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ABSTRACT 

Prion diseases are fatal neurodegenerative disorders caused by deposition of scrapie 

prion protein aggregates (PrPSc) in the brain. We previously reported that styrylchromone 

(SC) and benzofuran (BF) derivatives have potential as imaging probes for PrPSc. To 

further improve their properties, we designed and synthesized 2-(benzofuran-2-yl)-

chromone (BFC) derivatives hybridized with SC and BF backbones as novel single-

photon emission computed tomography probes for the detection of cerebral PrPSc deposits. 

Recombinant mouse prion protein (rMoPrP) aggregates and mouse-adapted bovine 

spongiform encephalopathy (mBSE)-infected mice were used to evaluate the binding 

properties of BFC derivatives to PrPSc. The BFC derivatives exhibited high binding 

affinities (equilibrium dissociation constant [Kd] = 22.6–47.7 nM) for rMoPrP aggregates. 

All BFC derivatives showed remarkable selectivity against amyloid beta aggregates. 

Fluorescence microscopy confirmed that the fluorescence signals of the BFC derivatives 

corresponded to the antibody-positive deposits of PrPSc in mBSE-infected mouse brains. 

Among the BFC derivatives, [125I]BFC-OMe and [125I]BFC-NH2 exhibited high brain 

uptake and favorable washout from the mouse brain. In vitro autoradiography 

demonstrated that the distribution of [125I]BFC-OMe in the brain tissues of mBSE-

infected mice was co-localized with PrPSc deposits. Taken together, BFC derivatives 
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appear to be promising prion imaging probes.  

 

KEYWORDS: Prion disease, PrPSc, amyloid, 2-(benzofuran-2-yl)-chromone, single 

photon emission computed tomography (SPECT) 

  

 

Prion diseases, also known as transmissible spongiform encephalopathies, are 

incurable, fatal neurodegenerative diseases that affect both humans and animals.1 Human 

prion diseases have an annual incidence of 1–2 cases per million people, however, the 

majority of patients die within a year when clinical symptoms occur.2, 3 These diseases 

have been classified as sporadic, genetic, and infectious. Creutzfeldt-Jakob disease (CJD) 

is the most common prion disease, of which sporadic CJD (sCJD) accounts for 75–85% 

of the types of CJD.3, 4 Genetic prion disease is classified as familial CJD, Gerstmann-

Sträusler-Scheinker syndrome (GSS), or fatal familial insomnia, depending on specific 

clinical and pathological features. Kuru, iatrogenic CJD, and variant CJD are infectious 

diseases that can be caused by external prions.5 They have a long asymptomatic 

incubation period; however, severe clinical symptoms develop in a short period of time. 

Their common pathologies include neuronal loss, spongiform generation, and astrocytic 
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gliosis in brain tissues.6 These symptoms are thought to be caused by the misfolding and 

deposition of scrapie prion protein aggregates (PrPSc) in the central nervous system 

(CNS).7  

No effective treatment for human prion diseases is currently available despite 

diligent research efforts. At present, an unequivocal diagnosis of prion disease requires 

neuropathological examination and immunostaining of PrPSc in the postmortem brain 

tissue.8 Therefore, a definitive antemortem diagnosis is urgently required. Since 2010, 

real-time quaking-induced conversion (RT-QUIC) techniques have emerged as 

ultrasensitive and specific diagnostic methods for the premortem diagnosis of sCJD.9, 10 

These diagnostic methods are based on the monitoring of thioflavin T (ThT) fluorescence 

signals which bind to amplified misfolded PrPSc in biopsy samples (e.g., cerebrospinal 

fluid and olfactory mucosa) by recombinant PrP. The specificity of RT-QUIC for CJD is 

markedly high, exceeding 99% for sCJD. Moreover, the sensitivity of this technique is 

also very high, whereas stable detection sensitivity has not been obtained for infrequent 

subtypes.11 Prion diseases are rare, therefore, the development of non-invasive diagnostic 

techniques other than RT-QUIC is necessary for achieving a more accurate diagnosis of 

these diseases. Several in vivo imaging techniques have been used to aid in the diagnosis 

of CJD. Magnetic resonance imaging has achieved sensitive detection of atrophy in prion 
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diseases and staging of their disease progression.12 Nuclear medicine imaging, such as 

single-photon emission computed tomography (SPECT) and positron emission 

tomography (PET), could perform more disease-specific imaging using appropriate 

molecular probes.13 Misfolded PrPSc has a β-sheet-rich structure that forms amyloid fibrils 

such as beta-amyloid (Aβ) plaques, which are characteristic of Alzheimer's disease.14 

Accordingly, several PET imaging probes that originally targeted Aβ have been evaluated 

to visualize PrPSc in the brain tissue of patients with prion disease. However, inconsistent 

results, including some samples and negative reports, have impeded their usefulness in 

clinical practice. Therefore, these probes have not been verified as diagnostic tools.15 In 

contrast, [18F]FDDNP (Figure 1) localization in several brain regions of PRNP F198S 

GSS patients,16 [11C]PIB and [11C]BF-227, (Figure 1) failed to detect deposits in patients 

with GSS and CJD, respectively.17 We previously developed a series of radioligands, 

including flavonoids,18, 19, 20, 21 acridines,22, 23 and benzofurans,24, 25 as new imaging probes 

for PrPSc and Aβ (Fig. 1). Among them, [123I]SC-OMe (Figure 1), a styrylchromone 

derivative, allowed to visualize prion deposits in mouse-adapted bovine spongiform 

encephalopathy (mBSE)-infected mice, a typical model of prion disease,26 using a small 

animal SPECT/CT imaging system.20 However, inadequate blood-brain barrier (BBB) 

permeability can hinder the clinical application of [123I]SC-OMe. Another disadvantage 
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of SC derivatives is that photoisomerization may prevent the reproducibility of PrPSc 

imaging. More recently, we reported that [123I]IPBF-NHMe (Figure 1) successfully 

visualized prion deposits in living brain tissues of mBSE-infected mice by SPECT.27 

However, this radiotracer also exhibited high affinity for Aβ1–42 aggregates,28 which could 

be an obstacle for the clinical imaging of PrPSc. Therefore, continued efforts are required 

to develop new imaging probes with improved brain distribution and binding selectivity 

for PrPSc, which could allow for PrPSc-specific in vivo imaging. We hypothesized that 

novel derivatives combining the backbone of SC and BF could be used as prospective 

prion imaging probes. In this study, we developed 2-(benzofuran-2-yl)-chromone (BFC) 

derivatives hybridized with SC and BF as novel PrPSc imaging probes (Figure 2). Unlike 

SC, photoisomerization cannot occur in BFCs; thus, each BFC derivative is expected to 

provide reproducible imaging with a single compound. We designed four radioiodinated 

BFC derivatives with electron-donating groups (-OMe, -NH2, -NHMe, and -NMe2), 

which play important roles in the binding affinity to amyloid,29 for PrPSc imaging. 

Recently, a CNS multiparameter optimization (CNS MPO) and a CNS PET 

multiparameter optimization (CNS PET MPO) algorithm was developed to predict the 

preferred physicochemical properties of clinically useful CNS PET tracers.30, 31 This 

algorithm includes calculated logP (ClogP), calculated distribution coefficient at pH = 7.4 
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(ClogD), molecular weight (MW), topological polar surface area (TPSA), number of 

hydrogen bond donors (HBD), and ionization constant of the most basic center (pKa). 

While the preferred range of CNS MPO was set as ClogP ≤ 3.0, ClogD ≤ 2.0, MW ≤ 360, 

40 < TPSA ≤ 90, HBD ≤ 0.5, and pKa ≤ 8.0,30 the preferred range of CNS PET MPO was 

set as ClogP ≤ 2.8, ClogD ≤ 1.7, MW ≤ 305.3, 44.8 < TPSA ≤ 63.3, HBD ≤ 1, and pKa ≤ 

7.2.31 The score range for each parameter was 0–1. The inflection points and desired 

ranges for the CNS PET MPO tool were derived from the physicochemical property data 

of commercially available CNS drugs in the CNS MPO article. These values are 

considered valid for predicting more narrowly defined drugs such as those associated with 

CNS PET ligands.31 It has been reported that the majority of marketed CNS drugs have 

CNS MPO scores > 4 and valid CNS PET tracers have CNS PET MPO scores > 3.30, 31 

Fortunately, the CNS MPO and CNS PET MPO calculation values indicated that the BFC 

derivative with four electron-donating groups showed higher scores (3.6–4.5 and 2.9–4.0, 

respectively) than SC-OMe (3.0 and 1.3, respectively) and 5-IBF-NHMe, an N-

methylamino-substituted BF derivative (3.3 and 2.0, respectively) (Table 1). Therefore, 

these BFC derivatives was expected to possess high binding affinity for PrPSc and high 

BBB permeability. Herein, we describe the synthesis and evaluation of BFC derivatives 

as prion-imaging probes. Although 123I (t1/2 = 13.3 hours) has been used for SPECT probes, 
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125I (t1/2 = 59.4 days), which has a long half-life and is easy to handle, was used in this 

fundamental research. 
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Figure 1.  Chemical structures of reported imaging probes for scrapie prion protein 

(PrPSc). 

 

 

Figure 2.  Chemical structures of 2-(benzofuran-2-yl)-chromone (BFC) derivatives 

evaluated as scrapie prion protein (PrPSc) imaging probes in this study. 
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Table 1.  Individual CNS PET MPO parameters of SC-OMe, 5-IBF-NHMe, and BFC 

derivatives 

 

a The physicochemical properties of each compound was calculated using a 

ChemBioDraw Ultra 20.1. 

b The physicochemical properties of each compound was calculated using a SPARK on 

line calculator. 

c The CNS PET MPO of each compound was calculated according to the literature.30, 31 

Compound 

ClogPa ClogDb TPSAa MW HBD pKa
b CNS 

MPOc 

CNS 

PET 

MPOc 

SC-OMe 4.14 6.00 35.53 404.20 0 9.70 3.0 1.3 

5-IBF-NHMe 4.23 5.02 21.26 349.17 1 3.88 3.3 2.0 

IPBF-NHMe 3.61 4.93 33.62 350.16 1 4.61 4.2 2.4 

BFC-OMe 2.95 5.76 44.76 418.19 0 10.41 3.6 2.9 

BFC-NH2 2.27 4.68 61.55 403.18 1 3.31 4.5 4.0 

BFC-NHMe 2.57 5.17 47.56 417.20 1 3.68 4.4 4.0 

BFC-NMe2 3.36 5.57 38.77 431.23 0 3.91 4.2 3.1 
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ClogP, calculated partition coefficient; ClogD, calculated distribution coefficient at 

pH=7.4; MW, molecular weight; TPSA, topological polar surface area; HBD, number of 

hydrogen bond donors, pKa, ionization constant of the most basic center. 

 

 

RESULTS AND DISCUSSION 

Chemistry.  The synthetic route to the target BFC derivatives is shown in Scheme 

1. The 2-methoxy-4-nitrobenzaldehyde was desmethylated with boron tribromide (BBr3) 

to provide 1 at a 79% yield. 2-Hydroxy-4-methoxybenzaldehyde and 1 were allowed to 

react with ethyl bromoacetate to form benzofurans 2 and 3 in 15% and 16% yields, 

respectively. The hydrolysis of 2 and 3 with NaOH produced 4 and 5 in 69% and 45% 

yields, respectively. Compounds 6 and 7 were formed by the esterification of 4 or 5 and 

5’-bromo-2’-hydroxyacetophenon (71% and 99% yields, respectively). The 1,3-diketones 

8 and 9 were formed by the rearrangement of 6 and 7 with KOH (17% and 41% yields, 

respectively). The cyclodehydration of 8 and 9 by refluxing with sulfuric and acetic acids 

yielded 72% and 51% of 6-bromo derivatives 10 and 11, respectively. The amino 

derivative 13 was prepared from 11 by reduction with SnCl2 (89% yield). Conversion of 

13 to monomethylamino derivative 15 was performed using paraformaldehyde, sodium 



Nakaie et al. Page 14/60 
 

14 
 

methoxide (NaOMe), and sodium tetrahydridoborate (NaBH4) at a 22% yield. Compound 

11 was converted to dimethylamino derivative 17 using paraformaldehyde, sodium 

cyanoborohydride (NaCNBH3), and acetic acid (71% yield). Treatment of 10, 13, 15, and 

17 with tributyltin hydride [(SnBu3)2] and tetrakis(triphenylphosphine)palladium(0) 

[(PPh3)4Pd] generated the tributyltin derivatives 12, 14, 16, and 18 (15%, 9%, 41%, 27% 

yield, respectively). The targets BFC-OMe, BFC-NH2, BFC-NHMe, and BFC-NMe2 

were synthesized using a tributyltin-to-iodine exchange reaction from the corresponding 

tributyltin derivatives at yields of 88%, 88%, 87%, and 92%, respectively. 

Radioiodination of the BFC derivatives was achieved using an iododestannylation 

reaction with hydrogen peroxide as an oxidant, which produced the desired radioiodinated 

ligands at 15‒96% yields (Scheme 2). 
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Scheme 1.  Synthesis of benzofuranyl chromone (BFC) derivatives. 

Reagents and conditions: (a) BBr3, CH2Cl2, rt, 4 h; (b) Ethyl bromoacetate, K2CO3, 

DMF, 80-90 °C, 6-18 h; (c) NaOH, MeOH, rt, 2 h; (d) 5’-bromo-2’-hydroxyacetophenone, 

phosphoryl chloride, pyridine, rt, 2-12 h; (e) KOH, pyridine, rt, 2 h; (f) H2SO4, AcOH, 

100 °C, 2 h; (g) (SnBu3)2, Pd (PPh3)4, dioxane, TEA, 80-90 °C, 14 h; (h) I2, CHCl3, rt, 2-

3 h; (i) SnCl2, EtOH, 100 °C, 3 h; (j) CH3ONa, (CH2O)n, MeOH, reflux, 1 h; NaBH4, 

reflux, 3 h; (k) NaCNBH3, (CH2O)n, AcOH, rt, 4 h. 

 

 

Scheme 2.  Radiosynthesis of 125I-labeled BFC derivatives.  

Reagents and conditions: (a) [125I]NaI, H2O2, HCl, EtOH, rt, 10-20 min. 

 

 

HPLC analysis of BFC derivatives.  Reversed-phase HPLC analysis confirmed 

that cyclizing the BFC derivatives with styryl groups did not cause photoisomerization 
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(Figure 3). The SC derivative [125I]SC-NMe2 showed two peaks owing to 

photoisomerization (Figure 3A). In contrast, only a single major peak of the 125I-labeled 

BFC derivatives was observed (Figures 3B–E). These results indicate that none of the 

BFC derivatives underwent photoisomerization. 
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Figure 3.  HPLC chromatograms of 125I-labeled SC derivative (SC-NMe2) (A) and BFC 

derivatives [BFC-OMe (B), BFC-NH2 (C), BFC-NHMe (D), and BFC-NMe2 (E)]. HPLC 

conditions: Column; Cosmosil 5C18-AR-II (4.6 × 150 mm). Flow rate; 1.0 mL/min. 

Mobile phase; CH3CN/H2O (7/3) [(A), (B), (D), and (E)] and CH3CN/H2O (6/4) (C). 

 

 

In vitro binding of BFC derivatives to amyloids.  We previously conducted in 

vitro screening of candidate prion imaging probes using rMoPrP aggregates as a PrPSc 

model.20, 24, 27 First, an in vitro saturation binding assay of BFC derivatives was performed 

using the PrPSc model (Figure 4). The binding of 125I-labeled BFC derivatives to rMoPrP 

aggregates exhibited a saturated binding curve and a linear Scatchard plot that fitted the 

single-binding site model (Figure 4). 125I-labeled BFC derivatives had an equilibrium 

dissociation constant (Kd) and binding capacity (Bmax) in the ranges of 22.6 to 47.7 nM 

and 12.6 to 29.3 mmol/mol protein, respectively (Table. 2). In our previous study, 

[125I]SC-NMe2, a dimethylamino-substituted SC derivative, and [125I]5-IBF-NHMe had 

Kd values of 24.5 nM20 and 12.3 nM,24 respectively. Therefore, it is suggested that BFC 

derivatives have high binding affinities equivalent to those of SC and BF derivatives. The 

BFC derivatives with an amino group at the 4’-position showed binding affinities of 
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[125I]BFC-NMe2 > [125I]BFC-NHMe > [125I]BFC-NH2, suggesting that the introduction 

of hydrophobic electron-donating groups at the 4’-position of BFC derivatives improves 

the binding affinities to rMoPrP aggregates. To elucidate the selectivity of the BFC 

derivatives for amyloids, their binding affinities to Aβ1-42 aggregates were also evaluated 

(Table 2). The Kd values of the BFC derivatives for the Aβ1-42 aggregates ranged from 

109–259 nM. In contrast, the Kd value of [125I]SC-NMe2 for the Aβ1-42 aggregates was 

19.7 ± 3.89 nM. Therefore, it is suggested that the BFC derivatives have much higher 

binding selectivity for rMoPrP aggregates than those of the SC derivatives. The reason 

for this deviation in binding affinity is unknown, however, one possible explanation is 

that the amino acid sequence and shape of each amyloid differ. 
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Figure 4.  Saturation curve and Scatchard plot of 125I-labeled BFC derivatives bound to 

rMoPrP aggregates. Kd and Bmax values were determined via saturation assays using 

increasing concentrations of [125I]BFC-OMe (A), [125I]BFC-NH2 (B), [125I]BFC-NHMe 

(C), [125I]BFC-NMe2 (D) (1.6-100 nM). Values are the mean ± SEM of three to four 

independent measurements. 
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Table 2.  The equilibrium dissociation constant (Kd) values of 125I-labeled BFC 

derivatives to rMoPrP and Aβ1-42 aggregates. 

 

Compounds 
Kd (nM)a Bmax (mmol/mol protein)a 

rMoPrP Aβ1-42 rMoPrP Aβ1-42 

BFC-OMe 47.7 (2.81) 143 (4.65) 25.6 (0.24) 315 (20.3) 

BFC-NH2 26.1 (2.06) 109 (24.5) 12.6 (0.91) 93.2 (25.8) 

BFC-NHMe 23.1 (1.05) 251 (31.9) 29.3 (0.61) 249 (14.8) 

BFC-NMe2 22.6 (1.97) 259 (20.7) 27.6 (0.23) 440 (57.4) 

SC-NMe2 24.5b 19.7 (3.89) 36.3b 66.8 (4.15) 

 

a Values are the mean (SEM) for three to four independent measurements. 

b Data from previous report.20 

 

 

Fluorescence staining of BFC derivatives in mBSE-infected and Tg2576 mouse 

brain sections. BFC derivatives have high binding affinities for rMoPrP aggregates, 

therefore, the neuropathological fluorescence staining of BFC-OMe, BFC-NH2, BFC-
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NHMe, and BFC-NMe2 in brain sections from mBSE- and mock-infected mice was 

further evaluated (Figure 5). The brain sections of mBSE- and mock-infected mice were 

prepared according to previously reported methods.20, 23 In the brain sections of mock-

infected mice, fluorescent images stained with BFC derivatives were not clearly observed 

(Figures 5A–D). Conversely, BFC derivatives showed clear fluorescence signals in the 

brain sections of mBSE-infected mice (Figures 5E–H) and the fluorescent images 

corresponded to PrPSc deposits confirmed by the anti-PrP antibody (Figures 5I–L). 

Therefore, it was suggested that BFC derivatives could recognize PrPSc deposits in 

mBSE-infected mouse brain sections. To investigate the binding of BFC derivatives to 

other amyloid deposits in the brain, fluorescence staining was performed on brain sections 

from Tg2576 mice that overexpress amyloid precursor protein and form Aβ plaques32 

(Figure 6). Almost no significant fluorescence signals of BFC-OMe were observed in the 

brain slices of Tg2576 mice (Figure 6A) with ThT-positive Aβ plaque regions (Figure 6E). 

Other BFC derivatives were observed (Figures 6B–D) in parts of the Aβ plaque regions 

(Figures 6F–H), however, the fluorescence signals were weak. There are several 

discrepancies between Kd values for Aβ1–42 aggregates and the intensity of fluorescence 

signals in Tg2576 mice of BFC derivatives. For example, BFC-OMe, which had the 

second-highest affinity for Aβ1–42 aggregates among the BFC derivatives, had the lowest 
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fluorescence signals in the brain sections of Tg2576 mice. It has been reported that 

amyloid plaques in the brain tissues of Tg2576 mice contain various endogenous 

substances such as superoxide dismutases and lipid membranes damaged by reactive 

oxygen species.33 Therefore, the reason for the differences in the binding properties of 

BFC derivatives to Aβ1–42 aggregates and brain sections from Tg2576 mice might be 

because Aβ1–42 peptide aggregates and Aβ plaques from Tg2576 mice share a common 

Aβ1–42 aggregates core, but have different compositions. Nevertheless, these results 

suggest that BFC derivatives have only a weak binding affinity for Aβ plaques in the brain 

tissue of Tg2576 mice, unlike prion deposits in the brain tissue of mBSE-infected mice. 
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Figure 5.  Fluorescence staining of BFC derivatives (BFC-OMe, BFC-NH2, BFC-

NHMe, and BFC-NMe2) in brain sections of mock-infected (A-D) and mouse-adapted 

bovine spongiform encephalopathy (mBSE)-infected mice (E–H). Scrapie prion protein 

(PrPSc) plaques were confirmed using anti-PrP antibody (I-L). Scale bar = 50 μm. 

 

 

 

Figure 6.  Fluorescence staining of BFC derivatives (BFC-OMe, BFC-NH2, BFC-

NHMe, and BFC-NMe2) in brain sections of Tg2576 mice (A-D). The Aβ plaques in brain 

sections of Tg2576 mice were confirmed by thioflavin T (E-H). Scale bar = 1.0 mm. 
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In vivo biodistribution in normal mice.  Clinically available in vivo imaging probes 

for PrPSc should exhibit good brain penetration and low nonspecific binding to the off-

target brain regions. Biodistribution studies of 125I-labeled BFC derivatives in normal 

mice were performed to evaluate whether BFC derivatives could function as useful in 

vivo imaging probes. The brain distribution and peripheral region data were expressed as 

the percentage of injected dose (% ID) or %ID per gram (% ID/g) as shown in Figures 7-

9 and Table S1. All 125I-labeled BFC derivatives reached their maximum blood 

radioactivity levels after 2 min, of which [125I]BFC-NHMe showed the highest value 

(10% ID/g). Brain uptake in the early phase (2 and 30 min after injection in mice) of 125I-

labeled BFC derivatives [125I]BFC-OMe, [125I]BFC-NH2, [125I]BFC-NHMe, and 

[125I]BFC-NMe2 was shown to be up to 4.22, 5.06, 3.08, and 3.16% ID/g, respectively 

(Figure 7). Therefore, their initial uptake in the brain was higher than that of [125I]SC-

OMe (2.25% ID/g at 2 min), which is the most brain-generatable SC derivative.18 

Although the [125I]IPBF-NHMe derivative had high BBB permeability [4.17% injected 

dose (ID)/g at 2 min post-injection],27 it is worth noting that [125I]BFC-Me and [125I]BFC-

NH2 had better initial uptake than [125I]IPBF-NHMe. [125I]BFC-OMe exhibited an 

excessive decrease in brain uptake, even at 10 min, compared to 2 min. The brain uptake 

of [125I]BFC-OMe, [125I]BFC-NH2, [125I]BFC-NHMe, and [125I]BFC-NMe2 in the late 
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phase 180 min after injection was 0.26%, 0.34%, 1.13%, and 0.28% ID/g, respectively 

(Figure 7). Therefore, these BFC derivatives, except for BFC-NHMe, demonstrated 

preferable brain washout. In particular, [125I]BFC-OMe and [125I]BFC-NH2 had excellent 

initial BBB permeability and good disappearance from the normal brain tissue. The initial 

brain uptake was consistent with the CNS MPO and PET MPO scores (Tables 1 and S1). 

The BFC derivatives and [125I]IPBF-NHMe with high physicochemical scores showed 

higher initial brain uptake than [125I]SC-OMewith lower scores.18, 28 However, [125I]BFC-

OMe, with the lowest CNS MPO and CNS PET MPO among the BFC derivatives, 

showed good initial brain penetration and rapid clearance from the normal brain, 

suggesting that other factors are involved in brain pharmacokinetics. The brain uptake 

ratio at 2 min (brain2 min)/ 60 min (brain60 min) in normal mice is frequently used as an 

index parameter for comparing the washout rates of amyloid imaging probes.34, 35 The 

brain2 min/brain60 min ratios of [18F]Florbetapir and [18F]Florbetaben used clinically as PET 

imaging agents for Aβ aggregates were 3.836 and 4.834, respectively. In contrast, the brain2 

min/brain60 min ratios of [125I]BFC-OMe and [125I]BFC-NH2 were 5.8 and 2.6, respectively. 

Accordingly, [125I]BFC-OMe has a more favorable index parameter than those of 

clinically used imaging probes. The brain2 min/brain120 min and brain2 min/brain180 min ratios 

of [125I]BFC-NH2 were 5.7 and 14.9, respectively, indicating that this radioligand 
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exhibited good washout properties from normal brain tissue. Comparison of 125I-labeled 

BFC derivatives with amino groups ([125I]BFC-NH2, [125I]BFC-NHMe, and [125I]BFC-

NMe2) showed that compounds with lower hydrophilicity tended to have better brain 

uptake and washout in mice. These 125I-labeled BFC derivatives exhibited an overall high 

initial hepatic uptake. The intestinal uptake gradually increased, indicating that these 

radioligands were primarily eliminated via biliary excretion (Figure 8). Several abnormal 

biodistribution patterns of 125I-labeled BFC derivatives were observed, such as spleen 

uptake of [125I]BFC-NH2 at 60 min and liver and spleen uptake of [125I]BFC-NH2 at 60 

min. The reasons for these BFC derivatives exhibiting such a biodistribution pattern are 

unclear. However, the excretion process might have caused hyperaccumulation in certain 

organs owing to recirculation or other factors. Free radioactive iodine ions produced by 

deiodination are known to accumulate in the stomach and thyroid gland.37 Therefore, we 

chose the uptake in these organs as an indicator of deiodination. The accumulation of 

[125I]BFC-OMe, [125I]BFC-NH2, [125I]BFC-NHMe, and [125I]BFC-NMe2 in the stomach 

at 180 min was 5.04, 1.41, 1.76, and 0.51% ID, respectively. [125I]BFC-OMe, [125I]BFC-

NH2, [125I]BFC-NHMe, and [125I]BFC-NMe2 exhibited 0.80, 0.01, 0.08, and 0.04% ID of 

uptake in the thyroid gland at 180 min, respectively (Figure 9). There results suggested 

that [125I]BFC-OMe and [125I]BFC-NHMe are more likely to produce free radioiodine 
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ions than other derivatives are. However, all BFC derivatives showed a gradual decrease 

in brain uptake over time, suggesting that the re-influx of metabolites into brain tissue is 

unlikely to occur. 

 

 

Figure 7. Blood and brain distribution of the radioactivity after intravenous 

administration of [125I]BFC-OMe (A), [125I]BFC-NH2 (B), [125I]BFC-NHMe (C), and 

[125I]BFC-NMe2 (D) in mice. Data are expressed as percent injected dose per gram 

(%ID/g). Each value represents the mean ± standard deviation (SD) of 4−6 mice. 

 

 

Figure 8. Biodistribution of the radioactivity after intravenous administration of 
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[125I]BFC-OMe (A), [125I]BFC-NH2 (B), [125I]BFC-NHMe (C), and [125I]BFC-NMe2 (D) 

in the peripheral organs of mice. Data are expressed as %ID/g. Each value represents the 

mean ± SD of 4−6 mice. 

 

 

 

Figure 9. Stomach and thyroid gland distribution of the radioactivity after intravenous 

administration of [125I]BFC-OMe (A), [125I]BFC-NH2 (B), [125I]BFC-NHMe (C), and 

[125I]BFC-NMe2 (D) in mice. Data are expressed as percent injected dose (%ID). Each 

value represents the mean ± SD of 4−6 mice. 

 

 

In vitro autoradiography of [125I]BFC-OMe in mBSE- and mock-infected mouse 

brain sections.  Finally, in vitro autoradiography (ARG) studies were performed in 

mBSE- and mock-infected mouse brain sections using [125I]BFC-OMe, which is the most 

favorable in vivo brain distribution among the BFC derivatives. [125I]BFC-OMe exhibited 

high signals in mBSE-infected mouse brain sections (Figure 10A), which matched the 
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distribution of PrPSc deposits (Figures 10C and E). In mock-infected mouse brain sections, 

[125I]BFC-OMe signals showed a uniform distribution (Figure 10B), and PrPSc deposits 

were not shown to be significant (Figures 10D and F). We also conducted in vitro ARG 

of brain sections from Tg2576 mice and age-matched control mice, which showed no 

apparent colocalization of [125I]BFC-OMe and Aβ plaques (Figure S1).  

 

 

Figure 10.  In vitro autoradiograms of the mBSE-infected (A) and mock-infected (B) 

mice brain labeled with [125I]BFC-OMe. The PrPSc plaques were confirmed in the mBSE- 

(C, E) and mock-infected (D, F) mice using anti-PrP antibody. Scale bar = 500 μm. 
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Taken together, [125I]BFC-OMe has a high binding affinity for PrPSc and exhibits 

desirable brain distribution, making it a potentially valuable in vivo imaging probe for 

PrPSc. Considering the correlation between binding affinity and chemical backbones of 

SC, BF, and BFC derivatives, BF derivatives tend to exhibit a higher binding affinity for 

PrPSc than did other derivatives, but only BFC derivatives have amyloid binding 

selectivity for PrPSc against Aβ. Most of methylamino and dimethylamino derivatives 

exhibited superior binding affinity for rMoPrP aggregates than did methoxy and amino 

derivatives.20, 24, 27 In contrast, methoxy derivatives exhibited superior initial brain uptake 

and rapid brain wash-out compared to other related analogs of SC20 and BFC derivatives. 

The methoxy derivatives exhibit a high affinity for PrPSc and good brain distribution, but 

the affinity may need further improvement to serve as effective in vivo imaging agents. 

To the best of our knowledge, there are no reports regarding to determine the exact 

concentration of PrPSc using antibodies against PrP and Bmax of amyloid imaging agents 

using brain homogenates in clinical specimens from patients with prion diseases. Detailed 

binding properties of prion imaging probes including BFC derivatives for human brain 

homogenates from prion disease patients should be examined to speculate the required 

binding properties of prion imaging probes in the future studies. The major advantages of 

[125I]BFC-OMe are its binding specificity for PrPSc compared to Aβ1–42 and its preferable 
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brain pharmacokinetics. In contrast, in vitro ARG of [125I]BFC-OMe demonstrated some 

non-specific binding in brain sections of mBSE-mice as compared to that of the SC and 

BF derivatives.20, 24, 27 Further studies to optimize BFC derivatives with high amyloid 

specificity and high contrast accumulation in the PrPSc against non-amyloid regions in the 

brain should identify promising prion-imaging agents for clinical use. 

 

CONCLUSIONS 

BFC derivatives were synthesized and evaluated as prion-imaging probes. All BFC 

derivatives exhibited high binding affinities to rMoPrP aggregates (Kd = 22.6–47.7 nM). 

Fluorescence imaging of BFC derivatives and the in vitro ARG of BFC-OMe showed 

clear images of PrPSc deposits in the mBSE-infected mouse brains. Since BFC derivatives 

have high binding affinities to PrPSc and a desirable brain distribution, it was suggested 

that BFC derivatives have promising properties as PrPSc imaging probes. 

 

METHODS 

General Methods and Instruments. All reagents were commercial products and 

were used without further purification, unless otherwise indicated. [125I]NaI was 

purchased from Muromachi Yakuhin (Tokyo, Japan), MP Biomedicals (Costa Mesa, CA, 
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USA), and PerkinElmer Japan Co., Ltd. (Kanagawa, Japan). The 1H NMR and 13C NMR 

spectra were recorded on a JEOL JNM-AL 400 spectrometer (JEOL, Tokyo, Japan) with 

tetramethylsilane (TMS) as an internal standard. Mass spectra were obtained on JEOL 

IMS-DX or JMS-T100TD instruments (JEOL). High-performance liquid 

chromatography (HPLC) analysis and purification were performed using a Shimadzu 

HPLC system (LC-10AT pump with SPD-10A UV detector, λ = 254 nm) obtained from 

Shimadzu (Kyoto, Japan). An automated gamma counter with a NaI (Tl) detector 

(WIZARD2 2470, PerkinElmer, Waltham, MA, USA) was used to measure the 

radioactivity. The experiments with animals were conducted in accordance with our 

institutional guidelines and were approved by Nagasaki University Animal Care 

Committee. 

Chemistry. 2-Hydroxy-4-nitrobenzaldehyde (1). BBr3 (4.0 mL, 43.1 mmol) was 

added to 2-methoxy-4-nitrobenzaldehyde (500 mg, 2.76 mmol) in CH2Cl2 (4.0 mL) in an 

ice bath and stirred for 4 h at room temperature. After water was added to the mixture to 

stop the reaction, the mixture was extracted with CHCl3 and washed with Sat. NaCl 

solution. The combined organic layers were dried with Na2SO4 and evaporated to dryness. 

The crude product was subjected to chromatographic purification on silica gel using 

CHCl3/hexane (1/1) to give 1 (365 mg, 79%) as a yellow solid. 1H NMR (400 MHz, 
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CDCl3) δ 7.84-7.87 (m, 3H), 10.06 (s, 1H), 11.15 (s, 1H). MS (DART) m/z: 167 [M + H]+. 

Ethyl 6-methoxybenzofuran-2-carboxylate (2). A mixture of 2-hydroxy-4-

methoxybenzaldehyde (200 mg, 1.31 mmol) and K2CO3 (362 mg, 2.62 mmol) in DMF 

(2.0 mL) was added to ethyl bromoacetate (435 μL, 3.93 mmol) and heated at 80 °C for 

6 h. After 1,4-dioxane (8.0 mL) was added to azeotrope DMF, the reaction mixture was 

extracted with CHCl3 and washed with Sat. NaCl solution. The combined organic layers 

were dried with Na2SO4 and evaporated to dryness. The crude product was subjected to 

chromatographic purification on silica gel using CHCl3/hexane (1/1) to give 2 (43 mg, 

15%) as a white solid. 1H NMR (400 MHz, CDCl3) δ 1.42 (t, J = 14.4 Hz, 3H), 3.86 (s, 

3H), 4.42 (q, J = 21.6 Hz, 2H), 6.99 (dd, J = 2.8, 8.4 Hz, 1H), 7.06 (d, J = 2.0 Hz, 1H), 

7.46 (s, 1H), 7.53 (d, J = 8.8 Hz, 1H). MS (DART) m/z: 221 [M + H]+. 

Ethyl 6-nitrobenzofuran-2-carboxylate (3). A mixture of 1 (341 mg, 2.04 mmol) and 

K2CO3 (554 mg, 4.08 mmol) in DMF (3.0 mL) was added to ethyl bromoacetate (639 μL, 

5.76 mmol) and heated at 90 °C for 18 h. After 1,4-dioxane (10 mL) was added to 

azeotrope DMF, the reaction mixture was extracted with CHCl3 and washed with Sat. 

NaCl solution. The combined organic layers were dried with Na2SO4 and evaporated to 

dryness. The crude product was subjected to chromatographic purification on silica gel 

using CHCl3/hexane (1/1) to give 3 (75 mg, 16%) as a pale yellow solid. 1H NMR (400 
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MHz, CDCl3) δ 1.46 (t, J = 14.0 Hz, 3H), 4.49 (q, J = 21.6 Hz, 2H), 7.60 (d, J = 0.8 Hz, 

1H), 7.83 (d, J = 8.4 Hz, 1H), 8.24 (dd, J = 2.0, 8.8 Hz, 1H), 8.49 (s, 1H). MS (DART) 

m/z: 236 [M + H]+. 

6-Methoxybenzofuran-2-carboxylic acid (4). Compound 2 (166 mg, 0.75 mmol) in 

MeOH (5.0 mL) was added to 1 M NaOH (4.0 mL) solution and stirred for 2 h at room 

temperature. After 1 M HCl solution (6.0 mL) was added to the reaction mixture in an ice 

bath, the mixture was extracted with CHCl3 and washed with Sat. NaCl solution. The 

combined organic layers were dried with Na2SO4 and evaporated to dryness to give 4 

(100 mg, 69%) as a pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 3.89 (s, 3H), 6.97 

(dd, J = 2.0, 8.8 Hz, 1H), 7.08 (s, 1H), 7.57 (d, J = 8.8 Hz, 1H), 7.63 (s, 1H). MS (DART) 

m/z: 193 [M + H]+. 

6-Nitrobenzofuran-2-carboxylic acid (5). Compound 3 (180 mg, 0.77 mmol) in 

MeOH (5.0 mL) was added to 1 M NaOH (5.0 mL) solution and stirred for 2 h at room 

temperature. After MeOH was evaporated to dryness and 1 M HCl solution (7.5 mL) was 

added to the reaction mixture in an ice bath, the mixture was extracted with CHCl3 and 

washed with Sat. NaCl solution. The combined organic layers were dried with Na2SO4 

and evaporated to dryness. The crude product was subjected to chromatographic 

purification on silica gel using EtOAc/hexane (7/3), 2% AcOH to give 5 (71 mg, 45%) as 
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a yellow solid. 1H NMR (400 MHz, CDCl3) δ 7.70 (s, 1H), 7.86 (d, J = 8.8 Hz, 1H), 8.26 

(dd, J = 1.6, 8.6 Hz, 1H), 8.52 (s, 1H). MS (DART) m/z: 208 [M + H]+. 

2-Acetyl-4-bromophenyl 6-methoxybenzofuran-2-carboxylate (6). Phosphoryl 

chloride (78 μL, 1.62 g/mL, 0.83 mmol) was added to pyridine (5.0 mL) in an ice bath. A 

mixture of 4 (53 mg, 0.28 mmol) and 1-(5-bromo-2hydroxy phenyl) ethenone (59 mg, 

0.28 mmol) was added to phosphoryl chloride and stirred for 2 h at room temperature. 

After ice blocks were added to the reaction mixture, the precipitate was collected by 

filtration and washed with Sat. NaHCO3 solution. The precipitate was dried to give 6 (76 

mg, 71%) as a pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 2.58 (s, 3H), 3.89 (s, 3H), 

6.99 (dd, J = 2.4, 8.6 Hz, 1H), 7.09 (s, 1H), 7.20 (d, J = 8.4 Hz, 1H), 7.60 (d, J = 8.8 Hz, 

1H), 7.70 (dd, J = 3.6, 8.8 Hz, 1H), 7.72 (s, 1H), 7.97 (d, J = 2.4 Hz, 1H).  

2-Acetyl-4-bromophenyl 6-nitrobenzofuran-2-carboxylate (7). Phosphoryl chloride 

(77.8 μL, 1.62 g/mL, 0.83 mmol) was added to pyridine (5.0 mL) in an ice bath. A mixture 

of 5 (71 mg, 0.34 mmol) and 1-(5-bromo-2hydroxy phenyl) ethenone (73 mg, 0.34 mmol) 

was added to phosphoryl chloride and stirred for 12 h at room temperature. After ice 

blocks were added to the reaction mixture, the precipitate was collected by filtration and 

washed with Sat. NaHCO3 solution. The precipitate was dried to give 7 (138 mg, 99%) 

as a pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 2.59 (s, 3H), 7.21 (d, J = 8.8 Hz, 
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1H), 7.75 (dd, J = 2.4, 8.0 Hz, 1H), 7.83 (s, 1H), 7.90 (d, J = 8.8 Hz, 1H), 8.01 (d, J = 2.0 

Hz, 1H), 8.29 (dd, J = 2.0, 8.8 Hz, 1H), 8.54 (s, 1H). MS (DART) m/z: 404, 406 [M + 

H]+. 

1-(5-Bromo-2-hydroxyphenyl)-3-(6-methoxybenzofuran-2-yl)propane-1,3-dione (8).  

Compound 6 (214 mg, 0.55 mmol) in pyridine (7.0 mL) was added to pulverized KOH 

(131 mg, 2.37 mmol) in an ice bath and stirred for 2 h at room temperature. In an ice bath, 

10% AcOH solution was added to stop the reaction. The precipitate was filtered and dried. 

The crude product was subjected to chromatographic purification on silica gel using 

CHCl3/hexane (1/1) to give 8 (36 mg, 17%) as a yellow solid. 1H NMR (400 MHz, CDCl3) 

δ 3.91 (s, 3H), 6.85 (s, 1H), 6.92 (d, J = 8.8 Hz, 1H), 6.96 (dd, J = 2.0, 8.8 Hz, 1H), 7.11 

(d, J = 1.6 Hz, 1H), 7.50 (s, 1H), 7.54 (dd, J = 3.6, 8.2 Hz, 1H), 7.56 (d, J = 8.8 Hz, 1H), 

7.93 (d, J = 2.4 Hz, 1H). MS (DART) m/z: 389, 391 [M + H]+. 

1-(5-Bromo-2-hydroxyphenyl)-3-(6-nitrobenzofuran-2-yl)propane-1,3-dione (9). 

Compound 7 (138 mg, 0.34 mmol) in pyridine (8.0 mL) was added to pulverized KOH 

(38 mg, 0.68 mmol) in an ice bath and stirred for 2 h at room temperature. In an ice bath, 

10% AcOH solution was added to stop the reaction. The precipitate was filtered and dried. 

The crude product was subjected to chromatographic purification on silica gel using 

CHCl3/hexane (3/1) to give 9 (56 mg, 41%) as a yellow solid. 1H NMR (400 MHz, CDCl3) 
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δ 7.21 (d, J = 8.8 Hz, 1H), 7.75 (dd, J = 2.4, 8.0 Hz, 1H), 7.83 (s, 1H), 7.90 (d, J = 8.8 

Hz, 1H), 8.01 (d, J = 2.0 Hz, 1H), 8.29 (dd, J = 2.0, 8.8 Hz, 1H), 8.54 (s, 1H). MS (DART) 

m/z: 404, 406 [M + H]+. 

6-Bromo-2-(6-methoxybenzofuran-2-yl)-4H-chromen-4-one (10). Compound 8 (29 

mg, 74.5 μmol) suspended in AcOH (10 mL) was added to concentrated sulfuric acid (0.5 

mL) and stirred under 100 °C for 2 h. After the mixture cooled to room temperature, ice 

blocks were added to the reaction mixture and the precipitate was filtered to give 10 (20 

mg, 72%) as a yellow solid. 1H NMR (400 MHz, CDCl3) δ 3.93 (s, 3H), 6.87 (s, 1H), 

6.95 (dd, J = 2.8, 8.4 Hz, 1H), 7.06 (d, J = 2.0 Hz, 1H), 7.41 (d, J = 8.8 Hz, 1H), 7.43 (s, 

1H), 7.54 (d, J = 8.4 Hz, 1H), 7.77 (dd, J = 2.4, 8.8 Hz, 1H), 8.34 (d, J = 2.4 Hz, 1H). MS 

(DART) m/z: 371, 373 [M + H]+. 

6-Bromo-2-(6-nitrobenzofuran-2-yl)-4H-chromen-4-one (11). Compound 9 (580 mg, 

1.44 mmol) suspended in AcOH (15 mL) was added to concentrated sulfuric acid (1 mL) 

and stirred under 100 °C for 2 h. After the mixture cooled to room temperature, ice blocks 

were added to the reaction mixture and the precipitate was filtered to give 11 (284 mg, 

51%) as a pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 7.05 (s, 1H), 7.21 (d, J = 8.0 

Hz, 1H), 7.74 (dd, J = 2.4, 8.8 Hz, 1H), 7.84 (s, 1H), 7.91 (d, J = 2.0 Hz, 1H), 8.00 (d, J 

= 7.2 Hz, 1H), 8.27 (dd, J = 2.0, 8.0 Hz, 1H), 8.54 (d, J = 1.6 Hz, 1H). MS (DART) m/z: 
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386, 388 [M + H]+. 

2-(6-Methoxybenzofuran-2-yl)-6-(tributylstannyl)-4H-chromen-4-one (12). A 

mixture of 10 (46 mg, 0.12 mmol), (Bu3Sn)2 (1.16 g/mL) (417 μL, 0.83 mmol), and 

(Ph3P)4Pd (58 mg, 50.2 μmol) in a solvent mixture (5.0 mL, 3:2 dioxane/Et3N) was stirred 

under 90 °C for 14 h. After the mixture cooled to room temperature, the reaction mixture 

was filtered by celite, and the solution was evaporated to dryness. The crude product was 

subjected to chromatographic purification on silica gel using EtOAc/hexane (1/6) to give 

12 (11 mg, 15%) as a pale yellow solid. 1H NMR (400 MHz, CDCl3) δ 0.89-1.61 (m, 

27H), 3.90 (s, 3H), 6.90 (s, 1H), 6.95 (dd, J = 1.6, 8.6 Hz, 1H), 7.08 (d, J = 9.2 Hz, 1H), 

7.43 (s, 1H), 7.48 (d, J = 8.4 Hz, 1H), 7.54 (d, J = 8.8 Hz, 1H), 7.77 (d, J = 8.4 Hz, 1H), 

8.31 (s, 1H). MS (DART) m/z: 581 [M + H]+. 

6-Iodo-2-(6-methoxybenzofuran-2-yl)-4H-chromen-4-one (BFC-OMe). A solution of 

0.2 M iodine in CHCl3 (1.0 mL) was added to a solution of 12 (30 mg, 51.6 μmol) in 

CHCl3 (4.0 mL) at room temperature, and the mixture was stirred at room temperature 

for 2 h. After Sat. NaHSO3 (5.0 mL) solution added, the mixture was extracted with 

CHCl3 and washed with sat. NaCl solution. The combined organic layers were dried with 

Na2SO4 and evaporated to dryness. The crude product was subjected to chromatographic 

purification on silica gel using EtOAc/hexane (1/3) to give BFC-OMe (19 mg, 88%) as a 
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pale yellow solid.  1H NMR (400 MHz, CDCl3) δ 3.90 (s, 3H), 6.88 (s, 1H), 6.95 (dd, J 

= 2.4, 8.6 Hz, 1H), 7.07 (d, J = 2.0 Hz, 1H), 7.43 (s, 1H), 7.41 (d, J = 2.0 Hz, 1H), 7.54 

(d, J = 8.8 Hz, 1H), 8.22 (dd, J = 2.0, 8.0 Hz, 1H), 8.53 (d, J = 2.0 Hz, 1H). 13C NMR 

(100 MHz, CDCl3) δ 177.9, 160.3, 157.3, 155.4, 146.9, 142.4, 134.8, 133.9, 125.9, 122.5, 

121.2, 120.0, 118.0, 114.0, 109.4, 106.6, 95.7, 55.9. HRMS (FAB) m/z: calcd for 

C18H12IO4 [M + H]+ 418.9780, found 418.9780. 

2-(6-Aminobenzofuran-2-yl)-6-bromo-4H-chromen-4-one (13). A mixture of 11 (406 

mg, 1.05 mmol), SnCl2 (1.32 g, 5.25 mmol), and EtOH (10 mL) was stirred under 100 °C 

for 3 h. After the mixture cooled to room temperature and the solvent evaporated, 1 M 

NaOH and EtOAc was added to the reaction mixture and the suspension was filtered. The 

filtrate was extracted with EtOAc and washed with Sat. NaCl solution. The combined 

organic layers were dried with Na2SO4 and evaporated to dryness. The crude product was 

subjected to chromatographic purification on silica gel using EtOAc/hexane (1/3) to give 

13 (334 mg, 89%) as a yellow solid. 1H NMR (400 MHz, CDCl3) δ 6.69 (dd, J = 1.2, 8.2 

Hz, 1H), 6.84 (s, 1H), 6.87 (s, 1H), 7.40 (d, J = 14.8 Hz, 2H), 7.42 (d, J = 21.2 Hz, 1H), 

7.76 (dd, J = 2.4, 9.4 Hz, 1H), 8.34 (d, J = 2.8 Hz, 1H). MS (DART) m/z: 356, 358 [M + 

H]+. 

2-(6-Aminobenzofuran-2-yl)-6-(tributylstannyl)-4H-chromen-4-one (14). The 
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procedure used for preparation of 12 was employed to give 14 (7.0 mg, 9%) as a yellow 

solid from 13 (50 mg, 0.14 mmol). 1H NMR (400 MHz, CDCl3) δ 0.87-1.613 (m, 27H), 

6.66 (dd, J = 2.0, 10.0 Hz, 1H), 6.83 (s, 1H), 6.86 (s, 1H), 7.37 (s, 1H), 7.42 (d, J = 8.4 

Hz, 1H), 7.46 (d, J = 8.4 Hz, 1H), 7.76 (dd, 0.8, 8.0 Hz, 1H), 8.30 (d, J = 1.2 Hz, 1H). 

MS (DART) m/z: 566 [M + H]+. 

2-(6-Aminobenzofuran-2-yl)-6-iodo-4H-chromen-4-one (BFC-NH2). The procedure 

used for preparation of BFC-OMe was employed to give BFC-NH2 (5.0 mg, 88%) as a 

yellow solid from 14 (8.0 mg, 14.1 μmol). 1H NMR (400 MHz, CDCl3) δ 3.99 (s, 2H), 

6.69 (dd, J = 2.0, 8.0 Hz, 1H), 6.82 (s, 1H), 6.84 (s, 1H), 7.29 (s, 1H), 7.38 (s, 1H), 7.43 

(d, J = 8.4 Hz, 1H), 7.94 (dd, J = 1.6, 8.4 Hz, 1H), 8.54 (d, J = 2.0 Hz, 1H). 13C NMR 

(100 MHz, CDCl3) δ 176.2, 173.8, 168.9, 157.9, 147.3, 143.3, 142.3, 134.8, 123.0, 120.0, 

119.6, 113.7, 113.1, 110.3, 106.1, 96.8, 89.0. HRMS (FAB) m/z: calcd for C17H11INO3 

[M + H]+ 403.9784, found 403.9782. 

6-Bromo-2-(6-(methylamino)benzofuran-2-yl)-4H-chromen-4-one (15). To a mixture 

of 13 (40 mg, 0.11 mmol) and paraformaldehyde (18 mg, 0.60 mmol) in MeOH (20 mL) 

was added a solution of NaOMe in MeOH (30 μL, 27.0-29.7 w/w%, 0.22 mmol). The 

mixture was stirred under reflux for 1 h. After addition of NaBH4 (25 mg, 0.66 mmol), 

the solution was stirred under reflux for 3 h. After the reaction mixture cooled to room 
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temperature, to the mixture was added 1 M NaOH solution. The mixture was extracted 

with CHCl3 and washed with Sat. NaCl solution. The combined organic layers were dried 

with Na2SO4 and evaporated to dryness. The crude product was subjected to 

chromatographic purification on silica gel using EtOAc/CHCl3 (1/9) to give 15 (9.0 mg, 

22%) as a yellow solid. 1H NMR (400 MHz, CDCl3) δ 2.93 (s, 3H), 6.63 (dd, J = 2.0, 8.0 

Hz, 1H), 6.69 (s, 1H), 6.83 (s, 1H), 7.38-7.42 (m, 3H), 7.76 (dd, J = 2.4, 8.8 Hz, 1H), 8.34 

(d, J = 2.4 Hz, 1H). MS (DART) m/z: 370 [M + H]+. 

2-(6-(Methylamino)benzofuran-2-yl)-6-(tributylstannyl)-4H-chromen-4-one (16).  

The procedure used for preparation of 12 was employed to give 16 (9.0 mg, 41%) as a 

yellow solid from 15 (14 mg, 37.8 μmol). 1H NMR (400 MHz, CDCl3) δ 0.87-1.61 (m, 

27H), 2.93 (s, 3H), 6.62 (dd, J = 2.0, 8.8 Hz, 1H), 6.71 (s, 1H), 6.85 (s, 1H), 7.38 (s, 1H), 

7.41 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 8.4 Hz, 1H), 7.75 (d, J = 7.6 Hz, 1H), 8.30 (s, 1H). 

MS (DART) m/z: 582 [M + H]+. 

6-Iodo-2-(6-(methylamino)benzofuran-2-yl)-4H-chromen-4-one (BFC-NHMe). The 

procedure used for preparation of BFC-OMe was employed to give BFC-NHMe (5.0 mg, 

87%) as a yellow solid from 16 (8.0 mg, 13.8 μmol). 1H NMR (400 MHz, CDCl3) δ 2.92 

(s, 3H), 6.63 (dd, J = 2.0, 8.2 Hz, 1H), 6.70 (s, 1H), 6.83 (s, 1H), 7.39-7.42 (m, 3H), 7.68 

(d, J = 1.6 Hz, 1H), 8.22 (dd, J = 2.0, 8.2 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 177.9, 
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171.6, 158.5, 156.0, 155.8, 150.1, 145.5, 133.7, 125.9, 125.1, 124.4, 122.5, 117.9, 112.6, 

110.1, 105.7, 92.8, 30.9. HRMS (FAB) m/z: calcd for C18H13INO3 [M + H]+ 417.9940, 

found 417.9941. 

6-Bromo-2-(6-(dimethylamino)benzofuran-2-yl)-4H-chromen-4-one (17). To a 

mixture of 13 (65 mg, 0.18 mmol) and paraformaldehyde (54 mg, 1.80 mmol) in AcOH 

(12 mL) was added NaCNBH3 (68 mg, 1.08 mmol) at room temperature. The mixture 

was stirred at room temperature for 4 h. To the reaction mixture was added 1 M NaOH. 

The mixture was extracted with CHCl3 and washed with Sat. NaCl solution. The 

combined organic layers were dried with Na2SO4 and evaporated to dryness. The crude 

product was subjected to chromatographic purification on silica gel using EtOAc/hexane 

(1/3) to give 17 (50 mg, 71%) as a yellow solid. 1H NMR (400 MHz, CDCl3) δ 3.04 (s, 

6H), 6.77-6.82 (m, 3H), 7.38 (s, 2H), 7.47 (d, J = 8.4 Hz, 1H), 7.74 (dd, J = 2.4, 9.2 Hz, 

1H), 8.33 (d, J = 2.4 Hz, 1H). MS (DART) m/z: 384, 386 [M + H]+. 

2-(6-(Dimethylamino)benzofuran-2-yl)-6-(tributylstannyl)-4H-chromen-4-one (18). 

The procedure used for preparation of 12 was employed to give 18 (21 mg, 27%) as a 

yellow solid from 17 (50 mg, 0.13 mmol). 1H NMR (400 MHz, CDCl3) δ 0.87-1.61 (m, 

27H), 3.06 (s, 6H), 6.78 (d, J = 2.4 Hz, 1H), 6.80 (s, 1H), 6.85 (s, 1H), 7.38 (s, 1H), 7.44-

7.49 (m, 2H), 7.75 (dd, J = 1.6, 12.0 Hz, 1H), 8.30 (d, J = 1.6 Hz, 1H). MS (DART) m/z: 
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594 [M + H]+. 

2-(6-(Dimethylamino)benzofuran-2-yl)-6-iodo-4H-chromen-4-one (BFC-NMe2). The 

procedure used for preparation of BFC-OMe was employed to give BFC-NMe2 (8.0 mg, 

92%) as a yellow solid from 18 (12 mg, 20.2 μmol). 1H NMR (400 MHz, CDCl3) δ 3.10 

(s, 6H), 6.78 (s, 1H), 6.82 (s, 1H), 7.25 (s, 1H), 7.28 (s, 1H), 7.38 (s, 1H), 7.48 (d, J = 9.2 

Hz, 1H), 7.92 (dd, J = 2.0, 8.6 Hz, 1H), 8.53 (d, J = 2.4 Hz, 1H). 13C NMR (100 MHz, 

CDCl3) δ 176.2, 158.6, 156.0, 155.5, 151.2, 142.2, 134.7, 126.1, 122.4, 120.0, 117.7, 

116.6, 111.2, 110.5, 105.6, 93.9, 88.9, 40.9. HRMS (FAB) m/z: calcd for C19H15INO3 [M 

+ H]+ 432.0097, found 432.0077. 

Radiolabeling. The 125I-labeled BFC derivatives were prepared according to the 

previous study.21, 24 Briefly, to initiate the reaction, 50 μL H2O2 (3%) was added to a 

mixture of the tributyltin derivative (50 μg in 50 μL of EtOH), [125I]NaI (3.7-7.4 MBq), 

and 1 M HCl (50 μL) in a sealed vial. The reaction was allowed to proceed at room 

temperature for 10-20 min and was terminated by addition of NaHSO3. After 

neutralization with NaHCO3, the solution was extracted with EtOAc. The extract was 

dried via passage through an anhydrous Na2SO4 column and it was then blown dry with 

a stream of nitrogen gas. The radioiodinated ligands were purified by HPLC on a 

Cosmosil 5C18-AR-II column (4.6 × 150 mm) at a flow rate of 1.0 mL/min.  
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Binding assay using rMoPrP aggregates. Expression of the rMoPrP and 

aggregation of rMoPrP were carried out as described previously.9, 38 The binding assays 

of BFC derivatives for rMoPrP aggregates were performed according to our previous 

studies.20, 27 The saturation assays were performed by mixing an appropriate 

concentration of 125I-labeled BFC derivatives (final concentration, 1.6−100 nM) and 

rMoPrP aggregates (100 nM) in NaCl/HEPES buffer (50 mM HEPES/KOH, 300 mM 

NaCl, pH 7.5) containing 20% (v/v) DMSO. After incubation for 2 h at room temperature, 

the mixture was then filtered through Whatman GF/B filters using a Brandel M-24 cell 

harvester and washed with NaCl/HEPES buffer (50 mM HEPES/KOH, 300 mM NaCl, 

pH 7.5) containing 20% (v/v) DMSO 4 times. Each assay tube before filtration and the 

filters containing the bound 125I-BFC derivative was measured by an automatic gamma 

counter, and the bound/free ratio of 125I-ligand was calculated. The dissociation constant 

(Kd) and binding capacity (Bmax) of compounds were estimated by Scatchard analysis 

using PRISM4 (GraphPad Software Inc., San Diego, CA, USA). 

Binding assay using Aβ1-42 aggregates. Aggregation of Aβ1-42 was carried out as 

described previously.22, 39 The saturation assays were performed by mixing an appropriate 

concentration of [125I]SC-NMe2 or 125I-labeled BFC derivatives (final concentration, 

12.3−1000 nM) and Aβ1-42 aggregates (100 nM) in 10% EtOH. After incubation for 2 h 
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at room temperature, the mixture was then filtered through Whatman GF/B filters using 

a Brandel M-24 cell harvester and washed with 10% EtOH 4 times. Each assay tube 

before filtration and the filters containing the bound 125I-BFC derivative was measured 

by an automatic gamma counter, and the bound/free ratio of 125I-ligand was calculated. 

Kd and Bmax of compounds were estimated by Scatchard analysis using PRISM4. 

Animals. All animals were supplied by Kyudo Co., Ltd. (Saga, Japan). The mBSE 

infectious animal experiments were conducted under biosafety level 3 (BSL3) 

containment in accordance with the institutional guidelines. mBSE- and mock-infected 

mice were treated as previously reported.26, 40 Experiments using animals were 

conducted in accordance with our institutional guidelines and were approved by the 

Nagasaki University Animal Care Committee. 

Fluorescence staining and immunohistochemical analysis of mBSE- and mock-

infected mouse brain sections. The mBSE-infected mice and the sections of their brains 

embedded in paraffin were prepared as reported previously.20, 24, 27 The sections from 

mBSE- and mock-infected mice were dewaxed and incubated with a 50% EtOH solution 

(100 μM) of BFC derivatives for 1 h. Each section was washed with 50% EtOH for 2 min 

two times. The fluorescence images were obtained using an Eclipse 80i microscope 

(Nikon Corp., Tokyo, Japan) with a B-2A filter set (excitation, 450−490 nm; dichromic 
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mirror, 505 nm; longpass filter, 520 nm). Then, the deposits of PrPSc in the serial sections 

were detected by immunohistochemical staining using SAF32 anti-PrP antibody as 

described in our previous papers.20 

Fluorescence staining analysis of Tg2576 mouse brain sections. The Tg2576 mice 

(female, 24-month-old) were used as the Alzheimer’s model. After the mice were 

sacrificed by decapitation, the brains were immediately removed and frozen in powdered 

dry ice. The frozen blocks were sliced into serial sections, 10 μm thick. Each slide was 

incubated with a 50% EtOH solution (100 μM) of BFC derivatives for 1 h. The sections 

were washed in 50% EtOH for 2 min two times. The fluorescence images were collected 

by an Eclipse 80i microscope (Nikon Corp., Tokyo, Japan) with a B-2A filter set 

(excitation, 450−490 nm; dichromic mirror, 505 nm; longpass filter, 520 nm). Thereafter, 

the serial sections were also stained with thioflavin T, a pathological dye commonly used 

for staining Aβ plaques in the brain and examined using the microscope in the same 

condition with that of BFC derivatives. 

In vitro ARG in mBSE-infected mouse brain sections. Each brain section after 

detected by immunohistochemical staining using SAF32 anti-PrP antibody was incubated 

in 50% (v/v) EtOH solution containing [125I]BFC-OMe (11.9 kBq, 0.74 nM) for 1 h. The 

slices were rinsed for 2 min, two times each, with 50% (v/v) EtOH solution. The sections 
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were dried under a steam of cold air and placed in contact with imaging plates (BAS-MS 

2040; GE Health Care) for 51 h. The distribution of radioactivity on the plates was 

analyzed using the Fluoro Image Analyzer (FLA5100; GE Health Care). 

In vitro ARG in Tg2576 mouse brain sections. Brain sections (10 μm thick) from 

Tg2576 mice (female, 24 months old) or age-matched wild-type mice (female, 24 months 

old) were incubated with [125I]BFC-OMe (11.9 kBq, 0.74 nM), washed, and placed on 

imaging plates. Radioactivity was detected as described in the ARG study of mBSE-

infected mice. Subsequently, serial sections were stained with thioflavin T (10 μM), a 

pathological dye commonly used for staining Aβ plaques in the brain, and examined using 

a fluorescence microscope. 

In vivo biodistribution in mice. A saline solution (100 μL) of 125I-labeled BFC 

derivatives (6.2−22.8 kBq) containing DMSO (20 μL) was injected directly into the tail 

vein of ddY mice (male, 5 weeks old, 20−25 g). The mice were sacrificed at 2, 30, 60, 

120, and 180 min post injection. The organs of interest were removed and weighed, and 

the radioactivity was measured using a gamma counter (PerkinElmer, WIZARD2 2470). 

CNS PET MPO score calculation. ClogP and TPSA were calculated using a 

ChemBioDraw Ultra 20.1. ClogD and pKa were calculated using a SPARK on line 

calculator. The CNS MPO score calculation has been carried out according to the 



Nakaie et al. Page 49/60 
 

49 
 

literature.31  
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