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Tau proteins play an important role in the proper assembly and function of
neurons. Hyperphosphorylation of tau by kinases such as tau tubulin kinase
(TTBK) has been hypothesized to cause the aggregation of tau and the
formation of neurofibrillary tangles (NFTs) that lead to the destabilization of
microtubules, thereby contributing to neurodegenerative diseases such as
Alzheimer’s disease (AD). There are two TTBK isoforms with highly
homologous catalytic sites but with distinct tissue distributions, tau phosphoryl-
ation patterns and loss-of-function effects. Inhibition of TTBK1 reduces the
levels of NFT formation involved in neurodegenerative diseases such as AD,
whereas inhibition of TTBK2 may lead to the movement disorder spino-
cerebellar ataxia type 11 (SCA11). Hence, it is critical to obtain isoform-
selective inhibitors. Structure-based drug design (SBDD) has been used to
design highly potent and exquisitely selective inhibitors. While structures of
TTBK1 have been reported in the literature, TTBK2 has evaded structural
characterization. Here, the first crystal structure of the TTBK2 kinase domain is
described. Furthermore, the crystal structure of human TTBK?2 in complex with
a small-molecule inhibitor has successfully been determined to elucidate the
structural differences in protein conformations between the two TTBK isoforms
that could aid in SBDD for the design of inhibitors that selectively target
TTBK1 over TTBK2.

1. Introduction

Tau is a multidomain protein that promotes microtubule
stability and assembly for proper neuron function. Hyper-
phosphorylation of tau induces the aggregation of tau,
producing neurofibrillary tangles (NFTs) and microtubule
destabilization and contributing to neurodegenerative
diseases such as Alzheimer’s disease (AD) (Alonso et al,
1994). Phosphorylation of Ser422 on tau has been implicated
in the pathology of AD (Sato et al., 2006). Inhibiting kinases
that phosphorylate Ser422 could thereby modulate tau phos-
phorylation by reducing the levels of NFT formation involved
in neurodegenerative diseases such as AD.

Tau is phosphorylated by the tau tubulin kinases (TTBKs),
which belong to the casein kinase 1 (CK1) superfamily (Sato
et al., 2006; Takahashi, Tomizawa, Sato et al., 1995). The two
TTBK isoforms, TTBK1 and TTBK2, share a highly homo-
logous N-terminal kinase domain (88% identity and 96%
similarity; Ikezu & Ikezu, 2014). Although both TTBK
isoforms phosphorylate tau, their tissue distribution and tau
phosphorylation patterns differ. TTBK1 expression is mainly
limited to the brain, whereas TTBK?2 distribution is ubiquitous
and is observed in multiple tissue types such as placenta, liver,
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Table 1

Macromolecule-production information.

Source organism Human

DNA source Human

Forward primert ATTCTTTTTAAGAAGGAGATATACATATGA
GCGGTCACCACCACCATC

Reverse primert GACTGGCGGCCGGAGACCTTACTACTTCTC
CCAATCGAACGGGTC

Cloning vector N/A

Expression vector pD881

Expression host NEB2523

Complete amino-acid sequence
of the construct produced

MSGHHHHHHSSGVDLGTENLYFQGMSGGGE
QLDILSVGILVKERWKVLRKIGGGGFGE
IYDALDMLTRENVALKVESAQQPKQVLK
MEVAVLKKLQGKDHVCRFIGCGRNDREN
YVVMQLOQGRNLADLRRSQSRGTFTISTT
LRLGRQILESIESIHSVGFLHRDIKPSN
FAMGRFPSTCRKCYMLDFGLARQFTNSC
GDVRPPRAVAGFRGTVRYASINAHRNRE
MGRHDDLWSLEYMLVEFVVGQLPWRKIK
DKEQVGSIKERYDHRLMLKHLPPEFSIF
LDHISSLDYFTKPDYQLLTSVFDNSIKT
FGVIESDPFDWEK

+ Protein-coding regions are underlined.

skeletal muscle, pancreas, heart, testis and brain (Sato et al.,
2006; Takahashi, Tomizawa, Ishiguro et al., 1995; Tomizawa et
al., 2001). TTBK1 has been shown to phosphorylate tau at
Tyr197, Ser198, Serl99, Ser202 and Ser422, while TTBK2
phosphorylates tau at Ser208 and Ser210 (Tomizawa et al.,
2001; Lebouvier et al, 2009; Hanger et al, 1998). Loss of
function of TTBK1 and TTBK?2 also has contrasting results.
Single-nucleotide polymorphisms in TTBK1 in two distinct
genetic populations led to reduced levels of tau phosphoryl-
ation, NFT formation and AD cases, making TTBK1 an
attractive drug target (Vazquez-Higuera et al., 2011; Yu et al.,
2011). However, mutations leading to a truncated and less
active form of TTBK2 have been implicated in the movement
disorder spinocerebellar ataxia type 11 (SCA11; Bouskila et
al., 2011). Thus, inhibitors targeting TTBK1 to treat neuro-
degenerative diseases would require isoform selectivity to
prevent unwanted off-target effects associated with SCA11
through TTBK?2 inhibition.

Structure-based drug design (SBDD) has been successfully
used in the design of highly potent kinase inhibitors with
exquisite selectivity by combining chemical synthesis, activity
assays and structural information (Lovering et al, 2018;
Martin et al., 2012). In the design of selective inhibitors, SBDD
can be very powerful when structures of both the on-target
and off-target exist, and differences in the protein architecture
can guide the design of target-specific inhibitors (Myriantho-
poulos et al., 2013). To date, several TTBK1 crystal structures
have been deposited in the Protein Data Bank (PDB) in the
apo form or complexed with ATP or a small-molecule ligand
(Xue et al., 2013; Kiefer et al., 2014). The crystallization of the
kinase domain of TTBK2 has been reported, but no structure
has been deposited in the PDB (Kitano-Takahashi et al., 2007).
We determined the crystal structure of the kinase domain of
TTBK2 to gain a structural understanding of alternative
conformations that could be targeted as selectivity handles for
the isoforms. Here, we report the generation of the first

TTBK2 crystal structure complexed with the Cdk2 inhibitor
WHI-P180 (compound 1) to 1.75 A resolution.

2. Materials and methods
2.1. Macromolecule production

The TTBK?2 kinase domain (KD) expression plasmid was
constructed as follows: cDNA for human TTBK2 (NP_
775771.3) encoding residues 1-299 was cloned into a modified
low-copy pD881 vector (ATUM Bio) in frame with a TEV
protease-cleavable N-terminal Hisg tag and the introduction of
a co-expression cassette coding for lambda phosphatase
(Table 1). In this modified bicistronic expression plasmid,
expression of the TTBK2 insert is driven by the rhaBAD
(Rhamnose) promoter and that of the lambda phosphatase
insert is driven by the EM7 promoter. The final plasmid was
sequence-verified and transformed into Escherichia coli strain
C2523 (New England Biolabs, USA). A single colony was
picked and grown overnight at 37°C in LB medium supple-
mented with 50 ug ml~! kanamycin. A 1/100th volume of this
overnight culture was inoculated per litre of pre-warmed LB
medium and grown to an OD of 1.0 at 37°C, at which point the
temperature was reduced to 18°C and protein expression was
subsequently induced with 0.2% (v/v) rhamnose. After further
growth for 16 h at 18°C, the cells were pelleted and resus-
pended in buffer A [1x Tris-buffered saline, 20 mM imidazole,
10% glycerol, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP)]
and frozen at —80°C. Cell lysis was initiated by thawing the
cells along with one tablet of EDTA-free protease-inhibitor
cocktail per litre of culture (cOmplete Ultra Tablets, Mini;
Roche, USA) and 5000 U Benzonase nuclease (Millipore
Sigma, USA). The cells were further lysed using a micro-
fluidizer in three passes and clarified by centrifugation at
42 000g for 30 min. The clarified supernatant was mixed with
Ni-NTA agarose resin (Qiagen, USA) and batch binding was
allowed for 18 h on a rotary shaker at 4°C. The Ni-NTA resin
was further washed with buffer A to baseline as monitored by
the absorbance at 280 nm using a UV spectrophotometer.
TTBK2 KD was then eluted using buffer A supplemented with
250 mM imidazole and the elution fractions were analyzed by
SDS-PAGE before pooling the appropriate fractions. TTBK2
KD was further purified using a HiLoad 16/600 Superdex 75
prep-grade gel-filtration column (GE Healthcare, USA)
equilibrated in buffer B [25 mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES), 250 mM NaCl, 10%
glycerol, 5 mM dithiothreitol (DTT) pH 8.0]. TTBK2 KD
eluted as a monomer and was judged to be approximately 95%
pure based on Coomassie staining on SDS-PAGE.

For crystallographic studies of TTBK2 KD the N-terminal
Hisg tag was removed using AcTEV protease (Invitrogen)
added at 100 U per milligram of TTBK2 KD and incubated for
18 h at 4°C. The TTBK2 KD domain was further purified using
a Superdex75 gel-filtration column equilibrated in buffer B
and concentrated to 10 mg ml ™.

The TTBK1 kinase domain (residues 14-312; NP_115927.1)
with an N-terminal TEV-cleavable Hiss tag was expressed

104 Marcotte et al. + Tau tubulin kinase 2

Acta Cryst. (2020). F76, 103—-108



research communications

Table 2
Data-collection and processing statistics for the TTBK2-compound 1
complex.

Values in parentheses are for the outer shell.

Diffraction source X06SA (PXI) beamline, SLS

Wavelength (A) 0.98
Temperature (K) 100
Detector EIGER 16M
Crystal-to-detector distance (mm) 206.15
Rotation range per image (°) 0.25

Total rotation range (°) 180
Exposure time per image (s) 1

Space group P2,2,2,

a, b, c(A) 56.23, 114.68, 118.70
a, B,y () 90, 90, 90
Total No. of reflections 514475

No. of unique reflections 147854

Mosaicity (°) 0.06

Resolution range (A) 50-1.74
Total No. of reflections 514475
No. of unique reflections 147854
Completeness (%) 97.9 (95.4)
Multiplicity 6.6
RyondReree (%) 19.4/23.4
(Llo(D))t 16.75/0.95
CCyp ) 0.99 (0.52)
Overall B factor from Wilson plot (A?) 40.42
R.s.m.d., bond distances (A) 0.016
R.s.m.d., bond angles (°) 1.47
Ramachandran plot

Preferred (%) 97.22

Allowed (%) 2.78

Disallowed (%) 0.4

+ The resolution at which (//o(I)) falls below 2.0 is 1.9 A. The cutoff value for (Ilo(I))
was based on a half-data-set correlation coefficient (CC,,,) cutoff value of 0.5.

using the same lambda phosphatase co-expression protocol
and was purified under similar conditions to TTBK2 KD.

2.2. Crystallization

For crystallization, compound 1 was added to concentrated
TTBK2 KD (10 mg ml™") to a final concentration of 1 mM and
screened for crystallization in several commercially available
crystallization screens (Hampton Research, USA). Crystals
appeared after 24 h in 0.1 M Tris pH 8.5, 10% glycerol, 2.0 M
sodium/potassium phosphate at 4°C. The crystals were
allowed to grow for one week and were cryoprotected by
transferring them to 0.1 M Tris pH 8.5, 20% glycerol, 2.0 M
sodium/potassium phosphate prior to cooling in liquid
nitrogen.

2.3. Data collection and processing

X-ray diffraction data were collected from crystals of
TTBK2 KD with compound 1 on the X06SA (PXI) beamline
at the Swiss Light Source (SLS) facility at the Paul Scherrer
Institut, Villigen, Switzerland and were integrated with XDS
(Kabsch, 2010) and scaled with AIMLESS (Evans, 2011) to
1.75 A resolution (Table 2). A CC,), of 0.5 was used as a cutoff
to determine the highest resolution shell. The crystals
belonged to space group P2,2,2; with two TTBK2 KD
molecules in the asymmetric unit. The molecular-replacement
solution was obtained with Phaser (McCoy et al., 2007) using a
publicly available TTBK1-ATP co-crystal structure (PDB

entry 4btj; Xue et al., 2013) with the P-loop and activation loop
removed and with residues that are nonconserved between the
two isoforms truncated to alanines to reduce model bias. The
model was subjected to several rounds of refinement and
model building using Phenix and Coot (Liebschner et al., 2019;
Emsley et al., 2010). The final model had an Ry, of 19.4% and
an Ryee of 23.44% to 1.75 A resolution, with good geometry as
determined by MolProbity (Table 2). The structure has been
deposited with PDB entry 6u0k.

3. Results and discussion

3.1. E. coli production of TTBK1 and TTBK2 using a lambda
phosphatase co-expression strategy

The human kinase domains (KDs) of TTBK1 (residues 14—
312) and TTBK2 (residues 1-299) were expressed in E. coli
using a lambda phosphatase co-expression strategy, resulting
in yields of 1.3 and 2.5 mg per litre of culture, respectively
(Xue et al., 2013). The two purified TTBK KDs were subjected
to ESI mass spectrometry (ESI-MS) to obtain the intact mass.
The observed molecular masses for both of the TTBK KDs
corresponded to loss of the N-terminal methionine (Supple-
mentary Fig. S1). Higher-molecular-mass species were also
observed for TTBK1 KD corresponding to the addition of a
phosphate (<5%) and a covalently attached AEBSF molecule
(25%). Size-exclusion chromatography indicated that both of
the TTBK KDs eluted as a monomeric species (data not
shown). Thermal denaturation (7,,) analysis by differential
scanning fluorometry (DSF) of the TTBK KDs showed T,

aC helix

Activation loop

Figure 1

Overall structure of the TTBK2—-compound 1 complex with highlighted
structural features (P-loop, 28-32, orange; aC helix, 61-71, cyan; hinge,
95-98, magenta; DFG motif, 163-165, pink; activation loop, 166-188, light
purple).
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Glu306

Figure 2

Intramolecular interactions that are observed in TTBK1 (magenta) but not in TTBK2 (green). (¢) The additional lipophilic interactions formed by Tyr28
of TTBK1 compared with Ile15 of TTBK2. (b) The hydrogen bond between His269 and Arg258 in TTBKI1 that is not observed in TTBK2, where a serine
(Ser256) residue resides at this position. (c) The hydrogen bond made between Glu306 and serine in TTBK1 that is not formed in TTBK2 owing to the

shorter Asp293 side chain at this position.

values of 42.78 and 39.17°C for TTBK1 KD and TTBK2 KD,
respectively (Supplementary Fig. S2).

3.2. Structure of the TTBK2 KD

The structure of TTBK2 KD in complex with compound 1
was solved to 1.75 A resolution with two molecules in the
asymmetric unit. The TTBK2 KD-compound 1 co-crystal
structure shares the typical bilobal fold seen for TTBK1 and
other protein kinases (Fig. 1). The activation loop was built in
an open and extended conformation into the predominantly
a-helical C-lobe in both molecules. At the base of the acti-
vation loop lies a cluster of arginine residues (Arg140, Argl68,
Argl81 and Argl87) forming the phosphate-binding groove
along with Lys58. Phosphate ions from the crystallization
buffer were present in the structure and were built into elec-
tron density in the phosphate-binding groove in both chains.
The placement of anions at this position has also been
observed in TTBK1 structures, as the phosphate-binding
groove is conserved in both TTBK isoforms and is involved in
the recognition of pre-phosphorylated or ‘primed’ substrates

Figure 3
Difference density for compound 1 at 20.

favored by the casein kinase superfamily (Bouskila et al., 2011;
Xue et al., 2013; Cheong & Virshup, 2011).

3.3. Comparison of TTBK1 versus TTBK2 KD structures

To establish a baseline for a structural comparison of the
TTBK kinase domains, we superimposed chain A of our
TTBK2-compound 1 structure with the TTBK1-compound 1
co-crystal structure (PDB entry 4btk; Xue et al, 2013),
resulting in an all-atom r.m.s.d. of 1.2 A. Inspection of the
superposition revealed three additional intramolecular inter-
actions within TTBK1 that were not present in TTBK2. At the
N-terminus, Tyr28 of TTBKI1 covers a hydrophobic patch,
forming several lipophilic interactions with the side chains of
Leu24, Val30 and Phel02. The smaller Ile15 side chain in
TTBK?2 at this position maintains the lipophilic interactions
with the leucine and valine side chains but does not extend far
enough to interact with the phenylalanine (Fig. 2a). In the
C-lobe of TTBK1 two «C helices are held together via a
hydrogen bond between the guanidino group of Arg258 and
the basic N atom of His269. Because the histidine of TTBK1 is
replaced by a serine in TTBK2, this interaction cannot form in
TTBK2 (Fig. 2b). At the C-terminus of TTBK1 a hydrogen
bond is formed between Ser129 and Glu306 in TTBK1 that is
not observed in TTBK2 owing to the shorter aspartic acid
residue at the position of Glu306 in TTBK2 (Fig. 2¢). The
observation of these three additional interactions in TTBK1
correlate with the increased thermal stability (AT, = 3.61°C)
of TTBK1 KD compared with TTBK2 KD observed in our
DSF analysis.

3.4. Compound 1 binds TTBK2 as a type 1'? inhibitor

The electron density for compound 1 confirmed that it was
an ATP competitor bound in the ATP-binding pocket in the
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Phe164

Figure 4

(a) The phenol moiety of compound 1 enters a subpocket in the ATP-binding site of TTBK2 and hydrogen-bonds to Lys50 and Glu64. (b) Phe32 in the
P-loop in the TTBK2-compound 1 crystal structure (green) occludes the entrance to the ATP-binding site compared with TTBK1 (magenta; PDB entry

4btk).

TTBK2 crystal structure (Fig. 3). Compound 1 binds TTBK2
in a state in which both the DFG motif and «C helix are in the
‘in’ or active conformation (Vijayan et al., 2015). The binding
mode shows that the core quinazoline makes a hydrogen bond
to the hinge, while the phenol moiety reaches an additional
subpocket formed by the side chains of Lys50 (the catalytic
lysine), Glu64 (the aC helix), Met94 (the gatekeeper) and
Phel64 (the DFG motif) and hydrogen-bonds to Lys50 and
Glu64 (Fig. 4a). Because compound 1 binds TTBK2 in an
active conformation and accesses the additional subpocket, it
is characterized as a type 1" kinase inhibitor (Shen et al.,
2019).

3.5. Comparison of compound 1 binding for TTBK1 versus
TTBK2

The biochemical activity of TTBK1 and TTBK2 to phos-
phorylate an MBP substrate was inhibited by compound 1
with 1Cs, values of 3.29 and 3.05 uM, respectively (Supple-
mentary Fig. S3), showing equipotent activity between the
isoforms when assay error is attributed. The similar
biochemical potencies and similar binding modes in the crystal
structures (Supplementary Fig. S4) between the two isoforms
were not unexpected owing to the 100% sequence identity
within 6 A of compound 1. Despite the similar binding modes
between the isoforms, the P-loop of TTBK2 folds into the
ribose-binding region, where Phe32 makes a lipophilic inter-
action with the methoxy group of compound 1 (Fig. 4b).

3.6. Structural implications of the TTBK2—compound 1
complex for the design of TTBK1-specific inhibitors

Targeting TTBK1 to treat neurodegenerative diseases
requires isoform selectivity to prevent unwanted off-target
effects associated with SCA11 through TTBK2 inhibition. The
highly homologous kinase domains and identical active sites of
the isozymes make the design of TTBK1-specific inhibitors a
formidable challenge. The structure of the TTBK2-compound
1 complex that we report has a unique P-loop conformation
that narrows the entrance to the ATP pocket in TTBK2
compared with TTBK1 and does not appear to be an artifact
of crystal packing (Supplementary Fig. S5). The ‘compacted’

ATP site in TTBK2 is not observed in the structure of TTBK1
with compound 1 nor in any of the TTBK1 crystal structures in
the PDB. Analogs of compound 1 probing this alternative
conformation would be useful in understanding any potential
influences that targeting this region has on selectivity between
the isoforms.
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