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ABSTRACT: A chemical fingerprint search identified
Z3777013540 (1-(5-(6-fluoro-1H-indol-2-yl)pyrimidin-2-yl)-
piperidin-4-ol; 1) as a potential 4R-tau binding ligand. Binding
assays in post-mortem Alzheimer’s disease (AD), progressive
supranuclear palsy (PSP), and corticobasal degeneration (CBD)
brain with [3H]1 provided KD (nM) values in AD = 4.0, PSP = 5.1,
and CBD = 4.5. In vivo positron emission tomography (PET)
imaging in rats with [18F]1 demonstrated good brain penetration
and rapid clearance from normal brain tissues. A subsequent molecular similarity search using 1 as the query revealed an additional
promising compound, Z4169252340 (4-(5-(6-fluoro-1H-indol-2-yl)pyrimidin-2-yl)morpholine; 21). Binding assays with [3H]21
provided KD (nM) values in AD = 1.2, PSP = 1.6, and CBD = 1.7 and lower affinities for binding aggregated α-synuclein and
amyloid-beta. PET imaging in rats with [18F]21 demonstrated a higher brain penetration than [18F]1 and rapid clearance from
normal brain tissues. We anticipate that 1 and 21 will be useful for the identification of other potent novel 4R-tau radiotracers.

■ INTRODUCTION
The accumulation of tau protein as ordered filaments arranged
in beta-pleated sheets represents an important characteristic of
neurodegenerative disorders known as the tauopathies.1−3

Human tau comprises six isoforms that possess three
microtubule-binding repeats (3R) or four repeats (4R).
Ordered filaments found in tauopathies vary in their makeup:
Pick’s disease (PiD) primarily comprises 3R-tau,4,5 progressive
supranuclear palsy (PSP) and corticobasal degeneration
(CBD) are primarily 4R-tau,4 and Alzheimer’s disease (AD)
and chronic traumatic encephalopathy (CTE) are made up of
mixed 3R/4R-tau.6−10 Recently, cryo-EM studies have further
demonstrated that these tauopathies can be delineated by their
structures. The mixed 3R/4R tauopathies (AD/CTE) share a
common fold,11−13 whereas the predominately 3R or 4R
tauopathies (PiD, PSP, or CBD) comprise unique folds.14−16

Additionally, the structures observed in AD, CTE, PSP, CBD,
and PiD revealed the presence of two filament types made up
of identical protofilaments.17 Taken together, the structures of
tau filaments observed in neurodegenerative tauopathies show
a wide diversity.

Definitive diagnoses for all tauopathies rely on clinical
presentation and post-mortem pathological examination. Over
the past decade, significant progress has been made toward the
development of positron emission tomography (PET) tracers
for AD tauopathies. Several radiopharmaceuticals have been

advanced to investigational human AD studies, and current
work is focused on improving binding affinity and selectivity
for 3R/4R-tau aggregates, increasing dynamic range, and
reducing nonspecific and off-target binding. Of the tau-PET
radiopharmaceuticals currently under investigation, [18F]-
Tauvid (a.k.a. [18F]flortaucipir and [18F]T807) and
[18F]MK-6240 (Figure 1) are the most established, with the
former receiving FDA approval in 2020 for patients with
AD.18−25 While both of these probes have seen investigational
use for the assessment of tau pathology in AD, their potential
for use in non-AD tauopathies appears to be limited. A
combination of clinical and preclinical data suggest that these
tracers share a common binding site on AD-tau (3R/4R) and
lack evidence of high-affinity, displaceable binding to non-AD
tauopathies in autoradiography experiments.26−29 In contrast
to AD-tau radioligands, PET imaging agents for 3R- and 4R-
dominant non-AD tauopathies (PiD, PSP, and CBD) remain
underdeveloped. Of the radioligands reported to bind 4R non-
AD tauopathies, [18F]PM-PBB3 (a.k.a. [18F]florzolotau and
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[18F]APN-1607) and [18F]PI-2620 are the most advanced
(Figure 1). Preclinical investigation of these ligands with
autoradiography demonstrated that these ligands bind both
AD (3R/4R) and non-AD 4R tauopathies.30,31 Furthermore,
human imaging studies with [18F]PI-2620 and [18F]PM-PBB3
show that they may be capable of detecting 4R-tau deposits in
non-AD tauopathies.31−35 While encouraging, the PET
outcome measures (SUVR or DVR) of these radioligands in
non-AD tauopathies were modest, and the tracers require
further characterization before entering routine clinical
use.36,37

We recently reported 2-(2-fluoro-6-(4-(hydroxymethyl)-
piperidin-1-yl)pyridin-3-yl)-1H-indol-5-ol, CBD-2115 (a.k.a.
OXD-2115, Figure 1), as a first in class 4R-tau ligand for
PET imaging. In our assays, [3H]CBD-2115 bound AD, PSP,
and CBD post-mortem tissues with high affinity.38 While
[3H]CBD-2115 showed promising in vitro results, the low
brain penetrance of [18F]CBD-2115 in nonhuman primates
and rodents likely prevents its use as a radiotracer for in vivo
PET studies. Furthermore, it is anticipated that additional
improvements to the binding affinity for 4R-tau aggregates will
be required as a consequence of their low abundance in non-
AD tauopathies relative to the higher abundance of 3R/4R
aggregates typically found in AD cases. This notion is further
supported by the modest PET outcome measures observed
with [18F]PI-2620 and [18F]PM-PBB3. Given the promising in
vitro binding results of [3H]CBD-2115 for non-AD tauopa-
thies, the current study was initiated to identify chemical
matter that may improve the affinity for 4R-tau aggregates. We
also sought to improve brain penetrance, as dynamic PET
imaging with [18F]CBD-2115 was conducted in mice, rats, and
nonhuman primates, and all species showed initial brain uptake
of 0.5−0.65 standardized uptake value (SUV) with fast

clearance from normal tissues. Herein, we describe our efforts
using in silico methods to identify new lead 4R-tau ligands.

■ RESULTS AND DISCUSSSION
This study examined a variety of in silico approaches geared
toward the identification of ligands for non-AD tauopathies.
Given the recently disclosed cryo-EM structure identifying the
binding site of PM-PBB3 within AD-tau filaments, we
considered the possibility that CBD-2115 may also bind
these sites.39 Although the cryo-EM structures of AD and non-
AD tau filaments show distinct structures, there may be
common features found within their small-molecule binding
sites. This could enable the application of structure-based in
silico methods such as docking to identify a novel chemical
matter with sufficient affinity to be useful as a PET
radioligand.40 We interrogated this line of reasoning by
conducting a series of cross-competition binding experiments
with PM-PBB3 and CBD-2115 in post-mortem tissues,
including AD, PSP, and CBD tissues (Table 1). CBD-2115
was unable to effectively displace [3H]PM-PBB3 at concen-
trations of up to 10 μM, indicating that these ligands do not
share overlapping high affinity binding sites. This was further
supported with the similar observation that PM-PBB3 was
unable to displace [3H]CBD-2115 in these tissues up to 10

Figure 1. Structures of leading tau-PET ligands Tauvid, [18F]MK-6240, [18F]JNJ-067, [18F]PI-2620, [18F]PM-PBB3, [18F]CBD-2115, and tracers
discovered in this work ([18F]1 and [18F]21).

Table 1. Inhibition Constant (Ki) Values (n = 1) of
Unlabeled CBD-2115 and PM-PBB3 and Their
Radioligands in AD, PSP, and CBD Brain Homogenates

AD tissue PSP tissue CBD tissue

radioligand competitor Ki (nM) Ki (nM) Ki (nM)

[3H]PM-PBB3 CBD-2115 7140 >10,000 2930
[3H]CBD-2115 PM-PBB3 7930 >10,000 1540
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μM. This result is noteworthy, as it suggests that there exist at
least two distinct binding sites on 4R-tau filaments found in
PSP and CBD. In the case of PM-PBB3, the binding sites
identified in the cryo-EM structure of PM-PBB3 were not
predicted using in silico methods.39 Given this precedent and
the lack of observed displacement in cross-competition binding
experiments, it was judged likely that further experimental
efforts would be required to identify the binding site(s) of
CBD-2115. As a result, we had low confidence that a structure-
based in silico approach would enable us to identify novel high
affinity ligands.

As a result of the absence of structural information
surrounding the binding site of CBD-2115, we considered
the use of a ligand-based in silico method for the identification
of potential leads.41 Previous structure−activity relationship
(SAR) studies that led to the development of the AD-tau PET
radiotracers [18F]JNJ-067 and [18F]PI-2620 showed that the
addition and variation of heterocyclic nitrogen positions within
the core of their respective lead compounds could significantly
impact potency and selectivity.42,43 We hypothesized that a
similar variation of the heterocyclic nitrogens found in CBD-
2115 could play an important role in the optimization of the
affinity for tau. This led us to consider virtual screening
approaches that would identify hit compounds with a core
similar to CBD-2115, but with additional nitrogens within the
aromatic rings. While this approach could sacrifice the
potential novelty of chemical matter identified during our
virtual screen, it would likely enrich the possibility for finding
active compounds, as the identified hits might reveal additional
details about the SAR of CBD-2115. As a result, we opted to
use a chemical-fingerprint-based method to identify closely
related compounds to CBD-2115 from virtual screening
libraries.

The in silico search was initiated by constructing a high-
resolution structural fingerprint database of a 3.5B compound
library from the Enamine REAL collection. Our in-house
software for fingerprint searches, molbeam, utilized RDKit
Morgan fingerprints (radius = 2; 4096 bit) to describe
compounds found within the library and employed an
approach that relied on the minimization of Jaccard distance
to identify promising leads.44,45 The top 750 compounds were
subjected to visual inspection and resulted in the identification
of Z3777013540 (1-(5-(6-fluoro-1H-indol-2-yl)pyrimidin-2-
yl)piperidin-4-ol, 1), a compound that bears structural
similarity to CBD-2115 and varies the position of heterocyclic
nitrogens found within its core (Figure 1). In addition to
similarity, two scoring methods (CNS MPO and BBB) for
predicting brain penetrance were used to compare 1 to CBD-
2115.46,47 Given the more favorable CNS MPO scores (3.7 for
CBD-2115 vs 3.8 for 1), CNS PET MPO scores (1.9 for CBD-
2115 vs 2.8 for 1), and BBB scores (3.18 for CBD-2115 vs 3.55
for 1) relative to CBD-2115, we opted to evaluate 1 as a
potential lead.38,46 The improved predictive scores for brain
uptake by all three calculations for 1 over CBD-2115 were
primarily attributed to a decreased number of hydrogen bond
donors. Disappointingly, 1 showed poor displacement of
[3H]CBD-2115 in AD, PSP, and CBD brain tissue (Table 2).
To our surprise, the evaluation of 1 against [3H]PM-PBB3
revealed low nM Ki values in AD, PSP, and CBD brain tissues
(Table 2). This result was unexpected, as our initial cross-
competition binding studies demonstrated that PM-PBB3 and
CBD-2115 do not share a common high affinity binding site
(Table 1). The primary structural differences between 1 and

CBD-2115 include the substitution pattern on the indole (5-
OH to 6-F), B-ring (pyridinyl to pyrimidinyl), and truncation
of a methylene in the 4-piperidine substituent. Together, these
modifications resulted in a remarkable shift in binding site
selectivity toward displacement of PM-PBB3. Although this
result was unforeseen, we further sought to characterize the in
vitro binding properties of 1 in AD, PSP, and CBD brain tissue.

Tritium labeling of 1 was conducted by a commercial vendor
(Novandi AB, Söderta ̈lje Sweden) through Ir-catalyzed
hydrogen-tritium exchange, resulting in a high molar activity
of [3H]1 (2.72 GBq/μmol). Homologous binding assays with
[3H]1 in AD, PSP, and CBD brain tissue homogenates
revealed low nM KD values (Table 3). In addition, binding
assays with [3H]1 in PiD and Parkinson’s disease (PD)
homogenates revealed relatively high affinity of the radioligand
to the PiD brain and low affinity to the PD brain containing α-
synuclein aggregates (Table 3).

Additional binding assays were conducted in AD tissue
homogenates to assess the affinity of 1 in competition with
[3H]PiB binding to aggregated amyloid-beta (Aβ). The Ki of 1
versus [3H]PiB in AD tissue was 142 ± 5 nM (n = 3, mean +
SD), indicating a relatively poor affinity of 1 for the PiB
binding site on aggregated Aβ.

Next, we profiled a variety of tau tracers in competition
binding studies with [3H]1 to gain further insights into its
binding site (Table 4). CBD-2115, MK-6240, and Tauvid
revealed less effective competition in AD and PSP tissues
compared to PM-PBB3. The relatively high Ki values observed
with CBD-2115, MK-6240, and Tauvid support the notion
that the high affinity binding site of 1 is largely distinct from
those of these ligands. The use of PI-2620, a mixed 3R/4R-
and 4R-tau agent, revealed high double-digit nanomolar Ki
values in AD and PSP tissue. Given the observed Ki values, it is
possible that PI-2620 shares some overlap in binding with 1.
Next, we profiled PM-PBB3 versus [3H]1 in AD and PSP
tissues and observed low nanomolar Ki values, indicating that
these ligands share overlap in their binding sites. This
observation is consistent with the Ki values obtained when 1
was competing against [3H]PM-PBB3 in AD and PSP tissue
(Table 2). Taken together, 1 and PM-PBB3 appear to share
similar binding sites with comparable affinity, suggesting that 1
may prove useful as a lead compound for the identification of
ligands that bind the PM-PBB3 binding site.

We next turned our attention toward conducting initial SAR
studies with the goal of improving the binding affinity. We
utilized the SmallWorld similarity search (https://sw.docking.
org) to identify a range of compounds that shared structural
similarity with 1 within the Enamine REAL collection (22Q1)
and focused on compounds modifying the indole core.
Generally, compounds were picked from a pool that provided
variation of the 6-fluoroindole core and maintained a similarity
distance of less than 5. Our search revealed approximately 20
compounds with close structural similarity, and 17 were

Table 2. Inhibition Constant (Ki) Values (n = 1) of
Unlabeled 1 and Tau Radioligands in AD, PSP, and CBD
Brain Homogenates

radioligand competitor
AD tissue Ki

(nM)
PSP issue Ki

(nM)
CBD issue Ki

(nM)

[3H]PM-PBB3 1 18 20 22
[3H]CBD-2115 1 270 250 210
[3H]PI-2620 1 80 95 71
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obtained commercially. The Tanimoto similarity scores
(RDKit Morgan fingerprints, 1024 bit, radius = 2) between
the selected compounds and 1/CBD-2115 were also calculated
and indicated the selected compounds show low similarity to
CBD-2115 (Table S2). Given the relative scarcity of well-
characterized, copathology free AD and PSP tissues,
compounds were initially triaged through a single-point screen
at 300 nM concentration of unlabeled test compound versus
[3H]1. For compounds showing >65% displacement of [3H]1,
full competition binding curves were then determined.

Table 3. Equilibrium Dissociation Constant (KD) and Maximum Binding Density (Bmax) Values (n = 3; Mean ± SD) of [3H]1
in AD, PSP, CBD, PiD, and PD Brain Homogenates

radioligand AD tissue PSP tissue CBD tissue PiD tissue PD tissue

KD (nM) Bmax (nM) KD (nM) Bmax (nM) KD (nM) Bmax (nM) KD (nM) Bmax (nM) KD (nM) Bmax (nM)

[3H]1 4.0 ± 3.1 520 ± 370 5.1 ± 1.2 310 ± 90 4.5 ± 0.4 270 ± 40 9.7 ± 7.4 190 ± 100 89 ± 10 140 ± 50

Table 4. Inhibition Constant (Ki) Values (n = 1) of [3H]1
and Prototypical Tau Ligands in AD and PSP Brain
Homogenates

radioligand competitor AD tissue Ki (nM) PSP tisue Ki (nM)

[3H]1 PM-PBB3 15 18
[3H]1 CBD-2115 745 520
[3H]1 PI-2620 58 89
[3H]1 MK-6240 96 315
[3H]1 Tauvid >1000 >1000

Table 5. Effect on Binding Affinity of Varying the 6-Fluoro-indole Group of 1a

aSingle concentration (300 nM) screening assay of Z-compounds vs [3H]1 in AD and PSP brain homogenates (n = 1). Values shown are % bound
[3H]1 remaining vs 300 nM Z-compounds (smaller % remaining indicates greater competition).
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Evaluation of various replacements for the indole moiety on 1
was generally not favorable (Table 5). Some activity could be
retained in both AD and PSP tissue when aza-indoles or
triazolopyrimidine was utilized (2−4), although they did not
reach the specified cutoff. More encouraging results were seen
with benzothiophene derivatives, with 4-hydroxy-benzothio-
phene (6) displaying >65% inhibition of [3H]1 in both AD
and PSP tissues. This activity was completely lost when
moving from a benzothiophene core to a benzothiazole or
azabenzothiazole (7 and 8). Similarly, compounds 8 and 9
showed a decrease in activity. Additionally, we examined a
series of quinoline and isoquinoline derivatives (11−13), but
generally found a loss of activity in PSP tissue. Finally,
evaluation of substituted five-membered heterocycles including
pyrazole (15), imidazole (16 and 17), and thiazole (18)
revealed a substantial loss in activity in both AD and PSP
tissues. Taken together, the results indicate that the binding
affinity of 1 is strongly dependent on the presence of the 6-
fluoro-indole core or electron-rich benzothiophenes. Following
our initial screen, we selected benzothiophene compound 6 for
further profiling. Competition binding assays with 6 versus
[3H]1 revealed modest potency in AD (Ki = 12 nM; n = 1)
and PSP homogenates (Ki = 22 nM; n = 1), respectively.

In addition to SAR studies, we conducted preliminary PET
imaging studies with [18F]1 in rats. Although these preliminary
imaging studies may not be translatable to nonhuman primates
or humans, they give an early look at whether [18F]1 is brain
penetrant or prone to defluorination. Furthermore, the study
may also give an indication of whether [18F]1 could have off-
target binding. [18F]1 was synthesized twice in nonoptimized
radiochemical yield (RCY) of ∼0.5%, 99% radiochemical
purity (RCP) and molar activities (Am) of 46.1 and 47.2 GBq/
μmol using alcohol-enhanced copper-mediated radiofluorina-
tion (Figure 2A).48 Although unclear, a potential reason for the
poor RCY could include protodeboronation of the starting
material.49 The log D7.4 of [18F]1 was measured using the
shake-flask procedure to 3.36 ± 0.04, which is within the upper
range of known brain penetrant PET radiotracers.50,51

Dynamic PET imaging was performed in four healthy wild-
type (wt) rats. Following bolus intravenous (i.v.) admin-

istration of [18F]1, radioactivity in the whole brain reached an
initial maximum of 1.7 ± 0.2 standardized uptake value (SUV)
within 5 min of injection and decreased to 0.4 SUV by the end
of the 120 min PET scan (Figure 2B,C). The results indicate
that [18F]1 is brain-penetrating and shows reasonable clearance
from the brain over the course of the scan.

In an effort to identify more potent 4R-tau ligands than 1, an
additional chemical fingerprint search using 1 as the query of
the Enamine REAL library was conducted and revealed three
promising compounds that competed well with both [3H]1
and [3H]PM-PBB3 in AD and PSP tissues (Table 6). The

most potent of these was Z4169252340 (4-(5-(6-fluoro-1H-
indol-2-yl)pyrimidin-2-yl)morpholine; 21), which was tritiated
using Ir-catalyzed hydrogen-tritium exchange, resulting in high
molar activity [3H]21 (1.92 GBq/μmol).

Binding assays with [3H]21 in tissue homogenates provided
KD and nominal Bmax values in AD, PSP, CBD, PiD, and PD
tissues (Table 7). KD values in AD, PSP, and CBD tissues
approached 1 nM, while those in PiD and PD tissues were
considerably higher. Additional binding assays were conducted
in AD tissue homogenates to assess the affinity of 21 in
competition with [3H]PiB binding to aggregated Aβ. The Ki of
21 versus [3H]PiB in AD tissue was 62 ± 3 nM (n = 3; mean
± SD), indicating a relatively low affinity of 21 for the PiB
binding site on aggregated Aβ.

Figure 2. (A) Radiolabeling of [18F]1. (B) Whole brain time activity curve (mean ± SD) of [18F]1 in rats (n = 4, 2F/2M). (C) PET summation
image of the entire acquisition (0−120 min).

Table 6. Inhibition Constant (Ki) Values (n = 1) of [3H]1 vs
Three Z-Compounds in AD and PSP Brain Homogenatesa

aCompounds 19 (Z5555972217), 20 (Z5555971887), and 21
(Z4169252340) are a promising second series of in silico molecular
similarity search leads.
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We next determined the potency of 21 to compete with
three tau tracers (Table 8). As was observed with 1, compound

21 competed well with [3H]PM-PBB3 in AD, PSP, and CBD
tissues and less avidly with [3H]PI-2620 and [3H]CBD-2115.
Hence, 21 and PM-PBB3 appear to share similar binding sites
in AD, PSP, and CBD tissues, suggesting that 21 may prove
useful, along with 1, as a lead compound for the identification
of ligands that bind the PM-PBB3 binding site.

The radiosynthesis of [18F]21 was successfully carried out
twice in nonoptimized of <1% RCY, 99% RCP and had Am of
70.3 and 69.2 GBq/μmol using the same alcohol-enhanced
copper-mediated radiofluorination employed for the synthesis
of [18F]1 (Figure 3A).48 Although unclear, a potential reason
for the poor RCY could include protodeboronation of the
starting material.49 The log D7.4 of [18F]21 was measured using
the shake-flask procedure to 3.42 ± 0.08, which as expected is
higher than [18F]1 but also within the upper range of known
brain penetrant PET radiotracers.50,51 Dynamic PET imaging
was performed in four healthy wild-type rats. Following bolus
i.v. administration of [18F]21, radioactivity in the whole brain
reached an initial maximum of 2.8 ± 0.15 SUV within 5 min of
injection and decreased to 0.5 SUV by the end of the 120 min

PET scan (Figure 3B,C). The results indicate that [18F]21 is
brain penetrant and shows reasonable clearance from the brain
during the course of the scan. Accumulation of radioactivity in
bone tissue was observed during the PET scan reaching a
maximum of 1.9 SUV after 120 min (Figure 3C), which could
be a sign of defluorination and formation of free [18F]fluoride.

In summary, a chemical fingerprint similarity search was
conducted within the Enamine REAL collection to identify
compounds selective for 4R-tau that would overcome the
limitations associated with CBD-2115. These searches
identified 1 and 21, which showed remarkable shifts in binding
site preference toward the PM-PBB3 binding site found on tau
filaments in AD, PSP, and CBD brain tissues. These outcomes
were unexpected, as PM-PBB3 and CBD-2115 bind different
sites on tau filaments. Tissue binding studies carried out with
[3H]1 and [3H]21 indicated that their affinities (KD) in AD,
PSP, and CBD tissues were in the low nM range. This is
notable because PM-PBB3 and related compounds possess a
butadiene moiety that is ambient light sensitive, making its use
for routine clinical imaging and high-throughput screening
challenging.52,53 Following the discovery of 1, we conducted
initial SAR studies that focused on replacing the 6-fluoro-
indole core, leading to the discovery of 6, which features a 4-
hydroxy-benzothiophene. While 6 does not significantly
improve upon the affinity of 1, it demonstrates that the 6-
fluoro-indole core can be substituted with different hetero-
cycles.

Future work could further expand upon these observations
and aim toward the discovery of even higher affinity 4R-tau
ligands. Furthermore, 1 and 21 could be useful probes for
supporting the identification of small-molecule binding sites on
4R-tau aggregates with cryo-EM. This may enable structure-
based efforts to improve the affinity and selectivity of these

Table 7. Equilibrium Dissociation Constant (KD) and Maximum Binding Density (Bmax) Values (n = 3; Mean ± SD) of [3H]21
in AD, PSP, CBD, PiD, and PD Brain Homogenates

AD tissue PSP tissue CBD tissue PID tissue PD tissue

radioligand KD (nM) Bmax (nM) KD (nM) Bmax (nM) KD (nM) Bmax (nM) KD (nM) Bmax (nM) KD (nM) Bmax (nM)

[3H]21 1.2 ± 0.5 490 ± 280 1.6 ± 0.2 260 ± 70 1.7 ± 0.3 210 ± 50 10.3 ± 4.2 150 ± 80 140 ± 60 290 ± 170

Table 8. Inhibition Constant (Ki) Values (n = 1) of 21 and
Tau Radioligands in AD, PSP, and CBD Brain
Homogenates

AD tissue PSP tissue CBD tissue

radioligand competitor Ki (nM) Ki (nM) Ki (nM)

[3H]PM-PBB3 21 22 18 19
[3H]CBD-2115 21 270 270 230
[3H]PI-2620 21 100 93 110

Figure 3. (A) Radiolabeling of [18F]21. (B) Whole brain time activity curve (mean ± SD) of [18F]21 in rats (n = 4, 2F/2M). (C) PET summation
images from rat PET scans using [18F]21 from 0 to 5 and 0−120 min. The first panel shows initial brain uptake, while the second panel shows likely
skull uptake occurring over 120 min.
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compounds and provide useful models for virtual screening
methods such as docking. In addition to extensive in vitro
characterization, preliminary PET imaging studies with [18F]1
and [18F]21 indicated that the radioligands have favorable
brain penetration and clearance in rats. This supports our
observation that both 1 and 21 possessed improved CNS
MPO and BBB scores relative to CBD-2115 and is attributed
to decreased number of hydrogen bond donors. This
encouraging observation suggests that related compounds
may also possess similar BBB penetrance. Taken together, we
anticipate that 1 and 21 will be of value in the discovery of
additional radioligands targeting non-AD tauopathies.

■ EXPERIMENTAL SECTION
General. Animal studies were carried out in accordance with the

guidelines put forth by the institutional animal care and use
committees at CAMH. The purity of final products was determined
by HPLC. All final products had a purity of ≥95%, unless noted
otherwise. The unlabeled compounds in this study were obtained
from the following vendors: PM-PBB3 (MedChem Imaging, Inc.,
USA); CBD-2115 (Oxiant Discovery AB and Novandi Chemistry AB,
Sweden); PI-2620 (MedChem Imaging, Inc., USA); MK-6240
(Cerveau Technologies, USA); Tauvid (Huayi Isotopes Company,
Canada); PiB (University of Pittsburgh, USA); compounds 1−21
were obtained from Enamine (see the Supporting Information for
chemical purity); and precursors for [18F]1 and [18F]21 were custom
synthesized by a commercial vendor (MedChem Imaging, Inc., USA)
in >95% purity (Figures S3 and S4).
Tritiated Radioligands. Tritium labeled compounds were

custom-synthesized by a commercial vendor (Novandi Chemistry
AB, Sweden) with a high RCP and Am: [3H]PM-PBB3: RCP 99% and
Am 2.63 ± 0.35 TBq/mmol (70.5 ± 9.5 Ci/mmol); [3H]CBD-2115:
RCP > 96% and Am 1.21 ± 0.21 TBq/mmol (32.75 ± 6.02 Ci/
mmol); [3H]PI-2620: RCP > 97% and Am 1.82 TBq/mmol (49 Ci/
mmol); [3H]PiB: RCP > 98% and Am 3.01 and 3.03 TBq/mmol (81
and 82 Ci/mmol); [3H]1: RCP > 99% and Am 2.72 TBq/mmol (74
Ci/mmol); [3H]21: RCP > 98% and Am 1.95 TBq/mmol (53 Ci/
mmol).
Fingerprint Similarity Search. Software utilized for conducting

the fingerprint search is provided at https://github.com/abazabaaa/
molbeam_fp. A test script is provided to demonstrate a fingerprint
search on a small scale.
Post-Mortem Tissues. Post-mortem human brain tissues were

collected by brain banks at the University of California, San Francisco
(UCSF) and Banner/Sun Health AZ following informed consent of
the donors and utilized at the University of Pittsburgh under the
approval of the Committee for Oversight of Research and Clinical
Training Involving Decedents (CORID no. 295). The binding assays
utilized fresh frozen, autopsy-confirmed, post-mortem human AD,
PSP, CBD, and PiD brain tissue blocks (1 cm3) obtained from the
Neurodegenerative Disease Brain Bank at UCSF, containing only
frequent mixed 3R/4R-tau neurofibrillary tangles and amyloid-beta
plaque aggregates (AD tissue middle frontal gyrus), or only 4R-tau
aggregates (PSP tissue, superior frontal gyrus, or CBD tissue, middle
frontal gyrus), or only 3R-tau aggregates (PiD tissue middle frontal
gyrus) and no other detectable aggregated amyloid or TDP-43
species. Fresh frozen, autopsy-confirmed human PD anterior cingulate
cortex brain tissue blocks (1 cm3) were obtained from Dr. Thomas
Beach at Banner/Sun Health AZ through the Michael J. Fox
Foundation and contained frequent α-synuclein aggregates and no
other detectable aggregated amyloid or TDP-43 species. The frozen
tissue blocks were separately thawed and homogenized in ice-cold pH
7.0 phosphate-buffered saline (PBS) at 300 mg/mL on ice using a
glass homogenizer, diluted 30-fold with PBS to 10 mg/mL and
homogenized a second time with a Brinkmann Polytron homogenizer
before storage at −80 °C. At the time of binding assays, frozen brain
tissue homogenates were thawed to room temperature and diluted 10-
fold in PBS to a concentration of 1 mg/mL.

In Vitro Competition (Ki) Assays. The equilibrium inhibition
constant (Ki) values of the unlabeled compounds were determined
versus tritium-labeled radioligands using published methods.54 Briefly,
for non-Enamine compounds, the concentration of the unlabeled
competitor compound (∼400 μM in the stock solution) was
determined by quantitative NMR in DMSO-d6 (0.25% DMSO in
the final assay vials). The appropriate concentrations (ranging from
0.1 to 1000 nM) of unlabeled competitor in 400 μL of PBS buffer
were combined with 500 μL of the tritium-labeled radioligand in PBS
(∼1 nM final concentration of radioligand). For Enamine compounds
1−21, the 10 mM stock solutions in DMSO were diluted to the
appropriate concentrations (ranging from 0.1 to 1000 nM) of
unlabeled competitor in 400 μL of PBS buffer and combined with 500
μL of the tritium-labeled radioligand in PBS (∼1 nM final
concentration of radioligand). The assay was initiated by the addition
of 100 μL of 1 mg/mL brain tissue homogenate to achieve a final
concentration of 100 μg tissue/mL. After incubation for 60 min at
room temperature, the binding mixture was filtered through a
Whatman GF/B glass filter via a Brandel M-24R cell harvester
(Gaithersburg, MD, USA) and rapidly washed four times with 3 mL
of PBS buffer. The filters were counted in CytoScint-ES after
thorough vortexing by using a liquid scintillation counter. Complete
(100%) inhibition of specific binding was defined as the number of
counts displaced by 1 μM unlabeled radioligand. All assays were
performed in triplicate at each concentration.
Binding Affinity (KD) Assays. Tritium-labeled radioligand

binding assays utilized AD, PSP, CBD, PiD, or PD brain homogenates
to determine equilibrium dissociation constant (KD) values and were
performed with minor modifications of the procedure previously
described in detail.55 The unlabeled test compound was dissolved in
DMSO at 400 μM and then diluted to 20 μM with PBS to yield 5%
DMSO/PBS. The remaining serial dilutions (typically from 6 μM to 4
nM) were made with 5% DMSO/PBS to maintain a constant DMSO
concentration in the final assay. Fifty μL of these solutions was
combined with 50 μL of tritiated test compound and 800 μL of PBS
to yield 0.25% DMSO, ∼ 1 nM tritiated compound, and 0.2−1000
nM unlabeled compound in the final assay. The assay began by
addition of 100 μL of the 1 mg/mL brain homogenate to achieve a
final concentration of 100 μg tissue/mL. After incubation for 60 min
at room temperature, the binding mixture was filtered through a
Whatman GF/B glass filter via a Brandel M-24R cell harvester
(Gaithersburg, MD) and rapidly washed three times with 3 mL of
PBS. The filters were counted in CytoScint-ES after thorough
vortexing and sitting overnight. All assays were performed at least in
triplicate. The concentration of bound compound was determined
from the radioactivity retained on the filter after correcting for the
nondisplaceable radioactivity (defined as that remaining with ∼1 μM
unlabeled compound) and the specific activity of the tritiated
compound after dilution with varying concentrations of unlabeled
compound. The KD value was determined by the slope (slope = −1/
KD) of a Scatchard plot of the bound/free versus bound radioligand
values at the different ligand concentrations and the Bmax value was
determined by the x-axis intercept of the bound/free versus bound
line.
Single Concentration Screening Assays. Screening assays of

test compounds were conducted at a single concentration of 300 nM
unlabeled competitor. The assay was conducted similarly as described
for the determination of Ki values, where no (0%) inhibition was
defined by the number of counts specifically bound without the
addition of any unlabeled competitor and complete (100%) inhibition
was defined as the number of counts nonspecifically bound at 1 μM of
the unlabeled radioligand. The % inhibition of the radioligand by the
test compound at 300 nM was defined by the number of counts
specifically bound at 300 nM divided by the difference of counts at 0%
inhibition minus the counts at 100% inhibition multiplied by 100. All
assays were performed in triplicate at each concentration.
Radiochemistry. For radiofluorination of [18F]1, tert-butyl 2-(2-

(4-((tert-butoxycarbonyl)oxy)piperidin-1-yl)pyrimidin-5-yl)-6-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole-1-carboxylate
was used as the precursor, and for radiolabeling of [18F]21, tert-butyl
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2-(2-morpholinopyrimidin-5-yl)-6-(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)-1H-indole-1-carboxylate was used as the precursor.
Briefly, no-carrier added [18F]F− was produced via the 18O(p,n)18F
reaction (Scanditronix MC-17 cyclotron) and transferred in [18O]
water to an automated commercial radiosynthesizer (GE TRACERlab
FX2N) in a lead shielded hot cell. The [18F]F− was trapped on a PS-
HCO3 ion exchange column (Chromafix) before being eluted with
tetraethylammonium carbonate (5.2 mg, 18.6 μmol) in methanol (1
mL) in the reaction vessel. Solvents were evaporated under vacuum
and subsequently azeotropically dried with acetonitrile (1 mL) under
continuous nitrogen flow. The precursor (3 mg, 5 μmol) and
tetrakis(pyridine)copper(II) triflate (8.5 mg 12 μmol), in dimethy-
lacetamide (DMA) and butanol (8:2 v/v, 1 mL) was added and the
reactor was heated to 80 °C for 20 min. The reactor was cooled down
to 70 °C and methanol (2 mL) was added before heating to 130 °C
for 20 min. The reactor was then cooled to 50 °C and the reaction
mixture was diluted with acetonitrile/water (20:80) before being
injected onto a reverse-phase HPLC column (LUNA 10 μm C18(2)
100 Å, 250 mm × 10 mm, Phenomenex). The desired product was
eluted with a mobile phase of acetonitrile-NH4CO2Haq (0.05 M; 40/
60, v/v) at a flow rate of 6 mL/min. The retention time of [18F]1 was
12−13 and 16 min for [18F]21. The collected fraction was diluted
with water (20 mL) and loaded onto a solid phase extraction (SPE)
column (SepPak tC18, Waters). The SPE column was washed with
water (10 mL) before the radiotracer was eluted by ethanol (1 mL)
and mixed with sterile saline (9 mL). The purity and molar activity
were determined by reverse-phase HPLC (InfinityLab Poroshell 120
PFP, 4.6 × 150 mm, 2.7 μm, Agilent) with UV and γ detector
connected in series. The radiotracer was eluted with acetonitrile-
NH4CO2H (0.05 M; 50/50, v/v) at a flow rate of 2 mL/min
(retention time = 6 min for [18F]1 and 6.8 min for [18F]21).
Radiochemical identity was confirmed by coinjection of authentic
standard with sample of final product formulation.
PET Imaging. Four healthy Sprague−Dawley rats (2 females, 2

males, 354.3 ± 69.4 g; 10 ± 5 months old) underwent 120 min
dynamic PET imaging following the injection of [18F]1 (12.6 ± 4.25
MBq; Am of 32 ± 14 GBq/μmol; mass injected of 1.2 ± 0.3 nmol/
kg). Four healthy Sprague−Dawley rats (2 females, 2 males, 378.85 ±
98.62 g; 4 months old) underwent 120 min dynamic PET imaging
following the injection of [18F]21 (18.84 ± 1.84 MBq; Am of 47.7 ±
22.3 GBq/μmol; mass injected of 1.3 ± 0.6 nmol/kg). PET images
were acquired by using a nanoScan PET/CT scanner (Mediso,
Budapest, Hungary). The acquired list mode data were sorted into 39
frames (3 × 5, 3 × 15, 3 × 20, 7 × 60, 17 × 180, and 6 × 600 s) 3D
true sinograms (ring difference 84). The 3D sinograms were
converted into 2D sinograms using Fourier-rebinning and recon-
structed by using a 2D-filtered back projection (FBKP) with a Hann
filter at a cutoff of 0.50 cm−1. A static image of the complete emission
acquisition was reconstructed with the manufacturer’s proprietary
iterative 3D algorithm (six subsets and four iterations). All image data
were corrected for detector geometry and efficiencies, dead-time and
decay corrected to the start of acquisition, with corrections for
attenuation and scatter using a CT-based material map. Image
analyses and extraction of brain TACs from the dynamic FBKP
images were performed using VivoQuant (2020patch1, Invicro) with
standard MR brain template and atlas for rats.56 SUV was calculated
by normalizing the regional radioactivity for injected radioactivity and
body weight of the animal.
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■ ABBREVIATIONS
3R, three microtubule-binding repeats; 4R, four microtubule-
binding repeats; Aβ, amyloid-beta; AD, Alzheimer’s disease;
BBB, blood−brain barrier; CBD, corticobasal degeneration;
CTE, chronic traumatic encephalopathy; DVR, distribution
volume ratio; i.v, intravenous; MPO, multiparameter opti-
mization; PD, Parkinson’s disease; PET, positron emission
tomography; PiD, Pick’s disease; PSP, primary supranuclear
palsy; RCP, radiochemical purity; RCY, radiochemical yield;
SAR, structure−activity relationship; SUV, standardized uptake
value; SUVR, standardized uptake value ratio
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