
SLAS Discovery 28 (2023) 385–393 

Contents lists available at ScienceDirect 

SLAS Discovery 

journal homepage: www.elsevier.com/locate/slasd 

Original Research 

Identification of tau-tubulin kinase 1 inhibitors by microfluidics-based 

mobility shift assay from a kinase inhibitor library 

Jinlei Wang 

a , b , Ying Lin 

a , Xiaoyu Xu 

b , Yonghui Wang 

a , ∗ , Qiong Xie 

a , ∗ 

a School of Pharmacy, Fudan University, 826 Zhangheng Road, Shanghai 201203, PR China 
b Shanghai ChemPartner Co. Ltd., 2727/2728 Jinke Road, Shanghai 201203, PR China 

a r t i c l e i n f o 

Keywords: 

Alzheimer’s disease (AD) 
tau tubulin kinase 1 (TTBK1) 
microfluidics-based mobility shift assay 
(MMSA) 
Molecular docking 

a b s t r a c t 

Tau tubulin kinase 1 (TTBK1) is a serine/threonine/tyrosine kinase that phosphorylates multiple residues in tau 
protein. Hyperphosphorylated tau is the main cause of tauopathy, such as Alzheimer’s disease (AD). Therefore, 
preventing tau phosphorylation by inhibiting TTBK1 has been proposed as a therapeutic strategy for AD. How- 
ever, few substrates of TTBK1 are reported for a biochemical assay and few inhibitors targeting TTBK1 have 
been reported so far. In this study, we identified a fluorescein amidite (FAM)-labeled peptide 15 from a small 
peptide library as the optimal peptide substrate for human TTBK1 (hTTBK1). We then developed and validated 
a microfluidics-based mobility shift assay (MMSA) with peptide 15. We further confirmed that peptide 15 could 
also be used in the ADP-Glo kinase assay. The established MMSA was applied for screening of a 427-compound 
kinase inhibitor library, yielding five compounds with IC50 s of several micro molars against hTTBK1. Among 
them, three compounds, AZD5363, A-674,563 and GSK690693 inhibited hTTBK1 in an ATP competitive manner 
and molecular docking simulations revealed that they enter the ATP pocket and form one or two hydrogen bonds 
to the hinge region with hTTBK1. Another hit compound, piceatannol, showed non-ATP competitive inhibitory 
effect on hTTBK1 and may serve as a starting point to develop highly selective hTTBK1 inhibitors. Altogether, this 
study provided a new in vitro platform for the development of novel hTTBK1 inhibitors that might have potential 
applications in AD prevention. 
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Protein kinases are key regulators governing numerous biological
rocesses, especially the regulation of cell signaling pathways and
re appealing targets for drug discovery [ 5 , 19 ]. So far more than
0 FDA-approved therapeutic agents target protein kinases [30] , but
one of them for neurodegenerative diseases ( http://www.brimr.org/
KI/PKIs.htm ). 

Tau tubulin kinase (TTBK) belongs to the casein kinase 1 (CK-1)
uper family having two isoforms: TTBK1 and TTBK2. TTBK1 is a
erine/threonine/tyrosine kinase that is specifically expressed in the
entral nervous system (CNS) [ 6 , 22 , 32 ], and TTBK2 is widely dis-
ributed not only in brain but also in liver, heart, brain, etc. [15] .
TBK1 was first characterized in 2006 to be responsible for tau phos-
horylation and aggregation [32] . Hyperphosphorylated tau, which
ggregates in the forms of paired helical filaments (PHFs) and neurofib-
illary tangles (NFTs), is implicated in the pathogenesis of Alzheimer’s
isease (AD) [ 1 , 21 , 23 , 36 ]. Moreover, recent evidence shows that
TBK1 phosphorylates tau at specific sites that match PHF-specific
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hosphorylation sites (Y197, S198, S199, S202 and S422) [32] . It was
eported that a potent TTBK1 inhibitor could lower Tau phosphoryla-
ion in vivo [12] and the upregulation of TTBK1 has been linked to AD
athology in human [33] . Thus, TTBK1 is a promising drug target for
D [2] . 

The first two TTBK1 inhibitors were reported in 2013, namely 3-
(6,7- dimethoxyquinazolin -4- yl ) amino ]phenol (compound 1 , Fig. 1 ) and
ethyl 2 ‑bromo-5-(7 H -pyrrolo[2,3- d ]pyrimidin-4-ylamino)benzoate

compound 2 , Fig. 1 ), which were validated by surface plasmon reso-
ance (SPR) binding assays [37] . Compound 1 , also named WHI-P180,
as used as the reference compound in this study. Compound 2 is

elated to a reported Akt inhibitor [20] . The reported dissociation
onstants of both compounds on phosphorylated TTBK1 were 0.46 𝜇M
nd 30 𝜇M, respectively [37] . The third inhibitor is 3-({5-[(4- amino -
- methylpiperidin -1- yl ) methyl ]pyrrolo[2,1- f ][1,2,4]triazin-4-yl}amino)- 
-bromophenol (compound 3 , Fig. 1 ) that inhibits TTBK1 and TTBK2
ith IC50 s of 120 nM and 170 nM, respectively [18] . However, for these

hree inhibitors, no more data regarding their further development is
eported up to now. 
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Fig. 1. Structures of TTBK1 inhibitors (compounds 1 , 2 , 3 , 4 and 5 ). 
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In 2021, Tamara Halkina et al. identified a potent TTBK1 inhibitor
ompound 4 (cell IC50 : 315 nM, Fig. 1 ) using an antibody-based time-
esolved fluorescence energy transfer (TR-FRET) assay, which inhibits
au phosphorylation at the disease-related S422 site in vivo models [12] .
nd most recently, another compound 5 (biochemical IC50 : 240 nM,
ig. 1 ) was reported with more than 17 folds of selectivity against TTBK2
26] . 

Besides the aforementioned TTBK1 inhibitors, there were scarcely
ew inhibitors described for TTBK1 up to now. And TTBK2 is also at-
ributed to tau phosphorylation on residues of Ser208 and Ser210, which
re characteristics of the PHF phosphorylation in brain [11] . Hence, ad-
itional potent TTBK1 inhibitors, especially those with different struc-
ures, inhibition mechanisms and high selectivity on TTBK1, are ur-
ently needed. 

Although various methods, such as TR-FRET, ADP-Glo kinase assay,
nd [ 𝛾− 

33 P] ATP-based isotope assay [10] are used for kinase activity
tudies, few regarding hTTBK1 were reported due to no published pep-
ide substrate commonly used in biochemical assays. Therefore, sub-
trate selection is a key step to establish a TTBK1 biochemical assay.
PR method has low throughput and TR-FRET assay cannot be used
n continuous manner. Thus, an HTS-friendly and continuous method,
icrofluidics-based mobility shift assay (MMSA), is developed, which

ncludes two systems, the on-chip electrophoretic separation system and
he quantification system. Through these two systems, the fluorescence-
abeled substrate and product will be separated due to the changes in
harge and/or mass as a result of phosphorylation and amounts quanti-
ed by fluorescence intensities [13] . In this way, the potential fluores-
ence interference from testing compounds will be minimized because
f the direct readout of substrate conversion. Moreover, the capability
f monitoring enzymatic progress in real time makes it feasible to per-
orm kinetic study. In this study, a microfluidics-based mobility shift
ssay (MMSA) was developed for TTBK1 with the fluorescein amidite
FAM)-labeled peptide 15, and validated by compound 1 (WHI-P180).
he assay has been applied for screening of a 427-compound kinase in-
ibitor library, yielding some hits with IC50 s of several micro molars
gainst hTTBK1. 

aterials and methods 

eagents 

The Fluorescein amidite (FAM)-labeled peptide substrates for MMSA
ere synthesized by GL Biochem (Shanghai, China). The 384 well plates

Corning, cat#3575) were from Corning (New York, USA). hTTBK2 were
urchased from Carna Bioscience (cat# 03–109). ADP-Glo kinase as-
ay kit was purchased from Promega (cat# V9102). The ProxiPlate-384
lates were purchased from PerkinElmer (Waltham, USA). LANCE Ultra
LightTM -DNA Topoisomerase 2-alpha-Thr1342 Peptide and LANCE Ul-

ra Europium-anti-phospho-DNA Topoisomerase 2-alpha-Thr1342 were
urchased from PerkinElmer (Waltham, USA). The 427 compounds are
rom a kinase inhibitor library (Selleck, Cat# L1200), and all of them
re validated protein kinase inhibitors. All compounds were stored as
0 mM stock in DMSO. TTBK1-IN-1 (compound 4 ) was purchased from
386 
edChemExpress (MCE, cat# HY-134,968). All other reagents were pur-
hased from Sigma Aldrich (St. Louis, USA). 

nstrumentation 

The MMSA was carried out at room temperature using a LabChip
Z Reader II system from PerkinElmer (Waltham, USA) equipped with
 12-sipper chip in separation buffer. The reaction samples were sipped
y a 12-sipper chip, and then the fluorescent product and substrate were
eparated under a screen pressure of − 1.2 psi. In the step of detection,
he fluorescent analytes were stimulated by a blue LED (450–490 nm)
nd detected by a CCD camera (515–550 nm). 

The separation of peptide 15 was performed with the optimized con-
itions: upstream voltage = − 500 V, downstream voltage = − 2250 V, a
creen pressure = − 1.2 psi, base pressure = − 0.5 psi. The separation
uffer contained 100 mM HEPES, 1 mM EDTA, 0.015% Brij-35, 5%
MSO and 0.2% coating-3 reagent (PerkinElmer, Waltham, USA), pH
.5. The substrate conversion rate was defined as the peak height of
roduct divided by the sum of both substrate and product. 

onstruct cloning 

The coding sequence of human tau tubulin kinase 1 catalytic do-
ain (residue 1–343, accession number: NP_115,927.1) was cloned into
FastBac1 vector (Thermo Fisher, USA) with an N-terminal GST-tag by
he 5 ′ BamH I site and the Xho I site at the 3 ′ end after a TGA stop codon.
he fidelity of this construct was verified by DNA sequencing. 

xpression and purification 

The constructed vector was transformed into DH10Bac E. coli com-
etent cells, and the baculovirus was generated from the pFastBac clones
or insect-cell expression following standard procedures. For protein
roduction, Sf9 insect cells were infected with baculovirus for 66 h at
 1:100 virus:cell ratio (volume ratio of virus to sf9 cells). The infected
ells were harvested by centrifuge at 200 g for 10 min and the cell pellets
ere stored in liquid nitrogen. 

The cell pellets were resuspended and sonicated in buffer A (20 mM
ris–HCl buffer pH8.0 containing 5 mM MgCl2 , 300 mM NaCl, 5% glyc-
rol, 0.05% CHAPS and 1 mM DTT) and centrifuged at 40,000 g for
0 min. The recombinant protein was purified from the supernatant with
lutathione Sepharose 4B affinity-chromatography column (GE Health-
are), dialyzed against buffer A, and was further purified with HiTrap
 HP column equilibrated by buffer A, and concentrated to 2 mg/mL in
0 mM Tris–HCl pH 7.5 containing 5 mM MgCl2 , 150 mM NaCl, 1 mM
TT and 10% glycerol. 

TTBK1 inhibition study with microfluidics-based mobility shift assay 

hTTBK1 activity was measured continuously with the microfluidics-
ased mobility shift assay in reaction buffer (20 mM HEPES, pH 7.5,
0 mM MgCl2 , 0.01% TritonX-100 and 0.01% BSA). Briefly, 3 nM of hT-
BK1 proteins were added to 384 well plates, which was pre-dispensed
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ith 100 nL of compounds or DMSO by Echo550 system (Labcyte, San
ose, USA). After 15 min pre-incubation at 25 °C of hTTBK1 and com-
ounds or DMSO, 80 𝜇M of ATP and 1 𝜇M of peptide 15 were added to
tart the enzymatic reaction. After incubation at 25 °C for 2.5 h, the reac-
ions were terminated by adding 25 𝜇L stop buffer (200 mM HEPES, pH
.5, 2 mM EDTA, 0.03% Brij-35, 0.4% coating-3 reagent) to each well.
or negative control wells, 1 × reaction buffer alone was added instead
f hTTBK1. The hTTBK2 inhibition study with MMSA is the same as hT-
BK1. The percentage of inhibition was calculated as (S 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 − 𝑆 𝑠𝑎𝑚𝑝𝑙𝑒 ) 

(S 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 − 𝑆 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 ) ,
nd the dose-response curve of hTTBK1 inhibitors were fitted to equa-
ion 1 to generate the IC50 values: 

 = Bottom +
( Top − Bottom ) (

1 + 10 ( ( LogIC 50− 𝑋) × Hillslope ) 
) (1)

Where Y is the percentage of inhibition, Top and Bottom represent
he signal of positive and the signal of negative, respectively, and X is
olar concentration of compound. 

ilot screening with the kinase inhibitor library 

Kinase inhibitor library containing 427 compounds were screened
gainst hTTBK1 for their activities at 10 𝜇M. Assays were performed in
eaction buffer (20 mM HEPES, pH 7.5, 10 mM MgCl2 , 0.01% TritonX-
00 and 0.01% BSA) in 384-well plates. The enzymatic reactions were
nitiated by the addition of ATP (80 𝜇M) and peptide 15 (1 𝜇M) to a reac-
ion mixture containing 3 nM of hTTBK1 and pre-dispensed compounds
r DMSO. After incubation at 25 °C for 2.5 h (at endpoint), the reactions
ere terminated by adding 25 𝜇L stop buffer (200 mM HEPES, pH 7.5,
 mM EDTA, 0.03% Brij-35, 0.4% coating-3 reagent) to each well. For
egative control wells, 1 × reaction buffer alone was added instead of
TTBK1. 

For dose-response test, the selected compounds were screened
gainst hTTBK1 and hTTBK2 with dose from 0.2 𝜇M to 200 𝜇M, and
ther conditions were the same as above. Z’ factor was calculated to
valuate the assay quality using the following equation 2: 

′ = 1 − 3 ×
(
SD of negative + SD of positive 

)
(
mean of positive − mean of negative 

) (2)

echanism of action (MOA) study 

Varied concentrations of compound were dispensed into 384-well
lates, and then 3 nM of hTTBK1 were added into each well. After
5 min pre-incubation at 25 °C of hTTBK1 and compounds or DMSO,
erially diluted ATP and 1 𝜇M of peptide 15 were added to start the en-
ymatic reaction. Enzymatic activity was measured after 2.5 h reaction
ith microfluidics-based mobility shift assay. To generate Km 

and Vmax 
alues, the calculated rate of product formation and ATP concentration
ere fitted to Michaelis-Menten equation 3: 

 = Vmax × X 

Km + 𝑋 

(3)

All the above equations can be referred to the book [4] . 

TBK1 inhibition study with ADP-Glo assay 

In parallel, a homogeneous ADP-Glo assay was developed with 384-
ell format to measure hTTBK1 activity. The enzymatic reactions were
erformed the same way as described above for MMSA, except that the
eactions were stopped by adding 5 𝜇L of ADP-Glo reagent to each well,
ncubate at 25 °C for 1.5 h, and then add 10 𝜇L of kinase detection
eagent to detect ADP production. The percentage of inhibition and the
C50 values were calculated as previous described. 
387 
TBK1 inhibition study with TR-FRET assay 

The inhibitory activity of WHI-P180 was tested with TR-FRET assay,
s developed by Tamara Halkina et al. [12] with minor modifications. In
rief, 1 nM of hTTBK1 and 200 nM LANCE Ultra ULightTM -DNA Topoiso-
erase 2-alpha-Thr1342 Peptide (Perkin Elmer) were added to 384-well
lates pre-dispensed with 100 nL of compound or DMSO. 80 𝜇M of ATP
as added to start the enzymatic reactions. After 150 min of incuba-

ion at 25 °C, quenching and detection solution containing LANCE Ultra
uropium-anti-phospho-DNA Topoisomerase 2-alpha-Thr1342 (Perkin
lmer) and 80 mM EDTA was added to terminate the enzymatic reac-
ions, and plates read with Envision (320 nm for excitation, 615 nm for
mission, 665 nm for 2nd emission). The percentage of inhibition and
he IC50 values were calculated as previous described. 

olecular docking study 

Molecular docking was carried out using the Maestro 12.9.123 soft-
are package. The co-crystal structures of TTBK1 (PDB: 4BTM, resolu-

ion of 2.54 Å) [37] were selected and processed by the Protein Prepa-
ation Wizard including water deletion, addition of missing hydrogen
toms, and adjustment of the tautomerization and protonation states of
istidine. The protein was subjected to Monte Carlo multiple minimum
onformational searches using the OPLS4 force field. The docking grid
as centered according to the ligand position. Other parameters were

et as default. This docking was performed with Glide-docking using
he Standard Precision (GlideSP) algorithm. The final ranking from the
ocking was based on the docking score, and high scoring complexes
ere inspected visually to select the most reasonable solution. 

esults and discussion 

eptide selection for MMSA 

We purified hTTBK1 using the baculovirus expression system and
he protein purity was above 85% as determined by Coomassie Brilliant
lue staining on SDS-PAGE ( Fig. 2 ). We then screened a small peptide

ibrary (our internal peptide library for MMSA, Table S1) and identified
eptide 15 (5 ′ -FAM-KKLNRTLSVA-COOH) as the optimal substrate for
TTBK1. Peptide 3, peptide 15 and peptide 16 with highest conversion
ates were selected to perform kinetic study to calculate their specific
ctivities. The specific activity of hTTBK1 measured at 1 𝜇M peptide
5 and 20 nM hTTBK1 was 1.08 𝜇mol/min/mg ( Table 1 ), much higher
han other peptides except peptide 16 (5 ′ -FAM-KKLRRTLSVA-COOH).
lthough peptide 16 had higher enzymatic rate, it has lower signal to
oise (S/B) than peptide 15 (16.3 vs. 14, Table 1 ). Besides, the topoiso-
erase II peptide used in the TR-FRET assay, FAM-labeled DNA Topoiso-
erase 2-alpha-Thr1342 Peptide (5 ′ -FAM-DEKTDDE-COOH), was syn-

hesized by GL Biochem and its conversion rate was detected at 20 nM of
TTBK1. However, the conversion rate of DNA Topoisomerase 2-alpha-
hr1342 Peptide was lower than that of peptide 15 (9.57% vs . 15.01%)
 Table 1 ). Therefore, peptide 15 was selected for hTTBK1 biochemical
ssay development. 

Michale Bouskila et al. reported a peptide substrate for TTBK2 (iso-
ope assay) [3] . However, there has been no published peptide substrate
ptimal for hTTBK1 biochemical assay so far. Peptide 15 identified here
ight be the first validated hTTBK1 peptide substrate as tested with

nown inhibitors. 
We also applied peptide 15 to a bioluminescence-based ADP-Glo ki-

ase assay and further confirmed with the serially diluted WHI-P180 to
btain a similar IC50 to that generated by MMSA (details described in
he part of “MMSA optimization and validation ”). Therefore, peptide 15
5 ′ -FAM-KKLNRTLSVA-COOH) could be used as the substrate of hTTBK1
n biochemical assays including MMSA and ADP-Glo assay. 
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Table 1 

Peptide selection for MMSA. 

Peptide Conversion (%) a S/B Rate ( 𝜇mol/min per mg) 

20 nM hTTBK1 reaction buffer 

Peptide 1 5.41 ± 1.62 0.82 ± 0.02 6.6 ND 
Peptide 2 7.93 ± 0.26 0.85 ± 0.06 9.3 ND 
Peptide 3 9.25 ± 0.29 0.78 ± 0.02 11.8 0.78 
Peptide 4 2.71 ± 0.06 0.75 ± 0.04 3.6 ND 
Peptide 5 5.05 ± 0.14 0.79 ± 0.05 6.4 ND 
Peptide 6 5.47 ± 0.26 0.69 ± 0.12 8.0 ND 
Peptide 7 7.12 ± 0.14 0.85 ± 0.05 8.3 ND 
Peptide 8 6.00 ± 0.25 0.73 ± 0.01 8.3 ND 
Peptide 9 4.91 ± 0.13 0.83 ± 0.04 5.9 ND 
Peptide 10 2.28 ± 0.05 0.92 ± 0.05 2.5 ND 
Peptide 11 4.84 ± 0.02 0.91 ± 0.06 5.3 ND 
Peptide 12 5.20 ± 0.07 0.67 ± 0.05 7.7 ND 
Peptide 13 6.66 ± 1.20 0.78 ± 0.02 8.6 ND 
Peptide 14 5.60 ± 0.30 0.87 ± 0.01 6.5 ND 
Peptide 15 15.01 ± 0.49 0.92 ± 0.03 16.3 1.08 
Peptide 16 17.54 ± 0.03 1.26 ± 0.04 14.0 1.28 
Peptide 17 4.64 ± 0.18 0.85 ± 0.02 5.5 ND 
Peptide 18 4.79 ± 0.19 0.70 ± 0.03 6.8 ND 
Peptide 19 6.43 ± 1.93 0.83 ± 0.05 7.7 ND 
Peptide 20 8.15 ± 0.39 0.83 ± 0.04 9.8 ND 
Peptide 21 3.84 ± 0.18 1.44 ± 0.09 2.7 ND 
Peptide 22 2.06 ± 0.07 0.78 ± 0.13 2.7 ND 
Peptide 23 5.24 ± 0.23 0.74 ± 0.01 7.1 ND 
Peptide 24 5.24 ± 0.14 0.69 ± 0.06 7.6 ND 
Peptide 25 5.24 ± 0.12 0.69 ± 0.07 7.6 ND 

DNA Topoisomerase 
2-alpha-Thr1342 Peptide 

9.57 ± 0.30 1.59 ± 0.11 6.0 ND 

a . All the results represent the arithmetic mean value ± standard deviation of duplicate data. 

Fig. 2. SDS-PAGE analysis of hTTBK1 (1–343) purified using baculovirus ex- 
pression system. The samples were electrophoresed on a 4–12% Bis-Tris Nu- 
PAGE gel (Invitrogen) and stained with Coomassie Brilliant Blue. Lane 1, 
molecular-weight marker (kDa); lane 2, 0.5 ug of hTTBK1 (1–343); lane 3, 1 
ug of hTTBK1 (1–343); lane 4, 2 ug of hTTBK1 (1–343). 
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MSA optimization and validation 

It was reported that millimolar levels of Mg2 + ions were essential
or hTTBK1 kinase activity [32] , so we titrated Mg2 + firstly (Fig. S1) and
nally MgCl2 was added at 10 mM in the basic kinase buffer (20 mM
EPES, pH 7.5, 0.01% TritonX-100 and 0.01% BSA) as the final reaction
uffer for hTTBK1. A linear dose-response was exhibited when hTTBK1
388 
as titrated in the range of 0.78–12.5 nM with the selected substrate
eptide 15 (r2 = 0.9965, Fig. 3 A). In the kinetic reading mode, the en-
ymatic reaction progression curves were linear for 3 h when the con-
entrations of hTTBK1 were 6.25 nM and 3.13 nM ( Fig. 3 B). The data
howed that several nanomolar of hTTBK1 can be used in MMSA that
anomolar inhibitors can be characterized. The ATP conversion rate and
TP concentrations were fitted to Michaelis–Menten equation (equation
) and the Km 

of ATP was calculated as 13.7 𝜇M ( Fig. 3 C). Therefore,
5 𝜇M of ATP were used for the subsequent kinase inhibitor screening.

As to robustness, the MMSA with Z’ factor of 0.83 and assay win-
ow of 8.7 (ratio of signal to background) was considered excellent for
ompound screening ( Fig. 3 D). DMSO tolerance was also studied and no
ignificant effect was observed with up to 4% DMSO in enzyme reaction
ystem (data not shown). 

WHI-P180 (compound 1 , Figs. 1 and 3 E), an anilinoquinazolines
amily compound, is a multi-kinase inhibitor with IC50 s of 4.5 nM,
6 nM and 4 𝜇M on RET, KDR and EGFR, respectively [ 9 , 25 ]. It was
eported that WHI-P180 could bind with Kd s of 0.46 𝜇M and 0.24 𝜇M
or phosphorylated and nonphosphorylated TTBK1 calculated by sur-
ace plasmon resonance (SPR) [37] . Fig. 3 F shows the IC50 value of
.3 𝜇M for WHI-P180 to inhibit TTBK1 with our optimized MMSA de-
cribed above, which is in agreement with the recent data showing that
HI-P180 can inhibit TTBK1 with IC50 of 4.61 𝜇M [12] . Besides, three

ifferent methods, MMSA, ADP-Glo and TR-FRET, generate IC50 s with
o more than 3 folds variance, which indicates that the peptide 15 could
e used for the subsequent compound screening. In order to make fur-
her validation for compound screening, IC50 of TTBK1-IN-1 (compound
 ) was also tested with MMSA (6.3 nM, Fig S2), which was slightly less
otent than the activity reported in the literature (2.7 nM) [12] . 

Staurosporine, a pan kinase inhibitor that inhibits most protein ki-
ases through interfering with ATP binding [ 24 , 31 , 34 ], shows no in-
ibitory effect on hTTBK1 activity at concentration up to 200 𝜇M (Fig.
2). The result of staurosporine was surprising given the structural simi-
arity between TTBK1 and other protein kinases [ 18 , 27 ]. But in another
iterature, it was reported that staurosporine did not bind to TTBK1 in a
rystal structure study with TTBK1 and staurosporine, which was further
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Fig. 3. hTTBK1 MMSA optimization and validation. 
A . Titration of hTTBK1 in the assay, 40 𝜇M of ATP; B . Time course of hTTBK1 enzyme reaction, 40 𝜇M of ATP; C . Michaelis–Menten plot for ATP, 10 nM of 

hTTBK1, data were performed in duplicate; D . Performance of MMSA, Z’ was calculated by equation 2 described above, S/B represents signal to background ratio, 
5 nM of hTTBK1, 80 𝜇M of ATP and 2.5 h reaction time; E . The structure of WHI-P180; F . Dose-response curve for WHI-P180 inhibition on hTTBK1 with MMSA, 

ADP-Glo and TR-FRET assays, data were performed in duplicate. 
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onfirmed by TTBK1 activity assay and fluorescent dye-binding thermal
tability assay [18] . 

ilot screening of kinase inhibitor library with MMSA 

A pilot screening of a kinase inhibitor library, with 427 known kinase
nhibitors including 34 FDA approved ones [30] , was performed against
TTBK1 with optimized MMSA, and the pilot screening results of all
he 427 inhibitors were listed in Table S2. A Z’ factor above 0.6 (Table
3) was yielded from each plate, confirming the assay quality remained
igh throughout this pilot screen. 7 compounds showed inhibition above
0% at 10 𝜇M on hTTBK1 ( Table 2 ), which were further studied for their
389 
ose-response characteristics against both hTTBK1 and hTTBK2, and the
tted IC50 s calculated by equation 1 were listed in Table 2 and all the
ose-response curves were listed in Supplementary Information (Fig. S4
nd S5). 

Both daphnetin and AG-18 were EGFR inhibitors with IC50 s of
.67 𝜇M and 35 𝜇M, respectively [ 8 , 38 ], and they showed very weak
nhibitory effect on hTTBK1 and hTTBK2 with IC50 s of more than 25 𝜇M
 Table 2 ). The structure of WHI-P154 is similar to WHI-P180 except for
 3 ‑bromo-4 ‑hydroxyl substitution on the phenyl ring, and it is not sur-
rising that WHI-P154 showed IC50 of 9.17 𝜇M on hTTBK1, close to that
f WHI-P180. And WHI-P154 showed inhibition with IC50 of 26.03 𝜇M
n hTTBK2. 
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Table 2 

Biochemical characterization of 7 compounds selected from a 427-compound kinase inhibitor library. 

Compound 
hTTBK1 hTTBK2 

Structure MOA on hTTBK1 
Inhibition at 10 𝜇M (%) a IC50 ( 𝜇M) a IC50 ( 𝜇M) a Targets 

daphnetin 54.01 22.44 36.56 ND EGFR, PKA, PKC 

AG-18 43.92 29.6 42.8 ND EGFR 

WHI-P154 47.29 9.17 26.03 ND EGFR, JAK3 

AZD5363 58.92 6.92 11.34 Competitive with 
ATP 

AKT1/2/3 

A-674,563 65.98 5.8 3.94 Competitive with 
ATP 

AKT1 

GSK690693 48.32 5.28 1.18 Competitive with 
ATP 

AKT1/2/3 

piceatannol 83.06 5.212 30.9 Non-competitive 
with ATP 

Syk 

a All the results represent the arithmetic mean of duplicate data. 
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Other three hTTBK1 inhibitors yielded in this pilot screening,
amely AZD5363, A-674,563 and GSK690693, showed inhibitory
ffect on hTTBK1 ( Table 2 ) in an ATP competitive manner, with the
ame Vmax values and altered Km 

( Fig. 4 A-F) at different inhibitor
oncentrations. 

AZD5363, A-674,563 and GSK690693 were docked into the TTBK1
rotein binding site by Maestro 12.9.123 software package. The co-
390 
rystal structure of TTBK1 with compound 2 (PDB: 4BTM, resolution of
.54 Å) [37] was selected as the docking protein. From the docking re-
ults, these three compounds enter the ATP pocket ( Fig. 5 A), and form
imilar binding modes to compound 2 , which explains that they are
TP-competitive inhibitors. Besides, A-674,563 and GSK690693 form

wo hydrogen bonds to the hinge region of hTTBK1 (Gln134), while
ZD5363 forms one hydrogen bond with Gln134 ( Fig. 5 B-D), which
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Fig. 4. MOA study of AZD5363 (A, B) , A-674,563 (C, D) , GSK690693 (E, F) and piceatannol (G, H) . All the above data were performed in duplicate. 
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ay explain the lower IC50 of A-674,563 and GSK690693 than that of
ZD5363 ( Table 2 ). 

Piceatannol is a naturally occurring polyphenolic stilbenes that has
reviously been identified as Syk selective inhibitor [28] . It can also
nhibit PKA, PKC, MLCK and CDPK in a dose-dependent manner with
C50 s of 3 𝜇M, 8 𝜇M, 12 𝜇M and 19 𝜇M [35] . In the present study, we
rstly demonstrated that piceatannol exerted significant inhibitory ef-

ect against hTTBK1 and hTTBK2 in a dose-dependent manner ( Table 2 ,
C50 s: 5.2 𝜇M vs . 30.9 𝜇M). The MOA study showed that piceatannol
as a non-ATP competitive inhibitor ( Fig. 4 G-H), which indicated that
iceatannol could prevent ATP from binding with hTTBK1. 
391 
It was reported that the kinase domains of hTTBK1 and hTTBK2
hare 87.5% of identity and 96% of similarity [ 16 , 27 ], which poses a
reat challenge to develop selective hTTBK1 inhibitors in the ATP com-
etitive manner. Piceatannol, identified in our screen as a non-ATP com-
etitive hTTBK1 inhibitor, can serve as a hit compound to further design
nhibitors specifically selective for hTTBK1. 

Piceatannol has many biological activities like anticancer, antioxi-
ant and anti-inflammatory effects [ 17 , 29 ], and possesses high potential
o prevent Alzheimer’s disease [ 7 , 14 ]. Since hTTBK1 has been linked to
D pathology in human [33] , it is possible to speculate that piceatan-
ol can inhibit hTTBK1 to decrease the level of phospho-tau and exert
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Fig. 5. Binding modes of AZD5363, A-674,563 and GSK690693 with TTBK1 (PDB code: 4BTM). 
A . Overlay of three compounds binding with TTBK1; B-D . Binding modes of AZD5363 (in green, B), A674563 (in yellow, C) and GSK690693 (in cyan, D) with 

TTBK1 compared with compound 2 (in white), respectively. All the hydrogen bonds were indicated with green dashed line. 
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ts neuroprotective effect. The true underlying mechanism needs to be
urther explored through in vitro and in vivo assays. The MMSA assay
stablished in our study can be applied to develop selective hTTBK1
nhibitors as tool compounds for studies to explore the relationship be-
ween hTTBK1, tau-phosphorylation and AD pathogenesis. 

onclusion 

In this study, a microfluidics-based mobility shift assay was devel-
ped and validated by testing a small peptide library to identify the
ptimal kinase substrate, and then applied to screen for hTTBK1 in-
ibitors. By using this in vitro assay, seven compounds were identified
rom a commercial 427-compound kinase inhibitor library, of which
ZD5363, A-674,563 and GSK690693 showed inhibitory effect on hT-
BK1 in an ATP competitive manner and piceatannol in a non-ATP com-
etitive manner. Thus, these compounds enlarged hTTBK1 inhibitor set
nd may serve as starting points to discover selective hTTBK1 inhibitors.
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