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Abstract: Dual specificity tyrosine-phosphorylation regulated kinase 1A (DYRK1A), a
phosphorylation kinase, is localized within the central nervous system and is linked to
hyperphosphorylation of Tau. Imaging of DYRK1A may provide an earlier biomarker for
Tauopathies, including Alzheimer’s disease (AD). We have used Chimera-Autodock to
evaluate potential molecules for binding to the binding site of DYRK1A. Five molecules, 10-
bromo-2-iodo-11H-indolo[3,2-c]quinoline-6-carboxylic acid (4E3), 10-iodo-11H-indolo[3,2-
c]quinoline-6-carboxylic acid (KuFal184), harmine, 6-(fluoro-3-(1H-pyrrolo[2,3-c]pyridin-1-
yDisoquinolin-5-amine (MK-6240), and 6-iodo-3-(1H-pyrrolo[2,3-c]pyridine-1-yl)isoquinoline
(IPPI), were found to have binding energies of —10.4, —10.1, —9.0, —9.1, and —9.4 kcal/mole,
respectively. Two molecules, 4E3 and KuFal184, were selective for DYRK1A, while harmine
also had a monoamine oxidase A affinity, and MK-6240 and IPPI had affinity for Tau. Tau
present in the brain slices of AD subject were labeled with ['2T]IPPI. KuFal184 had no
effect on the binding of ['ZI]IPPI, suggesting the absence of binding overlap of the two
molecules. MK-6240, a known Tau agent was, however, able to compete with [12°1]IPPL
The binding energies of harmine, MK-6240, and IPPI for the DYRK1A site suggest affinities
of approximately 80-100 nM, which is insufficient to serve as an imaging agent. The higher
affinity of KuFal184 (6 nM for DYRK1A) suggested that ['2>[][KuFal184 may be a potential
imaging agent. Electrophilic radioiodination was used to synthesize [?*T]JKuFal184 in
modest yields (25%) and high radiochemical purity (>95%). Preliminary binding studies
with [125T]KuFal184 in AD brain slices showed some selectivity for cortical grey matter
regions containing Tau.

Keywords: [121]IPPI; ['2°T]KuFal184; DYRKI1A; post-mortem human Tau; Alzheimer’s
disease; down syndrome; autoradiography

1. Introduction

Hyperphosphorylation of Tau at the various serine (Ser), threonine (Thr), and tyrosine
(Tyr) residues is carried out by several protein kinases [1]. They are broadly classified into
proline-directed protein kinases (PDPK, targeting phosphorylation of Ser and Thr, which
precede a proline residue, i.e., Ser/Thr-Pro) and includes four different kinases, namely
glycogen synthase kinase-3 (GSK3), cyclin-dependent protein kinase-5 (Cdk5), p38 mitogen-
activated protein kinases (P38 MAPK), and dual specificity tyrosine-phosphorylation regu-
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lated kinase 1A (DYRK1A) (Table 1). The non-proline directed kinases (non-PDPK) include
the microtubule affinity-regulating kinase 4 (MARK4), the tyrosine protein kinases (Src,
c-Abl, Fyn), and the Rho-associated kinase (ROCK), which have been discussed in detail [1].
These kinases are ubiquitously expressed because of their roles in various other cellular
functions. Efforts to target the kinases for the development of therapies for Alzheimer’s
disease (AD) have not yet been successful [1]. Over the last several years, efforts have eval-
uated the use of plasma biomarkers for AD [2]. The phosphorylated Tau (p-Tau) present in
the cerebrospinal fluid (CSF) and blood plasma are being measured for p-Taul81, 217, 231,
and 235 in plasma and CSF and used for the staging of AD and Down’s syndrome (DS) [3-8]
(Table 1). More recently, p-Taul81 and 217 have been measured as blood markers in DS [9].
These four phosphosites appear to be driven by GSK3, Cdk5, and P38 MAPK, while the
phosphorylation contribution of each of the kinases is not known. In vivo Tau-positron
emission tomography (PET) brain imaging and p-Tau plasma/CSF measures have been
correlated, suggesting the value of p-Tau plasma/CSF measures [3].

Table 1. Phosphokinases and Tau phosphosites.

S.No KINASE Phosphosites Plasma and CSF
Measured

Serd6, 184, 198, 199, 202, 210, 214, 235, 237, 258,

262
’ p-Taul81 and 217 (PL)
. Coks 285,289,305, 324, 352, 356, 396, 400, 404, i(ig, b-Touls] and 231 (PL)

: § 3

Thr69, 149, 153, 175, 181, 205, 212, 217, 220, 231, p-Taul8l, 217, 231, and 235° (CSF)

373
Ser195, 199, 202, 214, 235, 396, 404. p-Taul8l and 217 (PL)
2 Cdk5 Thr153, 181, 205, 212, 217, 231 p-Taul81 and 231(PL)
e p-Taul81, 217, 231 and 235 (CSF)
Serd6, 185, 202, 235, 305, 320, 356, 396, 404, 409, p-Taul81 and 217 (PL)
3 P38 MAPK 422. p-Taul81 and 231 (PL)
Thr69, 175, 181, 205, 212, 217, 231, 245 p-Taul81, 217, 231, and 235 (CSF)
4 DYRK1A Ser202, 404; Thr212 none
5 MARK4 Ser262, 356 none
6 Src Tyrl8 none
7 Fyn Tyrl8 none
8 c-Abl Tyr394 none
9 ROCK Thr245, 377, Ser409 none

In vivo imaging of kinases in the brain may serve as another biomarker for the assess-
ment of hyperphosphorylation. However, no major effort has gone into the development
of molecular imaging agents that may be able to track kinases or their activities. There
are several challenges in pursuing kinases, including their ubiquitous presence, cytoplas-
mic or membrane-bound, high affinity and selective small molecules, blood brain barrier
permeability, concentration in brain regions, measurement of enzyme activity rather than
concentration, and other considerations.

DYRKI1A belongs to a family of protein kinases known as DYRKSs, responsible for
neuronal development and several biological processes [10,11]. DYRK is a highly regulated
kinase whose dysregulation may lead to cancer, diabetes, and neurological diseases [12,13].
Down syndrome chromosome 21 has the DS critical region (DSCR) region, which regu-
lates the higher expression of DYRK1A [14,15] (Figure 1). DYRK1A has been associated
with the accumulation of 3 amyloid peptides and Tau phosphorylation. In humans, in-
tracellular DYRK1A has been reported to be associated with the cytoskeleton as well as
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cytosolic and nuclear fractions and phosphorylates Tau, resulting in Tau tangles [16,17].
Hyperphosphorylation of Tau at Ser202, Ser404, and Thr212 has been indicated with
DYRKI1A dysregulation and likely leads to the formation of Tau tangles [1,12,16]. This
membrane-bound DYRK1A may be a potential in vivo imaging target. More importantly,
measurement of its kinase activity may provide a means of earlier abnormalities in AD
since the hyperphosphorylation activity precedes the formation of Tau tang]les.

NEURONAL CELL BODY

DYRK1A HYPERPHOSPHORYLATES TAU

?
CHROMOSOME 21 IS DYRK1A AN IMAGING TABGET.

-----

.
.
»
Taa,

PRESYNAPSE

Figure 1. Schematic showing chromosome 21 with the Down’s syndrome critical region (DSCR)
highlighted. Expression of DYRK1A is regulated by DSCR and is upregulated in Down’s syndrome
(#1 blue dotted line). Membrane-bound DYRK1A may play a role in the hyperphosphorylation
of Tau (#2 blue dotted line), resulting in the formation of neurofibrillary tangles (#3 blue dotted
line). (Orange star: DYRK1A kinase; Green circles: normal Tau; Orange circles: phosphorylated Tau;
Orange lines: Tau tangles).

Recent efforts have focused on the development of small molecule inhibitors for
DYRKI1A as potential therapeutics for various diseases [18,19]. Using the backbone struc-
ture of harmine (1, Figure 2), efforts have been made to develop more selective DYRK1A
drugs, since harmine binds to both monoamine oxidase A (MAO-A) and DYRK1A [20].
A series of 10-iodo-11H-indolo[3,2-c]quinoline-6-carboxylic acid derivatives have been
found to be potent and selective DYRK1A inhibitors [21]. A new drug, 10-bromo-2-iodo-
11H-indolo[3,2-c]quinoline-6-carboxylic acid (4E3, 2, Figure 2), has been developed that is
selective for DYRK1A and does not inhibit MAO-A activity [22]. One of the most effective
molecules with a 10-iodo substituent has been found (10-iodo-11H-indolo[3,2-c]quinoline-
6-carboxylic acid, (KuFal184, 3, Figure 2) [21,23].
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Figure 2. Chemical structures of compounds with reported binding profiles. 1. Harmine, binds to
DYRKI1A and MAO-A; 2. 10-bromo-2-iodo-11H-indolo[3,2-c]quinoline-6-carboxylic acid (4E3) binds
to DYRK1A; 3. 10-iodo-11H-indolo[3,2-c]quinoline-6-carboxylic acid (KuFal184) binds to DYRKIA.

Since pharmacological approaches towards inhibition or modulation of Tau phos-
phorylation are being pursued for the various kinases [1,20-24], imaging of the kinases
in the central nervous system (CNS) will be very valuable, as imaging biomarkers for
neurofibrillary tangles (NFT) in AD. Although it has been over 15 years since the role of
the kinases as pharmacological targets were raised [24], to the best of our knowledge, no
successful imaging effort of developing imaging agents for Tau phosphorylation kinase has
yet been reported.

The goals of this paper are: 1. Use molecular modeling to evaluate the binding of
the compounds in Figure 2 to DYRK1A and compare them to known Tau NFT binding
agents, 6-(fluoro-3-(1H-pyrrolo[2,3-c]pyridin-1-yl)isoquinolin-5-amine (MK-6240) and 6-
iodo-3-(1H-pyrrolo[2,3-c]pyridine-1-yl)isoquinoline (IPPI) [25,26]; 2. Evaluate the effects
of KuFal184 on the binding of ['?*I]IPPI in postmortem AD brain slices; 3. Synthesize
iodine-125-labeled [12°I]KuFal184 for in vitro studies of DYRK1A, and 4. Preliminary assess
[12°T]KuFal184.

2. Results
2.1. DYRK1A Molecular Modeling

Using the 3-structure of DYRK1A available in the Protein Data Bank (PDB) database
(PDB 4YLL [21,22]), binding studies of the molecules are shown in Figure 2. Since harmine
exhibited affinity for DYRK1A but also had high affinity for monoamine oxidase-A, efforts
were made to use the harmine backbone structure to develop selective DYRK1A molecules.
A research group utilized a co-crystallized ligand, 4E3 (2, Figure 2), as a positive control in
experiments using a Chimera-AutoDock Vina software (version 1.17.3; 2023) that bound
this ligand to DYRK1A. The reported binding energy was —9.9 Kcal/mol, showing that 4E3
interacted well with DYRK1A [22]. Using Chimera-Autodock, our measurement of binding
energy for 4E3 was —10.3 kcal/mol (Table 2), in close agreement with reported values. The
related quinoline-6-carboxylic acid derivative KuFal184 was investigated (3, Figure 2) [21].
KuFal184 was amongst the most potent derivatives with high selectivity towards DYRK1A
(Figure 3). The binding affinity of KuFal184 was 6 nM for DYRK1A, while harmine, the
nonselective DYRK1A inhibitor, was over 10 times weaker (Table 2). Harmine also binds
to MAO-A with high affinity of 5 nM [20,27]. The previous papers support that both 4E3
and KuFal184 have high affinity towards DYRK1A. Using the same software, AutoDock
Vina, our analysis performed on 4E3, KuFal184, and harmine exhibited consistent binding
energies of —10.3, —10.1, and —9.0 kcal/mol, respectively.
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Figure 3. (A). DYRK1A (PDB 4YLL [18] protein structure used for binding energy measurements
of various molecules; (B). Interaction of KuFAL184 at the binding site of DYRK1A. Three residues
of DYRK1A binding site have been highlighted in red, including Leu241, Asp307, and Lys188. The
high affinity of KuFal184 is driven by the “salt bridge” interaction between the carboxylate group in
KuFal184 and Lys188.

Figure 3B shows the interaction of KuFal184 with the DYRK1A binding site. Three im-
portant residues of the DYRK1A binding site were highlighted, including Leu241, Asp307,
and Lys188. The high affinity of 4E3 and KuFal184 was driven by the “salt bridge” interac-
tion between the carboxylate group in KuFal184 and Lys188. Lack of this carboxylate in
harmine and an inability to form a salt bridge with Lys188 reduced its affinity for DYRK1A.
The presence of a halogen (iodine or bromine), as in 4E3 and KuFal184, perhaps increases
binding in a hydrophobic pocket in the vicinity of Leu241. Design of compounds that take
these features in consideration are currently underway so that optimal brain-permeable,
selective DYRK1A inhibitors may be evaluated in vitro and in vivo [23].

A certain amount of structural similarity between harmine and the Tau imaging agents
['8FIMK-6240 and ['Z°I]IPPI has been observed (Figures 2 and 4). After analysis with
AutoDock Vina, these molecules expressed similar binding energies to harmine towards
DYRKI1A (—9.1 and —9.4 kcal/mole for MK-6240 and IPPI, respectively, Table 2). Figure 5
shows the overlay of IPPI with KuFal184 and harmine (Figure 5A,C) and MK-6240 overlaid
with KuFal184 and harmine (Figure 5B,D). IPPI appeared to have greater correspondence
in the DYRK1A binding site compared to MK-6240. The interaction of Asp307 with the
amino group likely changed the orientation of MK-6240 compared to IPPI, which lacks the
amino group.



Molecules 2025, 30, 990 6 of 15

N H,N F N |
fere Loy
—/ \ 7 ) \ 7

4. MK-6240 (Tau) 5. IPPI (Tau)

Figure 4. Chemical structures of Tau binding agents. 4. 6-(fluoro-3-(1H-pyrrolo[2,3-c]pyridin-
1-yl)isoquinolin-5-amine (MK-6240), binds to Tau; 5. 6-iodo-3-(1H-pyrrolo[2,3-c]pyridine-1-
yl)isoquinoline (IPPI), binds to Tau.

/

Figure 5. DYRK1A (PDB 4YLL [28]) Chimera-Autodock molecular models: energy-minimized
comparative chemical structures in the binding site. (A). Energy-minimized comparison of KuFal184
and IPPI at the DYRK1A binding site; (B). Energy-minimized comparison of KuFal184 and MK-
6240 at the DYRKI1A binding site; (C). Energy-minimized comparison of harmine and IPPI at the
DYRK1A binding site; (D). Energy-minimized comparison of harmine and MK-6240 at the DYRK1A
binding site.

Table 2. DYRK1A and Tau binding energies of agents.

d .
. . Tau Sites
2 DYRK1A ¢ Affinity
Compound Name (Keal/mol) DYRK1A 1,2,3,4 MAO-A
(Kcal/mol)
I S
2 KuFal184 ~10.1 6nM 4 —5.8, —8.0, NA

—7.4,-6.6
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Table 2. Cont.

d .
Compound Name :Iz :11/111:13 ;@flggit[{ ;1:32 ;1::’5 MAO-A
(Kcal/mol)
3 Harmine —-9.0 70 nM © :Z'.‘;', :Z% 5nM
4 MK-6240 -9.1 NA :gg', j‘g’ >10 uM &
5 IPPI —94 NA :g'g'l :%’ >10 uM b

2 Binding energies were measured using Chimera-Autodock on DYRK1A; P [22]; ¢ Reported binding affinities for
DYRK1A; 9 [18,21] ICsp; ¢ [20]; IC50; f MAO-A IC50 = 5 nM and DYRK1A 32 nM [27]; 8 [29]; ' [25].

2.2. In Vitro ['*°1]IPPI Binding

Because of the significant binding energy measured for IPPI for DYRK1A (—9.4 Kcal/mole,
Table 2), in vitro studies and competition with KuFal184 were carried out. Anterior cin-
gulate from AD subjects was used for the evaluation of ['2°T]IPPI binding. The brain slice
(Figure 6A) consisted of the anterior cingulate (AC; gray matter, GM) and corpus callosum
(CC; white matter, WM). Figure 6D shows the binding of ['?°T]IPPI to the GM regions in
AD 11-107 with significantly lower binding in WM. The [>*I]IPPI GM/WM binding ratio
of 3.6 was measured. In the presence of KuFal184 (1 uM; Figure 6E), a 20% reduction
in the binding of ['>°I]IPPI was observed in the GM (Figure 6G); however, the GM/WM
ratio remained at 3.6, suggesting little effect of KuFal184 on the binding of [125T]IPPI. This
suggests that [1Z21]IPPI is not binding at the same DYRKIA site as KuFAI184. As expected,
a significant decrease in the binding of ['°I]IPPI was observed in the presence of MK-6240
(Figure 6F). Binding in the GM was reduced >80%, and the GM /WM ratio was found to be
1.4, confirming the overlap of IPPI and MK-6240 [25]. The adjacent anti-Tau immunostained
(IHC) brain section of AD 11-107 indicated the presence of abundant Tau (Figure 6B). Areas
of Tau-positive IHC were identified using the QuPath pixel classifier ([26] Figure 6C), which
was consistent with ['ZI]JIPPI binding (Figure 6D).

-

G. Drug effects on [*23[]IPPI AD brain

=)
&
2 (= 8
,D 1 o
Y < £ S
/ g . Q a NX 7
i i < £
o= S E 6 EGM mWM
© ~
< = =)
=4 5
B C a
24
& 2
. ® 9 s 3
5o -
< 4 Q_.
= = q
gz & []
= = 0
) Ll
S Total kuFal184 MK-6240
F Drug Effects

Figure 6. Drug effects on [1251]IPPI binding in AD brain: (A). AD (subject 11-107) brain slice (10 um
thick) showing anterior cingulate AC (GM) and corpus callosum CC (WM); (B). Adjacent slice (AD
11-107) anti-Tau immunostained (arrow showing Tau); (C). Tau pixel classifier using QuPath applied
to immunostained section. Tau (shown by arrow) are identified; (D). Total binding of [151]IPPI in AD
11-107) (arrow shows binding to Tau; autoradiography scale bar: 0-1300 digital light units DLU)/mm?);
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(E). Competition of ['?°T]IPPI with KuFal184 (1 uM) (arrow shows little change of binding to Tau);
(F). Competition of [1Z1]IPPI with MK-6240 (1 uM); (G). Plot showing drug effects in AD-11-107 in
GM and WM.

2.3. ['*°T]KuFal184 Radiosynthesis

Since KuFal184 contains an iodine substituent, an iodine-125 labeled analog of Ku-
Fal184 would be possible. This [12°T]KuFal184 would then serve as a direct radiolabeling
method for in vitro studies of DYRK1A. The tributyltin precursor 6 of KuFal184 was pre-
pared as shown in Figure 7. Treatment with bistributyl tin in the presence of palladium
catalyst in triethylamine provided the desired tributyl tin precursor. The radioiodina-
tion of tributyltin derivative 6 was carried out using iodine-125 sodium iodide, similar to
our previously described procedures [30-32]. Using the molar activity of the commercial
no-carrier-added ['®I]sodium iodide, the molar activity of [12°1]KuFal184 was estimated
to be approximately 90 TBq/mmol. The radiochemical yield of [>>TJKuFAl184 was ap-
proximately 25%. RadioTLC of the final product showed a radiochemical purity of >95%
(Figure 7).

o o)
N N\
X OH (Bus)sSn, OH
(PhsP),Pd, Et;N
G > 7
HN HN
3. KuFal184 | Naizs, | BUsSh g
P V— " HCl, H,0,
% | ?
31 2s j N
3] [Flkuralisd || N OH
i _\ HN
0 —
0 50 100 150 200 mm

7. [**°1]KuFal184 125

Figure 7. Radiosynthesis of [2°T]KuFal184: KuFal184, 3 was refluxed with bis(tributyltin) in the
presence of tetrakis(triphenylphosphine)palladium(0) for 24 h to provide tributyltin precursor, 6.
Tin precursor 6 was reacted with sodium ['?*TJiodide under oxidative conditions using hydrogen
peroxide to provide [1251]KuFal184, 7. Radioactive thin layer chromatogram of [125]]KuFal184 shows
a predominant peak with purity of >95%.

2.4. In Vitro ['?°1]KuFal184 Binding

Preliminary in vitro binding studies using [1%°1]KuFal184 were carried out in AD
brain slices. High levels of nonspecific binding are seen in the entire brain slice, including
both GM and WM regions with no selectivity (Figure 8A). Since ['°I]KuFal184 is a car-
boxylic acid derivative, there are concerns about its ability to cross the cell membrane. To
assist in membrane transport, permeability across membranes of carboxylic acid deriva-
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A. ['BI]KuFal18s |
DYRK1A

tives has been reported by using transmembrane anion transporters, such as 1,3-diphenyl
ureas [33]. Our preliminary studies using 1,3-bis(4-cyanophenyl)urea (BCU) did alter the
levels of binding in both GM and WM regions, with GM showing some selective binding
of ['?°T]KuFal184 (Figure 8B). A GM/WM ratio of 1.46 was observed in the AD brain slice.
Thus, BCU appears to assist in more selective localization of ['?°I[KuFal184 in the GM
regions where more DYRKI1A levels are expected. Adjacent brain slice of the same subject
was also treated with ['?°T]IPPI and high binding in the GM was observed (GM/WM ratio
of 4.35, Figure 8C). The binding of ['?°I]IPPI correlated with anti-Tau THC, as shown in
Figure 8D.

E.
L%
o
S| . EGM  mWM
o~
€ 20
£
S~
D 1
a
S
& 0.5
g 10
"g 0
C KuFal KuFal+BCU
35
‘03 l
=
5
= 0 I . s
8 KuFal KuFal+BCU IPPI

AD Brain Slice 36-06 Binding of [1251]KuFal184 and [125]]IPPI

Figure 8. Binding of ['?°T]KuFal184 and [?°T]IPPI binding in AD brain slice: (A). AD (subject 36-06)
brain slice (10 um thick temporal cortex) showing uniform non-selective binding of ['%°T]KuFal184 in
GM and WM regions (inset shows scan of the brain slice); (B). Adjacent slice (AD 36-06) showing
binding of [1%5]]KuFal184 in GM and WM in the presence of 10 uM 1,3-bis(4-cyanophenyl)urea
(BCU). Higher GM binding was observed (arrow) with a GM/WM ratio of 1.46. (C). Total bind-
ing of [1251]IPPI in AD 36-06, (arrow shows binding to Tau in GM), with a GM/WM ratio of 4.35;
(D). Anti-Tau immunostained (IHC) AD 36-06 section showing Tau (arrow), and inset shows magni-
fied view; (E). Plot showing binding of [12°1]KuFal184 (with and without BCU) and [*2°I]IPPI in GM
and WM of AD 36-06 (inset figure shows rescaled y-axis for ['?5I]KuFal184 binding).

3. Discussion

There is continued interest in the development of new and optimal hyperphosphory-
lated Tau imaging agents to address potential shortcomings of existing ones and develop
new agents for different stages of Tauopathies [34-37]. The availability of such unique imag-
ing agents may enable studies related to neurotransmitter anomalies in the AD brain [38,39].
Antibody treatment approaches to AD are also likely to gain from small molecule imaging
of AD neuropathologies [28,40]. Studies suggest that p-Tau can quantify longitudinal
changes in Tau pathology, identify neurodegeneration, and predict AD progression [1-8].
Consistent with CSF measures of p-Tau, current data suggest that in addition to A
imaging, NFT imaging can play an essential role in clinical studies for the evaluation of
disease progression.

Among the various protein kinases listed in Table 1, DYRK1A plays a role in various
diseases and may have a particular role in Down’s syndrome AD (DSAD). A successful
in vivo imaging agent for the kinases has the potential to be an earlier biomarker because
of its ability to generate p-Tau, which leads up to NFT (Figure 1). Chromosome 21, which
contains the DSCR region expresses 1.5 times greater DYRK1A, resulting in greater p-Tau,
and thus NFT [9]. There is now an increasing effort on drug development for DYRKI1A for
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potential therapeutic applications in various disorders. Harmine has been shown to have a
moderate affinity for DYRK1A and MAO-A. Harmine and its analogs have been previously
used for imaging of MAO-A [28,40]. However, because of its affinity for DYRK1A as well,
it has served as a basis for the design of high-affinity DYRK1A molecules [20-23]. Two
such molecules, namely 4E3 and KuFal184, are shown in Figure 2.

Chimera-Auto Dock was used to evaluate the nature of binding of harmine, 4E3 and
KuFal184 molecules to DYRK1A (PDB 4YLL [18]) and also compare them with the binding
of two Tau imaging agents, [\¥F]MK-6240 and ['ZI]IPPL. Table 2 shows the binding energies
of the five molecules for DYRK1A in the order of: 4E3 > KuFal184 > IPPI > MK-6240 >
harmine. The binding energies of 4E3 and KuFal184 are consistent with previous findings
and high affinity of these two molecules to DYRK1A [21,22]. By design, the two molecules
incorporate the carboxylate group, which forms a strong salt bridge interaction with Lys188
(Figure 3B). The findings of IPPI and MK-6240 were not expected since these two agents are
known to be Tau binding agents and have been shown to bind well at the 4 different binding
sites of Tau fibril using Chimera-AutoDock [25]. Harmine exhibited poor binding to Tau
fibrils, similar to 4E3 and KuFal184 (Table 2). In order to further evaluate DYRK1A binding
of MK-6240 and IPPI, energy minimized overlays of the two molecules were carried out
with harmine and KuFal184. The binding pattern of MK-6240 was significantly different
compared to harmine and KuFAl184 (Figure 5B,D). This may be due to an amino group
of MK-6240 orienting away from Lys188 and moving towards Asp307. In the case of IPPI,
there was greater overlap, although the iodine atom in IPPI had moved to a different
position, compared to KuFal184. Our previously developed smaller Tau imaging agents,
[1ZT]INFT [30] and ['2°T]ISAS [32], had significantly weaker binding profiles, in agreement
of lacking a “harmine-like” backbone.

The binding energies of harmine, IPPI, and MK-6240 to DYRK1A are approximately
similar and based on the binding affinity of harmine for DYRK1A at 80 nM, the binding
affinity of MK-6240 and IPPI may also be in this ballpark. However, this will have to be
ascertained by actual binding assays of MK-6240 and IPPI for DYRK1A. Because of the
significantly higher affinity of harmine for MAO-A sites, it may be surmised that in vivo and
in vitro experiments with [''Clharmine [41] and ['8F]fluorinated harmine derivatives [39]
likely describe the distribution of MAO-A and not DYRK1A. Both in vivo PET experiments
and in vitro autoradiographic experiments require radioligands with high binding affinity,
typically below 10 nM.

Both MK-6240 and IPPI exhibit nanomolar affinities for human Tau [25,29]. This is
reflected in their low binding energies for the four Tau binding sites (Table 2), whereas 4E3,
KuFal184, and harmine displayed higher energies. Using AD brains, autoradiographic
experiments with ['251]IPPI binding was not affected by KuFal184 (1 uM), whereas it was
significantly blocked (>80%) by the same concentration (1 uM) of MK-6240 (Figure 6). This
may suggest that IPPI (and MK-6240) do not bind to the DYRK1A binding site and are
thus likely selective Tau imaging agents. However, additional experiments are needed to
ascertain this due to the potential membrane permeability issues of KuFal184.

For autoradiographic studies of DYRK1A, an imaging agent labeled with a radioiso-
tope would be required. Coincidently, KuFal184 possesses an iodine atom, which could
be radiolabeled. We thus prepared ['*°I]KuFal184 by first preparing the corresponding
pure tributyltin derivative, which was then radiolabeled with electrophilic iodine-125. The

pure radiochemical product, ['2°1]

KuFal184, was successfully prepared. In vitro binding
studies in AD brains are currently underway. Our preliminary in vitro findings suggest
that there is likely a need to enhance the membrane permeability of ['2°T]JKuFal184 in order
to increase binding to the GM regions and reduce the nonspecific binding. Thus, membrane

permeability by using diphenyl urea such as BCU in the binding assay incubations resulted
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in some increased selectivity of ['%T]KuFal184 for the GM regions (GM/WM = 1.46). The
GM regions were confirmed by THC and ['%I]IPPI to contain Tau (Figure 8B-D). However,
further experiments are required using additional AD brain samples and competition
experiments using other known drugs (such as harmine) to ascertain if the binding of
[12°T]KuFal184 is indeed to DYRK1A.

The presence of the necessary carboxylate functionality in both 4E3 and KuFal184 for
DYRKI1A binding is a complicating factor for both in vitro and in vivo studies. There are
now reports on efforts to prepare more brain-permeable derivatives of KuFAI184 [18,23].
These new derivatives may provide greater membrane permeability and offer potential
alternatives for radiotracer development.

4. Materials and Methods
4.1. General Methods

General methods were similar to those described previously [25-27,29]. KuFal184
(Dyrk1A-IN-5) was purchased from AABlocks LLC, San Diego, CA, USA, and MK-6240
and BCU were purchased from 1ClickChemistry, Tinton Falls, NJ, USA. [12°T]IPPI was
prepared as described previously [25].

4.2. Molecular Modeling

Using Chimera-Autodock (version 1.17.3; 2023) as previously described for our ex-
periments with Tau ligands [25], DYRK1A (PDB 4YLL [28]) was used to model the var-
ious molecules for DYRK1A binding energy calculations. The bound ligand (10-bromo-
substituted 11H-indolo[3,2-c]quinolone-6-carboxylic acid) was first removed from the bind-
ing site of PDB 4YLL. This DYRK1A was used for molecular modeling of 4E3, KuFal184,
harmine, MK-6240, and IPPI using previously reported Chimera-Autodock methods [25].
Binding energies were reported as kcal/mole.

4.3. Radiosynthesis

To a solution of KuFal184, 3 (4 mg; 10 umol) in anhydrous triethylamine (1 mL) under
nitrogen, bistributyltin (6 mg; 10 pmol) and Tetrakis(triphenylphosphine)palladium(0)
(1 mg; 1 pmol) were added. This reaction mixture was refluxed overnight at 90 °C. The
dark yellow crude reaction mixture was purified over a prep silica gel TLC plate using
dichloromethane:methanol 9:1 as a solvent. The product was isolated as an oil (Figure 7, 6)
in 25% yield. Mass spectra (ESI) for 6: 652 (70%), 650 (46%), 648 (44%); [M + Et3N]*. NMR
('H, 500 MHz) § ppm in deuterated DMSO: 11.7 (s, 1H), 8.3 (d, 1H, ] = 7.8 Hz), 8.2 (d, 1H, |
=7.6Hz),7.90 (d, 1H, ] = 8.0 Hz), 7.80 (dd, 2H, ] = 7.6, 1 Hz), 7.52 (d, 1H, ] = 7.1 Hz), 7.30
(dd, 1H, ] = 7.8, 1Hz), 1.63-1.56 (m,12H), 1.33 (m, 6H), 0.90 (m, 9H).

A radioiodination hood (CBS Scientific, Inc., San Diego, CA, USA) placed inside a
fume hood designated to handle radioactive materials was used to carry out iodine-125
radiolabeling of 6 using our previously reported methods [25-27,29]. Iodine-125 sodium
iodide was purchased from American Radiolabeled Chemicals, Inc., St. Louis, MO, USA
(iodine-125 sodium iodide, carrier-free (specific activity = 643 MBq/ug) in 0.01 N NaOH).
The radioiodination of tributyltin derivative 6 was carried out using iodine-125 sodium
iodide, similar to the previously described procedure. To tributyltin derivative 6 (0.1 mg
in 0.1 mL ethanol), 3.7 MBq ['?°I]Nal in 0.1 mL 0.01 N NaOH was added, followed by the
addition of 0.1 mL of 1IN HCI. After 2 min of mixing, 0.1 mL of 3% hydrogen peroxide
was added, and the mixture was placed on a shaker at room temperature for 60 min.
The reaction was terminated by adding 0.1 mL of 0.01N sodium bisulfite solution. After
the reaction, the product was extracted with ethyl acetate (3 x 2 mL). The combined
ethyl acetate extracts were dried using nitrogen gas, and the residue was purified. The
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purification and isolation of [12°1]KuFal184 was carried out on preparative TLC using 9:1
dicholromethane-methanol. RadioTLC (Rf = 0.6) confirmed, with an authentic sample
of KuFal184, a radiochemical purity of >95% ['%T]KuFal184 (Figure 7). Using the molar
activity of the commercial no-carrier-added ['%1]sodium iodide, the molar activity of
['?°T]KuFal184 was estimated to be approximately 90 TBq/mmol. The radiochemical yield
of ['®I]KuFal184 was approximately 25%.

4.4. Human Tissue

All postmortem human brain studies were approved by the Institutional Biosafety
Committee of the University of California, Irvine. Human postmortem brain tissue samples
were obtained from the brain tissue repositories of Banner Sun Health Research Insti-
tute, Sun City, AZ, USA, and University of California-Irvine Memory Impairments and
Neurological Disorders (UCI MIND) Institute.

4.5. In Vitro ['?°I]IPPI Postmortem Human Brain Autoradiography

Human anterior cingulate sections containing corpus callosum were sectioned from
the AD subjects. ['2°I]IPPI was used for the binding studies using our previously reported
procedures [25]. KuFal184 (1 uM) and MK-6240 (1 uM) were used for competition exper-
iments. Brain sections were air dried, exposed overnight on a phosphor film, and then
placed on the Phosphor Autoradiographic Imaging System/Cyclone Storage Phosphor
System (Packard Instruments Co., Boonton, NJ, USA). Regions of interest (ROls) were
drawn on the slices, and the extent of binding of ['2°1]IPPI was measured in DLU/mm?
using the OptiQuant acquisition and analysis program (Version 4.00.01).

4.6. In Vitro ['?°I]KuFal184 Postmortem Human Brain Autoradiography

Human anterior cingulate sections containing corpus callosum were sectioned from
the AD subjects. ['2°T]KuFal184 was used for the binding studies for DYRK1A using
modifications of [*2°I]IPPI procedures [25]. Brain slices from AD subjects were preincu-
bated in phosphate-buffered saline (PBS) buffer, pH 7.4, for 15 min. Subsequently, this
buffer was replaced with fresh PBS buffer containing [>>I]KuFal184 (2 kBq/mL). KuFal184
(1 uM) was used for competition experiments. The slices were incubated for 60 min at 22 °C.
The incubation buffer was removed, and the slices were washed twice (5 min each) with
cold PBS buffer, followed by a 2 min rinse with cold water. Brain sections were air dried,
exposed overnight on a phosphor film, and then placed on the Phosphor Autoradiographic
Imaging System/Cyclone Storage Phosphor System (Packard Instruments Co., Boonton,
NJ, USA). Regions of interest (ROIs) were drawn on the slices, and the extent of binding of
['2°T]KuFal184 was measured in DLU/mm? using the OptiQuant acquisition and analysis
program (Packard Instruments Co.). For binding studies using urea such as BCU, the
incubation buffer contained 10 uM BCU along with [12T]KuFal184 (2 kBq/mL). Incubation
times and washing was similar to the protocol described above.

4.7. Immunohistochemistry

University of California—-Irvine, Pathology Services, used Ventana BenchMark Ultra
protocols for immunostaining of brain sections using procedures described previously [25].

5. Conclusions
In summary, Chimera—AutoDock provided insights into the DYRK1A binding site
profile of molecules known to bind to DYRK1A, DYRK1A + MAO-A, and Tau. Binding

energies of Tau imaging agents to DYRK1A was found to be moderate. Autoradiographic
studies with [\2°I]IPPI confirmed the inability of KuFal184 to affect binding of [1Z1]IPPI.
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This suggested the lack of DYRK1A binding of [12°T]IPPI. The selective nature of KuFal184 to
DYRKI1A is indicative of the usefulness of [1°[[Kufal184 as an imaging agent. [12°I][Kufal184
was successfully synthesized and was found to be stable in vitro. Preliminary evaluation
of ['%1]Kufal184 in AD brain slices suggested a need to address membrane permeability
issues of [12°I]Kufal184 because of its anionic nature. The use of urea derivatives appears
to assist in increasing the selectivity of [2°I]Kufal184 binding in AD brain slices. However
more studies are planned to establish the binding of [?*I]Kufal184 to the DA brain slices.

There are several ongoing efforts to develop DYRK1A inhibitors as treatment strate-
gies for AD and DS [42,43]. This effort will be greatly enhanced by the development of
selective imaging agents for DYRK1A in order to understand its distribution and activity
in neurodegeneration.
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