure S1-
S14 (PDF).  
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