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ABSTRACT: Methyl 9-anilinothiazolo[5,4-f]quinazoline-2-carbimidates 1 (EHT 5372) and 2 (EHT 1610) are strong inhibitors of 

DYRK’s family kinases. The crystal structures of the complex revealed a non-canonical binding mode of compound 1 and 2 in 

DYRK2 explaining the remarkable selectivity and potency of these inhibitors. The structural data and comparison presented here 

provide therefore a template for further improvement of this inhibitor class and for the development of novel inhibitors selectively 

targeting DYRK kinases. 

Protein kinases catalyze protein phosphorylation, a key cellu-

lar regulatory mechanism, which is frequently dysregulated in 

human diseases. Kinases have therefore been linked to the de-

velopment of a variety of diseases including cancer, neuro-

degenerative disorders and cardiovascular diseases.1-3 Conse-

quently, protein kinases represent pertinent targets for academic 

and industrial chemists developing inhibitors as potential new 

therapeutic agents.4,5 Most kinases target serine (Ser) and thre-

onine (Thr) residues as substrates, others specifically phosphor-

ylate tyrosines (Tyr) and a number (dual-specificity kinases or 

DYRKs) may phosphorylate  under certain circumstances all 

three residues. DYRKs belong to the CMGC group of Ser/Thr 

kinases, which also includes cyclin-dependent kinases (CDKs), 

mitogen-activated protein kinases (MAPKs), glycogen syn-

thase kinases (GSKs) and CDC2-like kinases (CLKs). During 

translation and folding, DYRKs auto-phosphorylate their own 

activation loop on a tyrosine residue. After this initial tyrosine 

phosphorylation DYRKs convert to Ser/Thr kinases.6,7 In hu-

man, the DYRK family includes five members: DYRK1A, 

DYRK1B, DYRK2, DYRK3 and DYRK4 and the more dis-

tantly member Pre-MRNA Processing Factor 4 (PRP4). All 

share considerable sequence identity in their kinase domain.8 

DYRK1A is certainly the most studied family member and has 

attracted considerable interest due to its role in Down syndrome 

pathology and its suspected role in neurodegenerative diseases, 

cancer9 and diabete.10 

DYRK1A has been shown to phosphorylate more than thirty 

proteins to regulate diverse biological functions, including syn-

aptic transmission, neurodegeneration, transcription, mRNA 

splicing, cell proliferation and survival.11-13 DYRK1B (also 

called Mirk for Minibrain-related kinase) is potentially an at-

tractive cancer target that is highly expressed in quiescent can-

cer cells while it is expressed at very low levels in normal tissue. 

It has been hypothesized that pharmacological DYRK1B inhi-

bition would enable cancer cells to escape from quiescence, 

triggering apoptosis, and re-sensitize cancer cells to conven-

tional chemotherapeutic agents.14 

An important role of DYRK1A in a number of diseases and 

the unknown functions of other family members have prompted 

an interest in the development of potent and selective inhibitors 

for DYRK kinases. Since the discovery of a plant alkaloid 

harmine as potent DYRK1A inhibitor with IC50s of 30-80 

nM,15,16 a number of efforts have led to diverse potent inhibi-

tors, including INDY,17 natural product leucettine L41,18 pyr-

ido[2,3-d]pyrimidines-based inhibitors19 with reported IC50s in 

the range of 9-240 nM. However, these early inhibitors often 

significantly cross-react with other kinases such as GSK3β and 

CLKs and in the case of harmine with other enzymes. Recently, 

the discovery of a new chemical class has led to another potent 

and selective DYRK1A inhibitor, 10-iodo-11H-indolo[3,2-

c]quinoline-6-carboxylic acid (known also as inhibitor 5j), with 

a reported IC50 of 6 nM demonstrating at least 80-fold more po-

tency over other related kinases.20 Nonetheless, an obstacle for 

its use is its poor cellular activity. 

Our previous efforts have demonstrated the usefulness of thi-

azolo[5,4-f]quinazolines for the development of GSK3β and 

CDK1 inhibitors.21,22 We further considered a possible use of 

this chemical scaffold towards the development of DYRKs in-

hibitor since these kinases share some similarity and belong to 

the same CMGC family. DYRK1A and 1B were our targets of 
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interest due to their strong links to diseases. However, their high 

sequence identity of ~85% suggested that isoform selective in-

hibitors could represent a big challenge; hence we limited our 

aim in this current study to dual inhibitors, allowing to focus on 

the synthetic chemistry. To functionalize and decorate the scaf-

fold, we applied our previously described microwave-assisted 

synthetic routes and the use of Appel salt (4,5-dichloro-1,2,3-

dithiazolium chloride) for the conception of a 6-amino-2-cya-

nobenzo[d]thiazole-7-carbonitrile derivative as a versatile mo-

lecular platform from 5-nitroanthranilonitrile. The introduction 

of various aliphatic, aromatic or amino substituents at position 

8 was best achieved by a one-pot DMFDMA-mediated cyclisa-

tion.23 Transformation of carbonitrile group into various chem-

ical functions (e.g. imidate, ester, amide and amidine) allowed 

the efficient preparation of a library of 110 novel methyl 9-ani-

linothiazolo[5,4-f]quinazoline-2-carbimidate derivatives.24-26 

We previously tested this library for their effectiveness 

against DYRK1A and DYRK1B, and most of them showed 

similar or better inhibitory potency compared to harmine.25,26 

Interestingly, among them the five most active molecules pre-

pared in this study were 1 (EHT 5372), 2 (EHT 1610), 3 (EHT 

9851), 4 (EHT 6840) and 5 (EHT 3356) which harbored a phe-

nyl group at 9N which was disubstituted in ortho and para by 

halogen atoms (Cl and F) (Figure 1). In the case of 2 (EHT 

1610) a fluor atom in ortho was accompanied by a methoxy 

group in para and in the case of 5 (EHT 3356) only a methyl 

group in the para position.24-26 These compounds exhibited 

strong potency with IC50 values in the sub-nanomolar to single-

digit nanomolar range for DYRK1A (0.22-0.99 nM) and 

DYRK1B (0.28-2.83 nM).  

Among the five top hits, the most potent inhibitors in this se-

ries were methyl 9-(2,4-dichlorophenylamino)thiazolo[5,4-

f]quinazoline-2-carbimidate (1) and methyl 9-(2-chloro,4-

methoxyphenylamino)thiazolo[5,4-f]quinazoline-2-carbimi-

date (2) that exhibited IC50s of 0.22/0.28 nM and 0.36/0.59 nM 

for DYRK1A/1B, respectively. 

 

 
 

Figure 1. Chemical structures of methyl 9-anilinothia-

zolo[5,4-f]quinazoline-2-carbimidates 1-5 and DYRK1A and 

DYRK1B IC50 (nM) values. 

 

We next examined their potency and selectivity against a 

small panel of closely-related kinases, including for example 

DYRK1A, DYRK2, PRP4, CLK1/3, GSK3α/β, PIM1, SRPK1, 

using differential scanning fluorimetry (DSF) (Tm shift assay). 

As expected, both compounds showed good binding to their tar-

get DYRK1A with Tm shift of ~9 °C and demonstrated a good 

selectivity (Figure 2A). However, we also observed interaction 

of three off-targets, DYRK2, CLK1 and GSK3β, albeit with sig-

nificantly smaller Tm shifts in the range of 5-6 °C. The ob-

served good selectivity to closely related kinases was in agree-

ment with our comprehensive kinome wide screening study, 

which showed remarkably high selectivity over 339 kinases.27 

Interestingly, both independent assays detected a similar set of 

off-targets with significantly weaker inhibition (IC50s in the 

range of 3.2- >1,570 nM) which was supported by the lower Tm 

shift observed here (Figure 2B).  

 

 
 

Figure 2 Selectivity analysis of compound 1 and 2: Tm shifts 

(A) and IC50 values (B) for selected kinases screened against 

compounds 1 and 2. n/a = no inhibition detected, a values from 

Ref. 27. 

 

Furthermore, we also observed remarkable selectivity within 

DYRKs family. DYRK2 was the strongest off-target with IC50s 

for 1 and 2 of 10.8 and 3.16 nM, respectively, which was despite 

the high homology still ~38- and 5-fold weaker when compared 

to DYRK1A/1B. Of particular interest were differences in se-

lectivity and potency of 1 and 2. One of the main differences 

between these compounds was a substitution of the Cl and 

methoxy groups at the R2 position, respectively. Switching hal-

ide to methoxy groups led to lower inhibitory effect for 

DYRK1A/1B by ~2-fold. On the contrary, this substitution in-

stead significantly increased the potency towards other off-tar-

gets, essentially DYRK2. 

To provide the structural insights into the binding modes of 

these two inhibitors, we attempted to co-crystallize 1 and 2 with 

DYRK1A, but did not succeed to obtain crystals that diffracted 

to high resolution. We therefore performed co-crystallization of 

both compounds with DYRK2, and this led to successful struc-

ture determination of the DYRK2-1 and -2 complexes to 2.15 

and 2.58 Å resolution, respectively (Supplementary Table S1). 

We observed interpretable electron density for both ligands 

(Figure 3A), allowing confident modelling of the inhibitors 

within the pocket. The binding modes of both inhibitors were 

remarkably similar (Figure 3B).  

In brief, the heterocyclic thiazolo[5,4-f]quinazoline was lo-

cated deep within the ATP binding site, and sandwiched by 

Val163 and Ile294. This orientation placed the thiazolo adjacent 

to the gatekeeper Phe228, and positioned the N1 nitrogen group 

of the quinazoline ring for a hydrogen bond interaction within 

the salt bridge Lys178. The methyl-carbimidate decoration 

pointed towards the hinge with its nitrogen group at 3.1-3.6 Å 
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away from the backbone of the hinge residues Glu229 and 

Leu231, thus not interacting strongly with the hinge region. 

 

 
 

Figure 3 Crystal structures of DYRK2 in complexes with 1 

and 2. A) |FO|-|FC| omitted map contoured at 3.0σ for the bound 

inhibitors. B) Detailed interactions of the binding modes of the 

inhibitors with DRYK2. Magenta, dashed lines indicates poten-

tial hydrogen bonds, and water molecules are shown as cyan 

spheres. C) Superimposition of DYRK2-1, DYRK1A-harmine 

(pdb id: 3ANR), DYRK1A-inhibitor 5j (pdb id: 4YLJ) and 

DYRK1A-leucettine L41 (pdb id: 4AZE) reveals that 1 occu-

pies large space inside the DYRK ATP pocket. Note that num-

bering is according to DYRK2. 

 

In contrast, optimal hydrogen interactions were observed in 

the backpocket where the quinazoline nitrogen was engaged in 

a hydrogen bond network with conserved lysine/glutamate ion 

pair. In addition, the aromatic gatekeeper (Phe228) formed a-

-stacking interaction with the central aromatic ring system of 

the inhibitor. The 2-chloro or 2-fluoro R1 decoration of this 

group was ~3.3-3.7 Å away from the P-loop Phe160 that was 

observed to adopt a distorted ‘folded-in’ conformation, a struc-

tural alteration which has been reported to often confer selec-

tivity. Conversely, the chloro or methoxy decoration at R2 posi-

tion pointed outwards to the solvent exterior with no interaction 

observed.  

The observed binding mode provided no direct evidence on 

why this R2 substitution altered potency and selectivity between 

these two inhibitors. However, the observed ~21-30° tilt of the 

aniline group suggested that the change of charges, size and van 

der Waal radii in this position most likely affects interaction 

within the cavity created between the P-loop and the C-lobe αD 

and β7, which often possess significantly different features 

among different kinases. . In addition, the difference in size and 

electrostatic property of the halides at R1 position could also 

contribute their effects towards the affinities when bound in 

proximity to the aromatic Phe160. 

The observed binding mode of the core thiazolo[5,4-

f]quinazoline scaffold in DYRK2 was rather unexpected when 

compared to the predicted binding mode of a similar derivative 

in GSK3β, where the heterocyclic core was proposed to adopt a 

canonical hinge binding with the quinazoline interacting with 

the hinge backbone pointing the carbimidate towards the cata-

lytic salt bridge for potential hydrogen bond.21,22 The flip of the 

ring in DYRK2 resulted in a loss of strong canonical hinge in-

teraction, yet maintain a hydrogen bond to the salt bridge but 

through the quinazoline moiety. Such different accommodation 

mechanisms of the core ATP-mimetic scaffold between these 

two kinases could form a basis of selectivity between DYRKs 

and other closely-related kinases. However, it should be noted 

that the binding mode of this core scaffold in GSK3β was based 

on a docking study, unlike that in DYRK2, which was observed 

in the crystal structures. We then compared the binding modes 

of these compounds with other known DYRK inhibitors, in-

cluding harmine, leucettine L41 and inhibitor 5j. Structural 

comparison revealed that all inhibitors did superimpose well 

with similarity regarding the planarity and orientation of their 

core scaffolds (Figure 3C). In essence, the binding geometry of 

our compounds highly resembled that of leucettine L41, of 

which the phenyl group adopted also a nearly-perpendicular 

vertical conformation in a similar manner to the aniline moiety 

of our inhibitors. Interestingly, unlike 1 and 2, other known in-

hibitors maintain a hinge interaction either via hydrogen or hal-

ogen bond.  

To provide the binding modes of 1 and 2 in the target 

DYRK1A/1B, we performed docking studies with DYRK1A, 

and that coupled with structural modelling of DYRK1B (see 

Supporting Information). The calculated models revealed that 

both inhibitors assumed identical binding modes as those ob-

served in the crystal structures of DYRK2 (Figure 4).  

 

 
 

Figure 4. Modelling of 1 and 2 with DYRK1A/1B. Potential binding modes 
of 1 (left) and 2 (right) in DYRK1B calculated from structural modelling 

and docking studies (Yellow: Hinge region, Red: Catalytic loop, Blue: DFG 

motif, Purple: α-C Helix, Orange: Catalytic lysine). 

 

The core thiazolo[5,4-f]quinazoline would adopt the similar 

planar geometry, with the quinazoline engaging a hydrogen 

bond with the salt bridge lysine. Interestingly, we predicted that 

the carbimidate nitrogen forms improved canonical hinge inter-

action with the hinge backbone of Ile241 or Ile193 in DRYK1A 

and 1B. This observation could be the structural basis of the 

significant increase in affinities of both inhibitors towards 

DYRK1A/1B. Based on our docking data, the aniline moiety 
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assumed several conformations due to its position in proximity 

to solvent-exposed area, again offering no direct evidence why 

the R2 chloro- and methoxy-substitution altered affinities by ~2-

3 fold.  

Overall structural comparison suggested that the canonical 

hinge may be less essential for high affinity binding in DYRKs. 

The unusual binding mechanisms of 1 and 2 occupied a large 

portion of the ATP binding pocket, essentially covering nearly 

all cavities targeted by the other three inhibitors compared here 

(Figure 3C). Calculations of the changes of solvent-accessible 

surface area (SASA) due to ligand binding revealed that com-

pounds 1 and 2 are 92% and 88% buried in DYRK2, and by 

docking 86% and 83% binding to DYRK1A, respectively. 

In addition, studies of the thermodynamics of the unusual bind-

ing mode by isothermal titration calorimetry (ITC) revealed 

also that inhibitor binding was driven by a large negative bind-

ing enthalpy. The Kd was determined to be 7.4 ±4 nM. How-

ever, due to the high affinity of 2 the affinity measurements 

were associated with a large error. The indirectly determined 

entropy term (TS) was unfavorable. (Figure 5).  

 

 
 
Figure 5. ITC binding data of 2 with DYRK1A. Shown are the isotherms 
of raw titration heat (left), and the normalized binding heat with the single-

site fitting (red line) (right).  

 

We next performed the sequence alignment of the kinase do-

mains of DYRK1A, DYRK1B, DYRK2, DYRK3 and DYRK4 

to analyze the basis of selectivity of the inhibitors within DYRK 

family. The results revealed a well-conserved active site of the 

DYRK1 and DYRK2 subfamilies (Figure 6A). Further analyses 

revealed that DYRK1A and DYRK1B had a higher percentage 

of identity and similarity of 85.0% and 93.1%, respectively, and 

this was the case also for DYRK2 and DYRK3 (identity = 

79.0%, similarity = 89.5%). DYRK4 was an outlier in the fam-

ily, sharing <60% and <80% sequence identity and similarity, 

respectively, to other members (Figure 6B). Based on this sta-

tistics, it was therefore possible to classify the kinases into 3 

clusters; i) DYRK1A/1B, ii) DYRK2/3 and iii) DYRK4. This 

result from sequence alignment was consistent with the trend in 

affinities of both inhibitors with no or weak inhibition for 

DYRK4, moderate binding for DYRK2/3 and high potency for 

DYRK1A/1B. Since no crystal structure is currently available 

for this kinase, we postulated that overall features and environ-

ment of the ATP pocket of DYRK4 is significantly different 

from that of the other DYRKs. Despite low sequence identity 

and similarity, the possible binding with moderate potency of 

the inhibitors in DYRK2 was supported by the similarity in en-

vironment of the ATP pocket to that of DYRK1A. However, 

subtle differences at the backpocket between DYRK2/3 and 

DYRK1A/1B clusters, including the residue before DFG motif 

(DYRK2 Ile294/ DYRK1A Val306) and the residue at the be-

ginning of β4 (DYRK2 Ile212/ DYRK1A Val222), might form 

the basis of a significant change in affinities between these two 

subclasses.  

Since the inhibitors interacted with these residues in the back-

pocket, the bulkier sizes of isoleucine in DYRK2 could lead to 

more steric hindrance compared to the smaller valine in 

DYRK1A. Indeed, in silico mutation demonstrated that the sub-

stitution of the corresponding DYRK1A/B valine into isoleu-

cine caused a subtle shift of the binding positions of the inhibi-

tors in comparison to that of the wildtype. This observation sup-

port differences in the observed inhibitor potencies between the 

DYRK1A/1B and DYRK2/3. Nonetheless, further experiments 

may be required to fully understand the impact of these differ-

ences on the binding mode of 1 and 2 within these two DYRKs 

sub-families. 

 

 
 
Figure 6. Sequence alignment of DYRK family. A) Sequence alignment 

of the region within the ATP binding pockets of DYRK family. Sequence 
similarity (%) to other DYRK kinases is represented by a blue bar. B) Per-

centages of identity (bottom left quadrant) and similarity (top right quad-

rant) of kinase domain sequences from members of DYRK1 and DYRK2 
subfamilies. 

 

To our knowledge, the two compounds presented here are the 

most potent and selective DYRK1A/1B inhibitors reported to 

date. We have previously demonstrated that 1 was active in 

cells, and inhibited DYRK1A-induced Tau phosphorylation at 

multiple sites in biochemical assay, cell lines, and primary cor-

tical neurons without affecting cell viability. Inhibitor 1 com-

pared favorably to harmine, leucettine L41 and to the reactive 

and promiscuous compound epigallo-catechin-gallate EGCG27 

In addition, it normalized A-induced Tau phosphorylation in 

neuronal cells and also normalized DYRK1A-induced A pro-

duction in APP over-expressing cells.27 In addition, in vitro 

characterization in various cancer cellular models showed that 

the inhibitor targeted G0/G1 transition and reduced stemness 

and EMT properties of cancer cells organized in spheroids.28 

Furthermore, it demonstrated promising activities in patient-de-

rived ovarian cancer ascites spheroids and in vivo activities in a 

Panc1 xenograft model without detectable toxicity in mice.29 

Similar to 1, the compound 2 has been previously observed to 

dose-dependently inhibit DYRK1A in both B- and T-lineage 
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acute lymphoblastic leukemia (ALL).30 In addition, the inhibi-

tors also induced apoptosis of primary ALL cells that were re-

sistant to cytarabine, suggesting that DYRK1A inhibitors may 

be used in combination with standard ALL therapies for refrac-

tory or relapsed cases.29 These results suggested that both com-

pounds not only exhibited high potency in vitro, but demon-

strated also good activities in cell based systems and in vivo 

models. These data therefore suggest a potential use of this class 

of inhibitors for targeting cancer cells with high DYRK1A/1B 

kinase activities.27-33 

EXPERIMENTAL SECTION  

Complete and detailed synthesis of inhibitors 1 (EHT 5372) and 2 

(EHT 1610) used in this study have been described in ref. 24, 25 

and 26. The target compounds 1 and 2 were obtained in nine steps 

from 5-nitroanthranilonitrile in overall yields of 6 % and 14 %, re-

spectively. 

General procedures. Materials were obtained commercially and 

used without further purification. All reactions were carried out un-

der inert atmosphere of argon or nitrogen and monitored by thin-

layer chromatography with silica gel 60 F254 pre-coated alumin-

ium plates (0.25 mm). Visualization was performed with a UV light 

at 254 and 312 nm. Purifications were carried out by flash column 

chromatography system equipped with a dual UV-Vis spectropho-

tometer (200-600 nm), a frion collector (176 tubes), a dual pis-

topump (1 to 200 mL/min, Pmax = 15 bar) allowing quaternary 

gradients and an additional inlet for air purge. Samples can be in-

jected in liquid or solid mode. Melting points of solid compounds 

were measured on a STUART Melting Point SMP3 with a preci-

sion of +/- 1.5 °C. IR spectra were recorded on a PerkinElmer Spec-

trum 100 Series FT-IR spectrometer. Liquids and solids were ap-

plied on the Siction Attenuated Total Reflectance (ATR) Accesso-

ries. Absorption bands are given in cm-1. 1H, 19F NMR spectra were 

recorded at 295 °K on a Bruker AVANCE 300 MHz, at 300 relative 

to CDCl3 (residual solvent signals). Mass spectra analysis was per-

formed by the Mass Spectrometry Laboratory of the University of 

Rouen. Mass spectra (ESI) were recorded with a Waters LCP 1er 

XR spectrometer. Microwave experiments were conducted at at-

mospheric pressure (RotoSYNTH™, Milestone S.r.l. Italy) or in 

pressurized reactors (0-30 bars) (Monomode 300™, Anton Paar, 

France) in commercial microwave reactors especially designed for 

synthetic chemistry. The purity of all tested compound was deter-

mined by chromatographic analysis performed at 25 °C on Ultimate 

3000 (Thermo Scientific, Les Ulis, France) with a binary pump, 

photodiode array detector (DAD) managed at 289 nm. Column was 

a Pursuit XRS (250 mm × 4.6 mm; 5 μm particle size) provided by 

Varian (Les Ulis, France). The mobile phase was H2O/AcCN 

(40:60; v/v). Flow rate was 1 mL/min and 20 L were injected. The 

percentage of purity of all products was more than 96%. 

Methyl 9-(2,4-dichlorophenylamino)thiazolo[5,4-f]quinazoline-2-

carbimidate (1). Flash chromatography eluent (EtOAc). Yellow 

solid. Overall yield: 6%, mp > 260 °C. IR (cm−1) νmax 2953, 1727, 

1641, 1586, 1507, 1488, 1464, 1394, 1354, 1284, 1158, 1099, 1073, 

1054, 941, 860, 816; 1H-NMR (300 MHz, DMSO-d6) δ 9.34 (s, 1H, 

NH), 8.45 (d, 1H, J = 9.0 Hz), 8.10 (s, 1H), 7.72 (d, 1H, J = 9.0 

Hz), 7.61 (s, 1H), 7.37 (d, 1H, J = 8.1 Hz), 7.18 (d, 1H, J = 8.1 Hz), 

3.94 (s, 3H); HRMS calcd for C17H12N5OSCl2 [M + H]+: 404.0140, 

found 404.0146. 

Methyl 9-(2-fluoro-4-methoxyphenylamino)thiazolo[5,4-f]quina-

zoline-2-carbimidate (2). Flash chromatography eluent (EtOAc). 

Yellow solid. Overall yield: 14%, mp = 224-226°C (isopropanol). 

IR (cm-1) νmax 3150, 2950, 1645, 1601, 1570, 1488, 1435, 1355, 

1322, 1285, 1269, 1203, 1155, 1096, 1069, 1032, 939, 819; 19F 

NMR (282 MHz, DMSO-d6) δ -120.44; 1H NMR (300 MHz, 

DMSO-d6) δ 9.22 (s, 1H, NH), 8.28 (d, 1H, J = 9.0 Hz), 8.06 (s, 

1H), 7.62 (d, 1H, J = 9.0 Hz), 7.39 (m, 1H), 6.81 (dd, J = 9.0, 3.0 

Hz, 1H), 6.71 (dd, J = 9.0, 3.0 Hz, 1H), 3.94 (s, 3H), 3.75 (s, 3H); 

HRMS calcd for C18H15N5O2SF [M + H]+: 384.0927, found 

384.0930. 
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