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ABSTRACT

DYRKIA has emerged as a potential target for therapies of Alzheimer’s disease using small
molecules. Based on the observation of selective DYRKI1A inhibition by firefly D-luciferin,
we have explored static and dynamic structural properties of fragment sized variants of the
benzothiazole scaffold with respect to DYRKIA using X-ray crystallography and NMR
techniques. The compounds have excellent ligand efficiencies and show a remarkable
diversity of binding modes in dynamic equilibrium. Binding geometries are determined in
part by interactions often considered “weak”, including “orthogonal multipolar” types
represented by e.g. F-CO, sulfur-aromat, and halogen-aromat interactions, together with
hydrogen bonds that are modulated by variation of electron withdrawing groups. These
studies show how the benzothiazole scaffold is highly promising for the development of
therapeutic DYRKI1A inhibitors. In addition, the subtleties of the binding interactions,
including dynamics, show how full structural studies are required to fully interpret the

essential physical determinants of binding.
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INTRODUCTION

Never in the history of man has the world’s population been older. Advanced age has
traditionally been regarded as a blessing, but a less welcome correlate of aging is dementia:
rates of dementia rise sharply with age, with a prevalence of <5 % for populations younger
than 65, and 15 — 40 % for those over 85." Three out of four dementia patients have the
dreaded Alzheimer’s disease (AD),' first described in 1906 by the Bavarian neuropathologist
Alois Alzheimer.” first described in 1906 by the Bavarian neuropathologist Alois Alzheimer.

In 1992 Hardy and Higgins presented the amyloid cascade hypothesis® to explain the
molecular pathology of AD. The hypothesis posits that deposition of amyloid-f§ (AP) after
secretase proteolysis of the amyloid precursor protein (APP) in the brain forms toxic insoluble
fibrils (AB—plaques) that contribute to neuronal death and dementia. More recently, additional
focus has been directed towards the role of the protein tau in AD.*'® Tau is a highly soluble
protein that binds to and stabilizes microtubules in the axon of the nerve cells. In diseases
where tau is involved in the pathology, hyperphosphorylation of tau prevents binding to
microtubules, leading to inhibited axonal flow and thereby directly to neurodegeneration.l1’12
Hyperphosphorylated tau also self-assembles into aggregates that ultimately form the
neurofibrillary tangles (NFTs)" initially observed by Alois Alzheimer himself as one of the
histological hallmarks of AD.

The phosphorylation of protein tau in AD is a complex process whereby protein kinases
such as GSK3p and CDK5/p25 play important roles. Recently it has been established that
another protein kinase, DYRK1A, may play an even more central function, by orchestrating a
wide variety of events that cause Alzheimer’s disease.'*'® DYRKIA can phosphorylate tau
directly at the Thr212 site;'” a process that inhibit the ability of tau to promote microtubule
4,18-

assembly, but also promotes additional tau phosphorylation by the protein kinase GSK3p,

2 which in turn increases tau hyperphosphorylation and subsequent loss of microtubule
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stabilization further. In addition, DYRKIA phosphorylates the "alternate splicing factor"
(ASF), leading to an increased amount of 3R tau relative to 4R tau, further facilitating tau
aggregation.'® DYRKIA also phosphorylates the "regulator of calcineurin" (RCAN), down-
regulating calcineurin (Caln) phosphatase activity, thereby increasing levels of
phosphorylated tau and reducing Caln/NFAT transcriptional activi1:y.21’22

DYRKIA also plays important roles in amyloid plaque formation. DYRKIA increases
secretase-mediated cleavage of APP into A peptides both via APP phosphorylation

1933 and by phosphorylation of presenelin 1 (PSEN1),** which even further increases

directly,
secretase activity. Moreover, there is evidence that A peptides stimulate DYRKIA
expression in a positive feedback loop.”

The bulk of recent Alzheimer research has not only expanded the disease etiology from
beta-amyloid plaques into tau and NFT’s, but has also identified new potential targets for the
development of therapeutic drugs, including the protein kinase DYRKIA.>**® There are
however significant gaps in our knowledge of essential DYRK1A properties, including details
of structure, plasticity, inhibitor binding potential and also critically biological consequences
of activity modulation, before DYRKI1A can be finally validated as a promising target for
treatment of AD.

A significant proportion of the current literature has been concerned with identifying
ligands that may inhibit DYRKI1A, and a recent review summarizes the different chemotypes,
all comprising Type 1 ligands that target the ATP-binding site."> We have recently discovered
that luciferin and derivatives can act as selective DYRKI1A inhibitors.”” Little work however
has surfaced that systematically explore the ATP-binding site of DYRKI1A using a library of
ligands. In the present study, a library of small benzothiazole fragment molecules was

designed as ligands to systematically explore the repertoire of binding interactions between

the ligand and the active site of the DYRKIA enzyme. In particular, hydrogen bonding
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interaction and electronic effects are studied. The binding interactions between the ligands
and the protein kinase were studied using a variety of biological, thermodynamic, structural

and computational methods. The effectiveness of the ligands was measured in inhibition

©CoO~NOUTA,WNPE

10 assays. Structural studies were performed by a combination of X-ray crystallography,
12 dynamic NMR and computational simulations. Put together, these studies provide important
14 new insights in potential interaction sites and design rules for de novo DYRKI1A inhibitor

construction.
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RESULTS

Focused benzothiazole fragment library design

D-Luciferin and derivatives have recently been described as inhibitors of several protein
kinases, particularly within the CMGC-family.”” The inhibitory activity of the luciferin
derivatives is in particular sensitive to modifications of the 6-hydroxy group on the
benzothiazole system of luciferin, where O-methylation greatly diminishes inhibitory activity.
Alterations in the dihydrothiazole ring of luciferin affects the inhibition of DYRK-family
protein kinases only minimally. In the design of the current library it was decided to reduce
the complexity of the luciferin ring system by replacing the dihydrothiazole moiety with a
simple acetamide group, and greatly increase the repertoire of substituents in the
benzothiazole ring, thus creating a focused fragment library design to explore the active site
of DYRK kinases.

Choice of benzothiazole substituents

The substituents were selected according to their ability to donate or accept hydrogen bonds
(or both) and their ability to affect the m-electron system in the aromatic benzothiazole ring
system. All substituents chosen, with the exception of chloride and bromide, have hydrogen
bond accepting properties varying from strong to weak. The hydroxyl group is the premier
hydrogen bond donor (and/or acceptor) substituent, while the carboxamide moiety also has
dual hydrogen-bonding capacities. The substituents have also been chosen to represent
diversity in electronic effects spanning from activating to deactivating groups with
predominantly mesomeric or inductive effects.

Geometry

The inhibitors were designed with the substituents placed in the 5- or 6-position (“end”-

positions) of the benzothiazole nucleus, however, two fragments with either an hydroxy- or a
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methoxy substituent in the 4-position (“edge-position”) were also prepared. From the study on
luciferin derived inhibitors™ it was observed that the 4-hydroxy substituted analog occupied a
region different from luciferin itself, so for the present study “end”-type were favored over
“edge” type substitutions in order to address the same region of the protein kinase as luciferin.
The 5- and 6-substituents are geometrically related through a pseudo 2-fold rotational axis
that exchanges the positions of the sulfur and the nitrogen atoms in the thiazole ring (Figure
1). Besides this geometrical difference, properties that differ between equivalent 5- or 6-
substituted molecules will also reflect differences of mesomeric or inductive effects.
Substitution at the 5-position can influence the sulphur atom through mesomeric effects and

the nitrogen atom through inductive effects, and vice versa for substitutions at the 6-position.

S-mesomeric 0
N-inductive Xs >
N-mesomeric | x,
S-inductive

Figure 1. Design considerations for the benzothiazole library

2-fold pseudo-
rotational symmetry

Preparation of the inhibitors

The inhibitors of the library were prepared by microwave-assisted acetylation of the
corresponding 2-aminobenzothiazoles. Several 2-aminobenzothiazoles are commercially
available; those that were not were prepared by a modified two-step Stuckwisch procedure™
according to Scheme 1. The 6-subsituted benzothiazoles were prepared from the
corresponding para-anilines, analogously; the 4-substituted derivatives were prepared from
the ortho-aniline. The meta-anilines can in principle give both 5- and 7-substituted

benzothiazoles upon cyclization, however in practice, the 5-isomer dominates, and only in the
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case of 3-trifluoromethylanisole substantial amounts of the 7-isomer was formed (the ratio

between the 5- and 7-trifluoromethyl isomer was 65:35).

N NH, N R NH, AN N\ " N ;\;
(= (Y (e [

Scheme 1. a) NaSCN (1.5 eq.), TFA (2.5 eq.), Isopropyl acetate (reflux, 16h), b) Br; (1 eq.),

X

LiBr (1.5 eq), AcOH, 40 °C, c) Acetic anhydride (2.2 eq.), DIPEA (3 eq.), DMF, Microvawe.

Protein kinase profiling

The protein kinase selectivity pattern was measured as a Gini coefficient’' calculated on the
basis of one of two kinase panels; either a large panel with 140 protein kinases or a smaller
panel with 50 protein kinases (Table S1 lists the protein kinases included in the panels). The
Gini coefficients is based on the Lorenz curve, which plots the proportion of the total
inhibition of the full kinase panel that is cumulatively inhibited by each protein kinase. A Gini
coefficient can thus vary from 0 (when all protein kinases are inhibited equally) to 1 (where
the inhibitor inhibits only one protein kinase) and is regarded as a robust measure of kinase
selectivity and is generally not greatly affected by panel size.”! The fragments were profiled at
a concentration of 100 uM to compensate for the expected low binding expected for
fragments, and also to be able to pick up protein kinase targets with weaker binding affinity.

The results from the protein kinase profiling are presented in Table 1 as a Gini coefficient
for each tested fragment molecule. With few exceptions, the observed Gini indices indicated
that the fragments were quite selective (Gini index > 0.4). Members of the CMGC-
superfamily (the DYRK-family, GSK3p, the CLK-family) as well as CK1 were among the
targets commonly inhibited by the fragments.

The hydroxyl-substituted molecules 1 and 2 were more promiscuous inhibitors than the

other members of the library. The halogen-substituted fragments were more selective, but the
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highest selectivities were found for the methoxy-, trifluoromethoxy- and trifluoromethyl-
compounds. There was also a clear trend that the 6-substituted molecules were less selective
inhibitors than the corresponding 5-substituted molecules.

Inhibition of DYRKI1A

The primary target for this study is the AD-relevant protein kinase DYRK1A. Inhibition of
DYRKIA activity was measured as ICsy values determined using a radioactive filter-binding
assay provided by the International Centre of Kinase Profiling at the University of Dundee,
UK. The results are compiled in Table 1. The inhibitory activity of the fragment-like
molecules ranged from 0.4 to 36.0 pM, corresponding to high ligand efficiencies (LE)** with
LE values ranging from 0.369 — 0.600 kcal/mol per non-hydrogen atom. The most effective
inhibitors were substituted with hydroxy or methoxy groups, halogen, or classical electron
withdrawing groups (EWG) such as trifluoromethyl, cyano or nitro groups. In the majority of
the molecules, the position of the substituent was also significant for inhibitory activity; for
the hydroxy- and methoxy-compounds the 5-substituted compounds were 35 or 31 times more
potent, respectively, than the 6-substituted isomers. A similar but weaker trend was observed
for the 5-fluoro- and 5-bromobenzothiazoles that were 6 and 2 times more potent than the 6-
substituted analogs, respectively. On the other hand, for other types of substituents, the 6-
isomer was most effective; e.g. the 6-trifluoromethyl derivative was 24 times more efficient
as a DYRKIA inhibitor than the 5-isomer. Despite low activity, the methyl derivatives
showed a similar pattern with the 6-methyl derivative 4 times more potent than the 5-isomer.

Judged by the reported % residual activity against DYRKI1A, the benzothiazole fragments
in this work showed a similar level of inhibitory activity as D-luciferin.”’ However, both
hydroxy- and methoxy-derivatives of the current molecules were potent DYRK1A inhibitors

whereas methoxy-luciferin showed diminished activity relative to luciferin.”

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

Table 1. Inhibitory activity of benzothiazole derived fragments against protein kinase
DYRKI1A measured as residual activity (%) at an inhibitor concentration of 100 uM, ICs,
values (uM) against DYRKI1A, protein kinase selectivity calculated as a Gini coefficient
profiled against a 50 member or a 140 member protein kinase panel at 100 uM and structure

cluster as determined by X-ray crystallography.

Compound X % residual acitivity ICs GINI Structural
(DYRKIA) (DYRKI1A) | coefficient cluster
1 | 6-OH 20 28.1 0.291
2 |5-OH 5 0.8 0.348 1
3 |4-OH 25 35.0 0.489
4 | 6-OCH3 14 12.3 0.473
5-OCHj3 2 0.4 0.618 1
6 |4-OCH; 15 10.5 0.668
7 |6-F 12 23.6 0.473
8 |5-F 7 3.9 0.527 1
9 |6-Br 14 2.3 0.439
10 |5-Br ND* 1.1 -
11 | 6-Cl 6 2.9 0.475 2
12 | 6-CF3 8 1.1 0.480
13 | 5-CFs 22 26.5 0.617
14 | 6-CN 9 1.3 0.414 2
15 | 6-NO, 6 0.7 0.500 2
16 | 6-CONH; ND* 15.7 -
17 | 6-OCF3 28 3.2 0.552
18 | 6-CH3 ND* 7.3 -
19 | 5-CHs 23 293 0.546
20 |H 43 36.0 0.551

*ND: Not determined
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Structure of the complexes
In the present work, six complexes between the benzothiazole fragment molecules and the
DYRKI1A protein could be successfully co-crystallized. The X-ray structures show the overall

d,**** with

crystal packing to be similar to the DYRKIA structures previously publishe
tetramers (labeled monomer A, B, C and D) constituting the asymmetric unit. In general, the
best electron density fit is found for monomer A. The greatest disorder is seen in monomer C,
where especially the CMGC insert™ shows a poor fit to the electron density (as indicated e.g.
by low real space R-factors). In alignment with the previously described structures, several
chains in the monomers show disulfide bridge formation between the HCD motif and the
activation loop cysteine.”* However, in approximately half of the monomers, the cysteine
residues are reduced and/or in a mixed state, with additional evidence of radiation damage due
to low amplitude electron density for cysteine C312. Nevertheless, the oxidation state of the
cysteines C286 and C312 does not seem to influence the geometry of binding of the
inhibitors.

The presence of the six inhibitors is clearly shown by omit difference density maps (Figure
S1). However, the lack of strongly asymmetric features in the ligand, along with the degree of
mesomery available to the inhibitors, creates ambiguity regarding binding poses for some
inhibitors. Furthermore, the omit maps suggest that that there are binding poses in monomer
D (and to a lesser degree B) that are not completely overlapping with the omit maps of the
more densely packed monomer A (Figure S2).

The sulfur atom of the thiazole ring provides the strongest and usually unequivocal signal
for interpretation of the difference density maps. Although the benzothiazole ring system is
rigid, the acetamide moiety has two rotatable bonds with structural consequences for ligand-

protein interactions. Both the bond linking the thiazole ring with the amide nitrogen atom and
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the bond between the amide and the acetamide carbonyl are restricted to interconvertible
torsional angles close to 0° and 180°. The first torsion can be defined by S1-C2-N(amide)-
C(carbonyl) and be labeled syn (0° torsion angle) or anti (180° torsion angle), while the amide
bond, defined by C2-N(amide)-C(carbonyl)-C(methyl) can be regarded as trans (180° torsion)
or cis (0° torsion). The diffraction data do not resolve whether the amide torsion is cis or
trans.

The six inhibitors can be subdivided into two structural clusters based on their poses in the
ATP binding pocket. Cluster 1 inhibitors bind via hinge interactions with the 5-substitution
moiety, while cluster 2 inhibitors bind "edge"-wise via hinge interactions with the
benzothiazole and amide nitrogen atoms.

Structural Cluster 1
Cluster one comprises inhibitors 2, 5 and 8, with 5-OH, 5-OMe and 5-F substituents,
respectively. The hydroxy-compound 2 can be placed in an unequivocally unique pose based
on the thiazole sulfur atom and bind to DYRKI1A with the 5-hydroxy group as the hinge
binder, and the acetamide group forming H-bonds, either in a syn-trans conformation to the
catalytic lysine K188 (Figure 2A), or alternatively in a syn-cis conformation to D307 from the
DFG motif(dotted gray line in Figure 2A). Compound 2 can make two hydrogen bonds with
the hinge, one with the hydroxyl oxygen as a hydrogen bond acceptor to the amide of [.241,
and one as a hydrogen donor to the carbonyl of L241. In comparison, the methoxy-compound
5 in crystallographic monomer A is slightly skewed inward into the lipophilic pocket forming
the acetamido interactions to D307 in an anti-cis conformation (Figure 2B), whereas in
crystallographic monomer D (Figure 2B’), the inhibitor shows an even larger inward skew,
and the interactions between the acetamido moiety and D307 is now taking place through a
syn-cis ligand conformation. The hinge interaction of compound 5 takes place through a

hydrogen bond between the L241 amide and the methoxy-oxygen atom. Thus, in contrast to
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the 5-hydroxy-compound 2, where the hinge binding involves two hydrogen bonds, the
methoxy-compound 5 can only form a single H-bond. The gray dashed line in Figure 2A

represents an alternative H-bond to D307 when the inhibitor 2 binds with its alternate syn/cis

©CoO~NOUTA,WNPE

10 1S0mer.

Figure 2. Binding poses of the individual inhibitors in the ATP pocket. A: 5-

58 hydroxybenzothiazole 2 in its syn/trans conformation (dotted gray line represents the
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interaction between the carbonyl oxygen and D307 in the alternative syn/cis conformation),
B: Overlay of the two binding modes of 5-methoxybenzothiazole 5 in crystallographic
monomer A, B’: Overlay of the two binding modes of 5-methoxybenzothiazole § in monomer
D, C: Overlay of the two binding modes of 5-fluorobenzothiazole 8 in monomer A, D:

Overlay of 6-chlorobenzothiazole 11 and 5-hydroxybenzothiazole 2.

The 5-fluoro compound 8 also uses the substituent as a hinge binder, however through an
unusual orthogonal multipolar interaction with a hinge carbonyl oxygen atom (Figure 2C).3 6
The distance between C-F and O=C varies among the four fragments bound to the four chains
A-D in the asymmetric unit, with distances between 3.1A - 4.0 A and an average of 3.6 A.
With the exception of the 4.0 A distance, the fragments bind at distances typical for C-
F---O=C interactions found in small molecule crystal structures’ and protein ligand

interactions.*®’

Similar to the 5-methoxy-compound (in binding pose 1), the acetamide
moiety of inhibitor 8 is anchored to the DYRK1A enzyme via a hydrogen bond to both D307
and K188 in an anti/cis acetamide conformation.

Additional binding poses in Cluster 1

For the methoxy-compound 5, the difference electron density map also reveals an additional
sulfur position corresponding to a binding mode where the inhibitor is rotated by 180 degrees
around its short axis, effectively swapping the positions of the acetamide carbonyl oxygen
atom and the methoxy oxygen atom compared with the principal binding pose (Figure 2B and
B’). In the alternate binding mode the L241 amide forms a H-bond to the anti/cis acetamide
carbonyl oxygen. Away from the hinge, 5-methoxy group is oriented towards the catalytic

lysine K188, which remains ordered and hydrogen bonded to its active state partner E203

from helix C. The distance between the methoxy-oxygen atom and the terminal amine
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nitrogen of K188 is ~4 A, too far for a hydrogen bond, but clearly an important local
electrostatic interaction.

In all binding poses identified so far the ligand orients its thiazole sulfur atom towards the
gatekeeper phenylalanine, forming a sulfur-aromat interaction. The thiazole sulfur—
phenylalanine phenyl distance varies among the inhibitors, and the shortest distance to the
phenyl ring (3.5 A) is found for the 5-fluoro inhibitor 8, while the other two inhibitors show
distances that range between 3.9 and 4.5 A.

In monomer A of the crystallographic tetramer of the compound 8 complex, the 5-fluoro
compound can also adopt a binding pose atypical for Cluster 1. The electron density for 5-
fluoro molecule 8 in monomer A of pdb code SA4L is consistent with two distinct poses, and
both poses are present in monomer A (Figure S1C). In the alternate binding pose (Figure 2C)
the 5-fluoro inhibitor is oriented along the hinge with the thiazole sulfur atom oriented
towards L241, and a hydrogen bond linking the amide of S242 and the acetamide carbonyl,
which is in an anti-conformation. The distance between the thiazole sulfur atom and the L241
nitrogen atom is 3.1 A, suggestive of a hydrogen bond. In the alternate binding pose the
fluorine atom is located in a similar position as occupied by the sulfur atom in the normal
binding pose (Figure 2C), however the distances between the fluorine atom and the carbon
atoms in the phenyl ring are between 5.2 and 6.0 A, too long for a specific fluorine-aromat
interaction. The finding, however, that the binding poses of compound 5 in the B, C and D
monomers of the asymmetric unit are unambiguously aligned with the normal Cluster 1
binding mode indicates that the alternate binding pose found only in monomer A is a less

preferred binding pose for the 5-fluoro inhibitor.
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Structural Cluster 2

Cluster two (represented in Figure 2D by the 6-chloro-inhibitor 11), contains the binding
poses adopted by benzothiazoles with 6-chloro-, 6-nitro- and 6-cyano-substituents (11, 14 and
15). The binding poses of Cluster 2 are uniquely identified by the thiazole sulfur atom and the
substituent in the 6-position, and show the thiazole- and acetamide-nitrogen atoms to bind at
the hinge (the thiazole nitrogen atom to the L241 amide and the acetamide nitrogen to L241
carbonyl moiety), while the substituents are oriented toward the gatekeeper F238 as shown for
compound 11 in Figure 2D. All inhibitors in structural cluster two bind with the acetamido
group in the syn-conformation required for the second hydrogen bond to L241, but the
acetamide carbonyl group is not involved in any hydrogen bond formation. The 6-chloro-
substituent of fragment 11 superimposes with the thiazole sulfur atom of the 5-hydroxy-
substituted fragment 2 (Figure 2D) replacing the sulfur — aromat with a halogen — aromat
interaction. The chlorine atom in 11 interacts with F238 via one edge of the aromatic ring
system. While the distance to the center of the aromatic © system is approximately 4.4 A, the
closest contact to the phenyl ring edge is only 3.6 A. These distances are in agreement with
typical halogen phenyl interactions.’’?® The angle between the plane of the aromatic ring and
the chlorine atom is around 80°. Thus in this case the chlorine atom interacts with the ©
system itself rather than forming the more common CH:--Cl interaction.’” Similar interactions
of the substituent with the n-system of the gatekeeper residue can be observed for 6-cyano-
(14) and 6-nitro-benzothiazole (15). The 6-cyano-group is nearly parallel to the edge of the
phenylalanine, at a distance of ~4.2 A. The 6-nitro-compound 15 participates in a nitro-r-
stacking interaction. One of the oxygen atoms in the 6-nitro-substituent is placed below the
center of the 7 system at a distance of 3.3 A; the nitrogen itself is at a distance of 4.3 A. The

substituents of the inhibitors in structural cluster two do not form hydrogen bonds to D307
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nor to the catalytic lysine K188, which is ordered and hydrogen bonded to its partner E203

from helix C.

Dynamics of ligand binding

The X-ray structure shows that the 5-methoxy-compound S probably binds to the active site
of DYRKIA in either of two distinct binding poses related by a 180° rotation about an axis
perpendicular to the benzothiazole ring (Figure 2B). To further probe this structural
ambiguity, the binding mode of 5 was investigated using NMR techniques. A slight line
broadening of the 'H-signals of ligand 5 was observed in the presence of DYRKIA (100:1
ligand:protein in D,O) (Figure S3), characteristic of a rapid equilibrium between bound and
unbound states, consistent with the low pM binding constant. The presence of rapid binding
equilibrium between free and protein bound ligand was further corroborated in a Saturation
Transfer Difference (STD) experiment (Figure S4).

The multiple binding modes of § to DYRKI1A were examined by a 2D transferred NOE
(trNOESY) experiment on the same sample as above. The trNOESY experiment revealed an
unexpected long-range correlation between the methyl group of the acetamide moiety and the
H-6 hydrogen of the benzothiazole ring (Figure S5A). This correlation disappears in an
experiment performed in the absence of protein, showing directly that compound § interacts
with the DYRKI1A protein in two distinct binding poses. The correlation arises when the H-6
atom of the benzothiazole ring in one binding mode occupies the same space in the protein as
the acetamide methyl group in the alternate binding mode (corresponding to a 180° flip of the
ligand between the binding poses). This observation is fully consistent with the two binding
modes proposed by the X-ray crystallographic data (Figures 2B and B’) existing in rapid
equilibrium on the mixing time scale (milliseconds). Lacking a better term, this will be

referred to as "molecular auto-correlation" in the discussion below — i.e. there is a correlation
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between the position of one proton with the position of another proton in the same molecule at
an earlier point in time.

The binding mode of the 5-hydroxy-ligand, 2 to DYRKIla was also investigated by
trNOESY. The experiment revealed a weak “auto-correlation” between the acetamido methyl
group and the H-4 hydrogen at the benzothiazole moiety (Figure S6). As with compound 5,
this correlation is consistent with two binding poses related by a 180° flip between the
binding modes, however for the hydroxyl compound 2, one pose is significantly more
populated than the other. X-ray crystallography showed only a single well-resolved binding
mode for 2. Interestingly, while the 5-hydroxy compound 2 shows an ‘“‘auto-correlation”
between methyl-3’ and H-4, the methoxy compound 5 instead shows a correlation between
methyl-3” and H-6, indicating that the binding modes of ligands 2 and S are slightly different.
This observation is consistent with the binding modes in the X-ray structures for 5 (monomer
D) and 2 (Figures 2B/B’ and 2A, respectively) where compound 5 is slightly more skewed
inward than compound 2.

MD simulations were carried out for compound 2 and 5 in two binding modes to determine
the relative binding affinities of the respective binding modes observed in X-ray and NMR
structures. Consistent with the experimental data, the free energy simulations show that the
difference in binding free energy between the two orientations of compound 2 is 2.4+0.4
kcal/mol in favor of the X-ray conformation. For compound 5, the binding free energy
difference between the two orientations is 0.710.3 kcal/mol, indicating that the two modes are
equally populated.

A trNOE competition experiment between ligands 2 and S further revealed that the 5-
methoxy group in ligand 5 displayed interligand trNOEs (ILOE) to the aromatic 4-, 6-, and 7-
hydrogens of the hydroxy ligand, 2, implying that the dominant binding orientations of 2 and

5 are opposite (Figure S7). As ligand 5 binds to DYRK1A with two significantly populated
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binding modes, correlations from the near overlapping acetamide methyls of 2 and 5 produced
ILOe’s to the H-6 and H-7 hydrogen of 2 and the H-4 and H7 of 5 .

Because the acetamido methyl groups of compound 2 and 5 were insufficiently resolved in
the 2D trNOESY experiment, an additional 1D dpfgse-NOESY experiment with higher 'H
resolution was performed. Selective irradiation of the methoxy group in 5 produced a clear
ILOE to the acetamido methyl group in ligand 2, in addition to an “auto-correlation” to its
own acetamido methyl group (Figure S8).

The findings from the trNOE competition experiments of ligands 2 and S are in good
agreement with the results obtained by X-ray crystallography. Ligand 5 binds in two well
populated different poses differing by a 180° flip, whereas ligand 2 predominantly binds in
one binding pose similar, but slightly skewed compared to one of the binding poses of 5
(Figure 2 A, B and B’).

A similar trNOE competition experiment was also performed between the 5-hydroxy (2)
and 6-hydroxy (1) ligands (Figures S9). In this case the ILOE’s are edge to edge pseudo-
contacts between the aromatic protons, a finding that implies that 1 and 2 bind in similar
poses, where the hydroxyl- and the acetamido groups occupy the same space, respectively,
but the benzothiazole ring of 1 is flipped around its long axis, allowing the 6-hydroxyl groups
to occupy the same space as the 5-hydroxyl group in 2. As a consequence of the
benzothiazole swap, compound 1 binds to DYRKIA with the sulfur atom facing the outside
of the active site while compounds 2 and 5 bind with their sulfur atom facing inward in the

active site in all their binding modes.
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DISCUSSION

From the finding that luciferin acts as an inhibitor of DYRKI1A as well as other members of
the CMGC-superfamily (the DYRK-family, GSK3p, the CLK-family) as well as CK1, a 20
member focused fragment library based on the benzothiazole scaffold was designed, prepared,
profiled and tested for inhibitory activity against DYRKI1A. The results showed that several
members of this library displayed high DYRKI1A selectivity (with GINI indices > 0.500) and
very high binding efficacy (LE up to 0.600 kcal/mol). Furthermore, clear trends in fragment
structure-DYRKIA inhibitory activity and fragment structure-protein kinase selectivity could
be discerned.

With two exceptions, the 4-hydroxy and the 4-methoxy isomers (compounds 3 and 6)
respectively) that both showed weak inhibitory activity against DYRKI1A, the benzothiazole
fragments were designed to be pseudo-symmetrical, i.e. the 5- and 6-substituents are related
by a 180° rotation along the long molecular axis, effectively swapping the positions of the
thiazole N- and S-atoms (Figure 1). Despite the pseudosymmetric nature of the fragments,
large regioisomeric differences in the inhibitory activities against DYRKI1A (determined as
IC50 values) could be observed (Table 1). Inspection of Table 1 reveals that the 5- and 6-
substituted fragments could be classified according to their activity, strong (< 5 pM) vs weak
(> 5 uM), and regional selectivity (activity of 5-isomer vs the corresponding 6-isomer). Based
on these criteria, four classes of inhibitors can conveniently be constructed. The first class
consists of the fragments where substitution in the 5-position produces more effective
inhibitors than the corresponding substitution in the 6-position with a high degree of
selectivity (> 5 times). Class 1 consisted of inhibitors with methoxy-, hydroxy- and fluoro-
substituents, and the regional selectivity was up to 35 fold for the hydroxyl-substituent. The
second class consisted of the bromo-substututed benzothiazoles (9 and 10) where both

isomers produced strong inhibitors (albeit with a weak preference for the 5-isomer). The third
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class contained compounds where substitution in the 6-position produced strong inhibitors.
Class three consists of compounds with chloro, cyano, nitro, trifluoromethoxy and
trifluoromethyl substituents. For the fragments with a trifluoromethyl-substituent (compounds
12 and 13), the 6-isomer was 24 times more potent than the 5-isomer. The last class consisted
of inhibitors with weaker activity against DYRK1A (unsubstituted benzothiazole as well as
carboxamido and methyl substituted benzothiazole derived fragments), although some

selectivity (towards the 6-position) for the methyl substituted isomers was evident.

Figure 3. Overlay of all binding poses from the X-ray crystallographic structures for the

DYRKI1A complexes with compounds 2, 5, 8, 11, 14 and 15.

The X-ray and NMR structural studies reveal that the present benzothiazole fragment
library quite extensively explores the ATP-binding pocket. This is depicted in Figure 3 which
shows a superposition of all binding poses observed in the X-ray crystallography structures.
The effective exploration of the binding pocket also allows many of the trends in structure —

DYRKI1A inhibitory activity to be understood and interpreted from the X-ray crystallographic
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and NMR structural studies of the target-ligand complexes. Furthermore, the X-ray studies

also suggest that some ligands may bind in different binding poses, a feature confirmed by the
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Figure 4. Schematic representations of the binding poses for representative members in
Cluster 1 and Cluster 2. Panel A shows the 5-hydroxy-compound 2, Panels B and D shows the
two alternative binding poses of the 5-methoxy-compound 5, Panels C and E shows two
binding poses of the 5-fluoro-compound 8, and Panel F shows the binding pose of the 6-

chloro-compound 11 as an example of the binding mode in Cluster 2.

The X-ray crystal structures fall broadly into two clusters; the first cluster consists of the
Class 1-inhibitors with high positional selectivity for the 5- position. These are represented in
the X-ray structures with the 5-hydroxy derivative 2, the 5-methoxy-derivative 5 and the 5-
fluoro-derivative 8. The overall position of the inhibitors from this cluster in the active site of
DYRKIA is determined by the interactions between the 5-substituent to the hinge residue
L241 and the acetamide moiety to the D307 from the DFG motif or K188, as illustrated in
Figure 4A-C. The 5-F compound 8 is able to form a C=0O---F bond with a geometry suitable
for productive “orthogonal multipolar interactions” to the hinge L241. This interaction,
however, is weak compared to the hydrogen bonds seen for the 5-OH and 5-OMe compounds;
as a consequence, the 5-F fragment shows a 5-fold reduction in affinity compared to the other
two.

Noteworthy for the Cluster 1 X-ray structures is the presence of a second binding pose
defined by a flip about the short axis for the 5-OMe compound, switching the hinge binding
interaction from the methoxy group to the acetamide carbonyl (e.g. Figure 4B vs. Figure 4D).
This second binding pose for compound 5 is confirmed by the trNOE experiments. The
trNOE NMR also indicates that this flip along the short axis is possible for the 5-OH
compound 2 as well, however, the alternate binding pose in compound 2 is much less
populated in the trNOE experiments, and is not observed in the X-ray structure, showing that

the hydroxyl group at the hinge with the potential of two hydrogen bonds is clearly preferred
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compared to the alternate binding pose with its single hydrogen acceptor (the carboxamide
carbonyl group).

A significant feature of all X-ray and NMR structures of these two binding poses is that the
thiazole sulfur atom is oriented towards the interior of the ATP binding pocket in an
interaction with the gatekeeper phenylalanine F238. The distance between the thiazole sulfur
atom and the face of the F238 phenyl group varies between 3.5 and 4.5 A, compatible with
favorable sulfur — m interaction energies.40 Due to the pseudorotational relationship between
the S-substituted and the corresponding 6-substituted inhibitors, the 6-substituted isomers
could adopt the same hinge and acetamido-D307/K188 interactions as the 5-isomers;
however, the 6-isomers would then have to orient the thiazole nitrogen atom towards the
inside of the pocket and not the thiazole sulfur. This allows the conclusion that the regional
selectivity for the 5-isomers of the Class 1 inhibitors is to a large degree attributable to the
thiazole sulfur — gatekeeper phenylalanine interaction.

A direct insight into the importance of the sulfur — aromat interaction is provided by trNOE
NMR competition experiments of the 5-hydroxy fragment 2 and the 6-hydroxy fragment 1.
The experiments show that the hydroxyl groups of 1 and 2 occupy the same space of
DYRKIA, just as their acetamido groups do. This finding illustrates the governing influence
of the hinge and D307 interactions on the overall binding pose of these fragments. However
as discussed above, the 5-hydroxy compound 2 is bound with its thiazole sulfur facing the
phenyl group of F238, whereas the same binding pose in 1 would leave the thiazole sulfur
atom exposed to the solvent. The influence of sulfur-aromat interaction is thus evident when
comparing the inhibitory activities of 1 and 2 (Table 1), where the ICs, value of compound 2
is 35 times lower than for compound 1. A similar interaction pattern for the methoxy-
substituted pair 4 and 5 can also explain the 30-fold difference favoring the 5-methoxy-

compound. The fluoro-substituted compounds bind less efficiently (the 5-fluoro-compound 8
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inhibits 10 times less efficiently than the 5S-methoxy-compound 11), resulting from the weaker
orthogonal multipolar interaction linking the fluorine atom to the carbonyl of L241. However,
only the 5-fluoro-isomer is capable of a sulfur — aromat interaction with F238, as described
above, leading to an expected regioisomeric selectivity for the 5-isomer. The observed
selectivity is only 6-fold and is thus not as prominent as for the hydroxyl and methoxy
substituted compounds. However, because the 5-fluoro-compound displays a binding mode
along the hinge (Figure 4E) with a moderate strength hydrogen bond to the thiazole sulfur, the
6-isomer may as well adopt a similar binding mode, decreasing the sensitivity to the
regioisomeric differences in the overall orientation of the benzothiazole ring system.
Structural cluster two consists of the Class 3 fragment molecules with classical electron
withdrawing substituents in the 6-position, including nitro- (14) and cyano-groups (15), as
well as a chlorine substituent (compound 11) with a combined inductive withdrawing, but
mesomeric electron donating ability. The structures within cluster two are very similar to each
other as depicted in Figure 4F, but are very different from the structures in cluster one. The
binding mode in cluster two is most likely governed by the electron withdrawing ability of the
6-substituent that is directed towards the gatekeeper phenylalanine, allowing the formation of
a o-hole — & interaction’ (for the 6-chloro inhibitor 11), a nitro-n interaction (for the 6-nitro
inhibitor 14) or a © — 7 interaction (for the 6-cyano inhibitor 15) between the substituent and
the aromatic ring system of F238. The amide group of the acetamide moiety forms a hydrogen
bond to the carbonyl group of L241. Furthermore, close contacts ranging from 3.1 A (for the
6-chloro derivative) to 3.3 A for the (6-cyano and 6-nitro derivatives) between the amide
nitrogen of L241 and the nitrogen atom of the thiazole ring are observed. These distances
correspond to hydrogen bonds, either “moderate and mostly electrostatic” or “weak,
electrostatic” according to the definition of Jeffrey.*' The mesomeric electron withdrawing

effect coupling the 6-substituent directly to the thiazole nitrogen atom through resonance
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would be expected to weaken the hydrogen bond acceptor ability for the thiazole nitrogen
atom relative to the corresponding 5-isomer, or to compounds with a mesomeric electron
donating 6-substituent, hence the observed binding mode is surprising, and highlights the
importance of the “weak” interaction between the electron withdrawing 6-substituent and the
gatekeeper Phe238.

The bromine substituted compounds 9 and 10 take an intermediate position, where both the
5- and the 6-isomer show substantial inhibition. It is not unreasonable to expect that the 6-
bromo compound would binds to DYRKIA with a pose similar to that of the 6-chloro
compound 11. The main interactions in the binding of 11 would thus be a hydrogen bond
between the acetamido-NH and the carbonyl of L241, as well as a halogen o-hole m-
interaction with F238, and a weak hydrogen bond between the L241 amide and the thiazole-
nitrogen atom. If bound in the same pose, the 5-bromo-isomer would be able to enjoy the
same strong interactions as the 6-isomer (i.e. o-hole m-interaction and the acetamide hydrogen
bond), but would replace the weak thiazole-nitrogen hydrogen bond with a weak thiazole
sulfur hydrogen bond. The 5-bromo position is preferred, but the difference in ICsy values
(two-fold) between the 5- and 6-bromo isomers is marginal compared to the other cases where
a clear regiochemical trend is observed.

The protein kinase inhibition promiscuity of the studied inhibitors expressed as Gini-
coefficients was also influenced by the type and regiochemistry of the benzothiazole
substituent. Generally, the inhibitors in the library showed high selectivity for DYRKI1A, with
Gini-indices above 0.500. On the other hand, some of the strong inhibitors, in particular the
hydroxyl-substituted fragments 1 and 2, were much less selective for DYRK1A than the other
members of the library. The kinase selectivity is significantly higher for the halogen-
substituted fragments, and highest for the methoxy-, trifluoromethoxy- and trifluoromethyl-

substituted fragments. There is also a clear trend that substitutions in the 6-position of the
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fragments gives less selective inhibition than fragments with substituents in the 5-position.
The profiling data, performed at a ligand concentration of 100 uM, indeed, reveals that the
hydroxy compounds are more promiscuous than the other members of the fragment library,
inhibiting an array of protein kinases at a moderate level. The reason for this difference in
promiscuity is likely related to the dual hydrogen bond donor acceptor properties of the
phenolic hydroxyl group that provide generic hinge-binding properties to the hydroxy-
compounds 1 and 2. It is important to note that the 5-isomer 2 is an effective DYRKIA
inhibitor, whereas the 6-isomer 1 is not. The present structural studies show that the
difference can be attributed to the additional binding interaction between the thiazole sulfur
atom and the gatekeeper phenylalanine residue. The 5-isomers of methoxy- and the fluoro-
substituted compounds are far more selective DYRKI1A inhibitors, in large part because their
"generic" hinge binding capacity is substantially lower than that for the 5-hydroxy-compound
2, and thus are more dependent on more specific kinase interactions. The major difference in
protein kinase profiles between the 5-methoxy- and the 6-methoxy-isomer is that the 5-isomer
inhibits DYRKI1A particularly well, whereas the profile outside the DYRK family is rather
similar for both compounds. The sulfur — aromat interaction is thus not only responsible for
higher binding affinities, but also for the higher 5-isomer selectivity of these compounds. For
the 6-isomer selective compounds with electron withdrawing substituents, profiling data are
available only for the trifluoromethyl-substituted compounds 12 and 13. These compounds
belongs to the structural class for which the interaction between the ligand and DYRKI1A
takes place via two hydrogen bonds; one between the acetamide-H atom and a hinge
carbonyl, the other between a hinge amide and the thiazole nitrogen atom. This interaction is
complemented by interactions between the electron withdrawing substituent and the
gatekeeper phenylalanine. The 5-trifluoromethyl compound 13 is a modest DYRKIA

inhibitor, but is a selective inhibitor for the PIM1 and PIM3 kinases.
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CONCLUSION

The protein kinase DYRK1A has emerged as a potential target for small molecule therapy
of Alzheimer’s disease. In the present study we have explored static and dynamic structural
properties of fragment sized variants of the benzothiazole scaffold with respect to DYRK1A
using X-ray crystallography and NMR techniques. Not only do several of these small
inhibitors have excellent ligand efficiencies, their DYRKIA complex structures show a
remarkable diversity of binding modes in dynamic equilibrium. Our studies have shown that
the overall binding modes of these fragment-sized inhibitors are mainly determined by
classical interactions such as hydrogen bonding and electrostatic interactions. However, the
detailed binding geometries are apparently driven by additional types of interactions often
considered “weak”, including “orthogonal multipolar interactions”, e.g. F-CO, sulfur-aromat,
halogen-aromat. The most stable binding mode or modes in equilibrium are determined by the
sum of these interactions, together with the effects of electron withdrawing groups that

3

modulate hydrogen-bonding propensities, but without taking the “weak” interactions into
account no reliable model for structure activity relationship (SAR) can be derived.
Furthermore, several of the small benzothiazole inhibitors display dynamic behavior by
binding in multiple binding poses in rapid (NMR-time scale) exchange, a feature that adds a
further layer of complexity to the SAR model. On the other hand, by taking both the detailed
structural interactions and the dynamic behavior into account a reliable SAR model of
DYRKIA inhibition by small, fragment sized, benzothiazole inhibitors can be derived, a
model which can even provide insight into protein kinase selectivity. The present work shows
that even fragment-sized benzothiazole derivatives can be effective and selective inhibitors of

the protein kinase DYRK1A, however, the fragment nature of the compounds would require

significant effort in translating the molecules into drug lead compounds. On the other hand,
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the identification of multiple “weak” binding interactions in addition to the classical hinge
and conserved lysine interactions provides guidance for further optimization. In particular, the

interactions with the gatekeeper F238 residue of DYRKI1A may be modulated by design for

©CoO~NOUTA,WNPE

10 enhancing both potency and selectivity for future inhibitors.

12 Furthermore, the present study also illustrates the benefit of combining “static” X-ray
14 structural determination with “dynamic”-NMR experiments for a more comprehensive
understanding of fragment binding, providing a foundation for the SBDD effort to prepare

selective and effective DYRKI1 A inhibitors that is underway in our laboratories.
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EXPERIMENTAL SECTION

Instrumentation and chemicals

All the chemicals and solvents were supplied by Merck or Sigma-Aldrich and used without
further purification. NMR spectra were acquired on an Agilent inova spectrometer operating
at 600 MHz for 1H equipped with an inverse cryogenically enhanced HCN probe (2nd
generation). High resolution mass spectra were recorded on a Thermo Scientific Orbitrap
mass spectrometer using electrospray ionization.

Protein production and crystallization

The kinase domain of DYRKI1A (residues 126—490) was produced in bacteria as a HIS-
tagged fusion protein and purified as described in detail by Alexeeva et al.”*

Co-crystallization with the inhibitors followed the protocol described by Alexeeva et al.**
The kinase DYRK1A was concentrated to 7-10 mg/ml and mixed with inhibitor solutions in
DMSO, to achieve an approximately 10-50 fold molar excess of the inhibitors. The
crystallization solution [100 mM potassium thiocyanate, 50-100 mM NaCl or KCI, 10-16%
PEG 3350] gave octahedron-shaped crystals within 5-7 days at room temperature. Crystals
were cryoprotected in crystallization solution modified to include 30% ethylene glycol and
were flash-cooled in liquid nitrogen.

Structure solution and refinement

X-ray diffraction data were collected at the Helmholz Zentrum Berlin (Berlin Electron
Storage Ring Society for Synchrotron BESSY II), Germany and the European Synchrotron
Radiation Facility ESRF ID29, Grenoble, France. The images were integrated using the
XDSapp software* (for the structures from BESSY II) and XDS* for the structure from
ESRF. The structures were solved by molecular replacement with Phaser* using the
DYRKIA structure with PDB code 4NCT** as search model. The structures were refined by

iterative cycles of PHENIX™® and the CCP4* program REFMACS5" followed by the manual
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refitting of residues and inhibitors into the electron-density between the refinement cycles and
placement of water molecules using Coot v.0.7.2.* PRODRG™ was used to generate the cif
files for inhibitors. The crystallographic data and model statistics are summarized in Table S2.

NMR

All NMR spectra for probing DYRK-inhibitor interactions were acquired in 90:10
D20:DMSO-d to assist inhibitor solubility with the inhibitors in 100:1 excess relative to
DYRKIA (I mM:10uM). For INPHARMA-type trNOESY, typically 2048x200 complex
points were acquired in 64 transients at mixing times of 30-300 ms with presaturation on the
HDO signal during the relaxation delay. Saturation Transfer Difference spectra were acquired
using 2.5 s gauss shape saturation at 1.15 ppm as the ‘on’ frequency and 29.6 ppm as the ‘off’
frequency. Solvent signals were suppressed by presaturation and excitation sculpting, and the
protein signal was suppressed by a 10 ms spinlock.

All trNOESY experiments were acquired with- and without the presence of protein to rule
out direct ligand-ligand interactions in solution, or solvent-relayed transfer.

Measurement of protein kinase inhibition

The determination of protein kinase inhibition was performed at the International Centre for
Kinase Profiling at the University of Dundee, U.K. The method used is a radioactive filter
binding assay using 33p ATP. The ATP concentrations were at or below the calculated Km for

ATP for each particular kinase.”"'

General synthetic procedures
Preparation of 2-Aminobenzofd]thiazoles
Preparation of thiourea derivatives. The aniline derivative (1 eq) was added to a mixture of

NaSCN (1,5 eq) in isopropylacetate (1 mL/mmol aniline) before addition of trifluoroacetic
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acid (2,5 eq). The reaction mixture was refluxed for 16 hours. The crude product was isolated
by triturating with water.

Cyclization of thiourea derivatives. The thiourea derivative above (1 eq) was dissolved in
acetic acid (2 mL/eq thiourea) and LiBr (1.5 eq) was added. Bromine (1 eqv) was added in
portions and the reaction mixture was heated to 40 9C. The crude product was isolated by
filtration and washed with Na,COj solution and water before drying.

Acetylation of 2-aminobenzo[d]thiazoles

The 2-aminobenzothiazole (1 eq) and acetic anhydride (2.2 eq) were dissolved in of DMF
(4 mL/eq benzothiazole). DIPEA (3 eq) was added before microwave irradiation at 60°C for 2
h. The reaction mixture was triturated into NaHSO, solution before the crude product was
isolated by filtration. The 2-aminobenzo[d]thiazoles were purified either by crystallization or
by using reversed-phase HPLC on a Delta-Pak (Waters) C;g column (100 A, 15 um, 25 x 100
mm) with a mixture of water and acetonitrile (both containing 0.1% TFA) as eluent. The
purity of the final products was further analyzed by reversed phase-HPLC using an analytical
Delta-Pak (Waters) Cig column (100 A, 5 um, 3.9 x 150 mm) and the products were more

than 95% pure.
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PDB ID DYRKIA complexes: Compound 2, SA3X; compound 5, SA4E; compound 8,
5A4L; compound 11, 5A4Q; compound 14, 5SA4T; compound 15, 5A54.
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