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SUMMARY

Doublecortin-like kinase 1 (DCLK1) is a serine/threo-
nine kinase that belongs to the family of microtubule-
associated proteins. Originally identified for its role in
neurogenesis, DCLK1 has recently been shown to
regulate biological processes outside of the CNS.
DCLK1 is among the 15most commonputative driver
genes for gastric cancers and is highly mutated
across various other human cancers. However, our
present understanding of how DCLK1 dysfunction
leads to tumorigenesis is limited. Here, we provide
evidence that DCLK1 kinase activity negatively regu-
lates microtubule polymerization. We present the
crystal structure of the DCLK1 kinase domain at
1.7 Å resolution, providing detailed insight into the
ATP-binding site that will serve as a framework for
future drug design. This structure also allowed for
the mapping of cancer-causing mutations within
the kinase domain, suggesting that a loss of kinase
function may contribute to tumorigenesis.

INTRODUCTION

Precise regulation of microtubules and their dynamics is critical

to the control of cell growth and cell division. The dynamic

behavior of microtubules requires tight regulation, a process

largely executed by microtubule-associated proteins (MAPs).

Doublecortin-like kinase 1 (DCLK1) was first identified in the

brain (Dijkmans et al., 2010) as a MAP based on the high amino

acid sequence homology (�70%) of its N-terminal domains with

doublecortin (DCX), a protein that plays a crucial role in regu-

lating microtubule dynamics during neurogenesis (Corbo et al.,

2002). The role of DCLK1 in neurogenesis is now well estab-

lished, with potential functional redundancy with DCX in several

cellular processes including neuronal migration, retrograde

transport, neuronal apoptosis, and neurogenesis (Lipka et al.,
1550 Structure 24, 1550–1561, September 6, 2016 ª 2016 Elsevier L
2016; Liu et al., 2012; Mizuguchi et al., 1999; Shu et al., 2006;

Verissimo et al., 2010).

DCLK1 structurally differs from other MAPs by its large multi-

domain organization. The N-terminal region of DCLK1, which in-

cludes a tandem doublecortin domain (DCX1 and DCX2), drives

the microtubule-associating function (Reiner et al., 2006), while

the C-terminal region harbors a serine/threonine kinase domain

that is highly related to a Ca2+/calmodulin-dependent protein 1

(CaMKI) kinase domain, despite lacking the canonical calmod-

ulin-binding site. However, the biological relevance of DCLK1 ki-

nase activity remains unclear. A distinctive feature of DCLK1 is

the presence of a PEST sequence (100 amino acid linker rich

in proline, glutamic acid, serine, and threonine) in between the

tandemDCX domains and the kinase domain that can be subject

to proteolytic cleavage (Burgess and Reiner, 2001) (Figure 1A).

The role of the PEST linker and the kinase domain on microtu-

bule-binding activity has been recently investigated in zebrafish

DCLK1, where deletion of the kinase domain but the presence of

the PEST linker increases microtubule-binding capability (Nag-

amine et al., 2011). However, there is no information about the

structural architecture of DCLK1 or to what extent the human

DCLK1 kinase domain and the PEST linker regulate its microtu-

bule and kinase function.

Recently, evidence has emerged indicating that DCLK1

regulates biological processes outside of the CNS. Whole-

genome sequencing of human gastric tumors identified somatic

missense mutations in DCLK1 in 7%–11% of tumors and copy

number variations in another 1%–3%, collectively classifying

DCLK1 among the top 15 putative driver genes for gastric cancer

(Cancer Genome Atlas Research Network, 2014; Wang et al.,

2014). The pattern of presumed pathological mutations is reflec-

tive of the domain organization of DCLK1, with mutations found

in the DCX1 domain, the PEST linker, and the kinase domain.

Overexpression of DCLK1 has also been reported in renal cell

carcinoma and rectal neuroendocrine tumors (Weygant et al.,

2015; Ikezono et al., 2015). Studies have shown that targeting

DCLK1 expression by small interfering RNA or kinase inhibitors

resulted in decreased expression of epithelial-to-mesenchymal

transition and of markers of pluripotency, as well as significant

reduction of invasive and clonogenic potential of pancreatic
td.
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Figure 1. The Kinase Activity of DCLK1 Regulates its Tubulin Polymerization Activity

(A) DCLK1 domain architecture highlighting the domain boundaries used for this study.

(B–D) Kinase activity toward the CaMK1 derivative substrate is shown as the percentage of ATP used for DCLK1-KD, DCLK1-KD T546E, and DCLK1-KD-D511N

(B), DCLK1-FL, DCLK1-FL T546E, and DCLK1-FL-D511N (C), and DCLK1-FL and DCLK1-aa1-649 (D). Each data point is the mean ± SD of technical duplicates.

(E and F) Tubulin polymerization assay. Tubulin was incubated alone (control buffer ± phosphatase), with paclitaxel, or with purified DCLK1 proteins in the

presence or absence of phosphatase as indicated in the graphs. Each polymerization curvewas derivedwith samples tested in duplicate andwas repeated in two

independent experiments.

See also Figure S1 and Table S1.
cancer and renal cell carcinoma cell lines (Weygant et al., 2015;

Sureban et al., 2014). In addition, inhibition of DCLK1 expression

in colon cancer stem cells through enforced expression of the

microRNA miR-137 suppressed excessive cell proliferation (Sa-

kaguchi et al., 2016). However, our present understanding of

how DCLK1 dysfunction leads to tumorigenesis is limited and

hampered by a lack of structural and functional information.

Here, we present the first X-ray structure of the human DCLK1

kinase domain in complex with an ATP analog and a small-mole-

cule inhibitor. We provide evidence that DCLK1 kinase activity

negatively regulates the capability of DCLK1 to promote tubulin

polymerization, and those human-cancer-derived mutations

located within the kinase domain either alter the catalytic ma-

chinery or impact on the structural integrity of the kinase domain.

In addition, we demonstrate that the published DCLK1 inhibitors

more likely act by decreasing DCLK1 expression, rather than

directly inhibiting the DCLK1 kinase domain, leaving the thera-

peutic effect of directly targeting DCLK1 kinase activity unan-
swered. The high-resolution structure of human DCLK1 kinase

domain presented here will undoubtedly provide a framework

for therapeutic drug design.
RESULTS

DCLK1 Kinase Activity Negatively Regulates Its Tubulin
Polymerization Capability
To define the role of the kinase domain on the overall function

of human DCLK1, we designed several constructs based on

domain conservation across DCLK1 isoforms and sequence

homology with CaMKI (Figures 1A and S3). We obtained soluble

proteins from constructs encoding the full-length protein

(residues 1–729; referred to as DCLK1-FL), the kinase domain

(residues 372–650; referred to as DCLK1-KD) and the tandem

DCX domains, the PEST linker and the kinase domain (residues

1–649; referred to as aa1-649) (Figure S1).
Structure 24, 1550–1561, September 6, 2016 1551



All constructs showed catalytic activity in in vitro kinase as-

says capable of phosphorylating a modified CaMKI peptide

substrate derived from synapsin LRRRLSLANF (Shang et al.,

2003) (Figures 1B–1D). As expected, the catalytic activity was

completely abolished bymutating the conserved catalytic aspar-

tate D511, located within the catalytic loop, to asparagine

(D511N), while the phospho-mimetic T546E mutant that mimics

phosphorylation of the conserved threonine within the activation

loop (A loop) displayed comparable activity to the wild-type (WT)

protein.

To determine whether the kinase activity of DCLK1 affects

microtubule assembly in vitro, we established a tubulin polymer-

ization assay using recombinant DCLK1-FL. While the catalyti-

cally dead mutant D511N was capable of inducing tubulin poly-

merization in vitro, DCLK1-FL WT was lacking such activity

(Figure 1E). To examine if the phosphorylation state of DCLK1-

FL WT influences tubulin polymerization, we added purified

lambda phosphatase in the reaction mix. DCLK1-FL treated

with lambda phosphatase rescued tubulin polymerization activ-

ity to a similar level as the D511N mutant, indicating that phos-

phorylation events occurring on DCLK1 hinder tubulin polymeri-

zation (Figure 1E). We confirmed, using mass spectrometry

analysis of recombinant DCLK1-FL WT, the presence of phos-

phorylated sites in the first 50 residues preceding the DCX1

domain within the linker between the DCX1 and DCX2 domains

and within the PEST linker (Table S1).

In the process of purifying DCLK1-FL, we isolated a stable

cleaved form identified as containing the DCX domains and

the PEST linker (referred to as DCX-PEST) (Figures 1A and

S1). Considering that this cleavage product contained all the do-

mains necessary to induce tubulin polymerization, we tested the

ability of DCX-PEST to promote tubulin polymerization in com-

parison with DCLK-FL. Akin to our observation with DCLK1-FL

WT, the polymerization activity of DCX-PEST required the

presence of lambda phosphatase in the reaction mix, confirming

the inability of phosphorylated DCX-PEST to promote tubulin

polymerization. In addition, DCX-PEST consistently induced

tubulin polymerization with an 8-fold higher rate compared with

DCLK-FL (Figure 1F), supporting earlier observations in zebra-

fish DCLK1 that the C-terminal half of DCLK1, which comprises

the kinase domain and the C-terminal tail, hindered tubulin poly-

merization activity (Nagamine et al., 2011).

To assess the role of the C-terminal tail in tubulin polymeriza-

tion, we tested a C-terminal truncated DCLK1 lacking residues

650–729 and found it consistently resulted in a tubulin polymer-

ization activity 3-fold higher than that of DCLK1-FL WT (Fig-

ure 1F), suggesting that the C-terminal tail plays a role in regu-

lating microtubule polymerization. The dual activity of DCLK1

is therefore likely regulated through an open-close conformation

mechanism driven by conformational change of the C-terminal

tail, in turn dictated by phosphorylation or by binding to interact-

ing partners.

Structure of DCLK1-KD
In order to provide a structural framework to understand

the impact of the somatic mutations on DCLK1 kinase activity,

we crystallized DCLK1-KD in complex with a non-hydrolysable

ATP analog, adenylyl-imidodiphosphate (AMP-PNP). The DCLK-

KD-AMP-PNP crystals diffracted to 1.7 Å resolution in space
1552 Structure 24, 1550–1561, September 6, 2016
group p21 and refined to Rfac and Rfree values of 17.8% and

20.8%, respectively. The asymmetric unit contains twomolecules

associated in a ‘‘head-to-tail, face-to-face’’ arrangement with

root-mean-square deviation (RMSD) of 0.315 Å over 242 Ca

atoms (Figure 2 and Table 1). Overall, the DCLK1 kinase domain

displays all the characteristics of a kinase and crystallizes in an

active-like conformation (DFG-in) despite its A loop being in an

unphosphorylated state. These data are consistent with the

DCLK1 kinase domain being co-expressed in the presence of

lambda phosphatase to improve yield and sample homogeneity.

Interestingly, the A loops of each kinase domain (residues

533–557) participate extensively in the dimer interface (Figures 2

and 3A), adopting a well-ordered conformation (average B factor

16 Å2). In addition, the conformation is stabilized by symmetrical

coordination of a sulfate molecule to Arg510, the conserved

arginine from the catalytic loop HRD motif, and to Thr546 from

the A loops. The sulfate molecule occupies the position of the

phosphate if Thr546 was phosphorylated. As such, the sulfate-

induceddimerizationof theA loopconfers anactiveconformation.

The ‘‘head-to-tail, face-to-face’’ dimer is further stabilized by

an extensive network of interactions between the aC helix of

one molecule and the C-terminal end of the A loop (residues

546–552) of the other molecule (Figure 3B). As a result, each of

the aC helices adopts an unusual extended conformation (Fig-

ure S2A) that is stabilized by a salt bridge interaction between

Arg427andAsp472andAsp475of theaDhelixwithin theC-termi-

nal lobe of the other molecule (Figure 3B). Despite the extended

conformation of the aC helix, the invariant lysine (Lys419) within

the YALK motif of the b3 strand pairs with a conserved Glu436

of the aC helix, orienting the aC helix in an active conformation

(Figure 3B).

Overall, most residues were visible by electron density with the

exception of residues 591–594 in both monomers. The DCLK1-

KD-AMP-PN structure resembles a typical kinase bound to an

ATP analog, with the invariant lysine from the catalytic loop inter-

acting with phosphates and aMg2+ ion coordinated by D533 and

N516. The adenine ring is sandwiched between V404 of the

glycine loop and A417 within the N-domain and L518 of the b7

sheet within the C domain. The hinge region interactions include

hydrogen bond interactions mediated by the backbone of V468

and E466 with the adenine ring. In addition, the ribose sugar

made hydrogen bond interactions with D472 and the backbone

of E515 (Figure 3C). The ATP-binding site showed a clear unbi-

ased electron density for AMP-PN suggesting that the g-phos-

phate of the AMP-PNP was hydrolyzed under the crystallization

conditions, an effect previously reported by others (Ferguson

et al., 2011) (Figure S2B). As expected, the average B factors

at the tip of the glycine loop (D398-F401) are higher (41 Å2)

than the overall average B factors (25 Å2), suggesting flexibility

in this region. The conserved aromatic residue at the tip of the

glycine loop typically makes interaction with the aC helix. How-

ever, in DCLK1 the side chain of F401 is mobile and does not

make any interaction with the aC helix due to its unusual

extended conformation (Figure S2C).

Given that the kinase domain of human DCLK1 has the closest

homology to the kinase domain of human CaMKI (Figure S3), we

compared our DCLK1 structure with the human CaMKI structure

solved in the presence of ATP (PDB: 4FG7) (Zha et al., 2012). The

overall conformation of DCLK1 is very similar to CaMKI with an



Figure 2. DCLK1-KD Overall Structure

The crystal structure of two molecules of DCLK1

within the asymmetric unit in a ‘‘head-to-tail and

face-to-face’’ arrangement. DCLK1 molecules are

shown in gray and cyan; AMP-PN is shown in

magenta; magnesium ions (Mg) are shown in blue;

the activation loop is shown in green; the aC helix

is shown in yellow. The sulfate (SO4) molecule at

the dimer interface is shown in sticks. H-bond in-

teractions are shown in black dashed lines.
RMSD of 1.17 Å over 213 Ca atoms. The C-terminal kinase

domain superposes well with an RMSD of 0.8 Å over 149 Ca

atoms compared with the N-terminal domain with an RMSD of

1.1 Å over 60 Ca atoms. Unlike in the CaMKI structure, where

the A loop and the loop connecting the aC helix to the b3 strand

is disordered, these features are well ordered in DCLK1 and sta-

bilized by extensive interactions at the crystal dimer interface.

While the DCLK1 kinase domain crystallized as an apparent

dimer in both crystal forms, gel filtration experiments indicated

a monomer in solution. To confirm the monomeric state of

DCLK1-KD in solution, sedimentation velocity experiments

were conducted at a protein concentration of 5.0 mg/mL, corre-
Structur
sponding to the concentration used in

crystallization experiments. The resulting

continuous sedimentation coefficient,

c(s), distributions show a single symmet-

rical peak with amodal sedimentation co-

efficient of 2.50 S (Figure 3D). Assuming a

frictional ratio (f/f0) of 1.39, derived from

the best fit to the raw sedimentation

data (Figure S4A), this sedimentation co-

efficient corresponds to a molecular

mass of 33.1 kDa. This value is in close

agreement with the expected DCLK1-

KD monomeric molecular weight of

33.5 kDa, suggesting that the protein is

a monomer in solution. Calculation of

the theoretical sedimentation coefficients

for monomer and the putative dimer of

DCLK1-KD from the crystal structure co-

ordinates yielded values of 2.79 S and

4.45 S, respectively. The experimental

sedimentation coefficient agrees closely

with the modeled parameter for the

monomer, providing further evidence

that the solution structure is monomeric.

Sedimentation velocity experiments us-

ing 0.5 mg/mL DCLK1-KD alone and in

the presence of 0.5 mM AMP-PNP and

1 mM MgCl2 yielded c(s) distributions

comprising single peaks with modal sedi-

mentation coefficients of 2.65 S (Figures

S4B and S4C), again consistent with a

monomeric solution structure. These

data indicated that physical non-ideality

had a small effect on the sedimentation

properties of DCLK1-KD at the higher
concentration of 5.0 mg/mL, and that the presence of AMP-

PNP did not alter the oligomeric structure of the protein.

Effect of Somatic Mutations on Kinase Function
Across all human cancers, a total of 109 amino acid substitutions

have been identified, which cluster within the first 50 residues,

the DCX1 domain, the PEST linker, and the kinase domain (Fig-

ure S5A). The overall distributions of mutations found within the

kinase domain vary substantially between cancer types with less

than 20% in gastric cancers and almost 50% in skin cancer.

To gain further insights into how DCLK1 mutations impact

DCLK1 kinase function, we mapped the 32 kinase domain
e 24, 1550–1561, September 6, 2016 1553



Table 1. Data Collection and Refinement Statistics

DCLK1-KD-AMP-

PNP

DCLK1-KD-NVP-

TAE684

Data Collection

Temperature 100K 100K

Space group p21 p61

Cell dimensions

a, b, c (Å) 56.39, 81.27,

59.61

106.36, 106.36,

157.37

a, b, g (�) 90, 92.1, 90 90, 90, 120

Resolution (Å) 56.35–1.71

(1.74–1.71)

59.83–2.85

(3.00–2.85)

Rpim
a 5.8 (35.1) 9.2 (39.6)

I/s1 9.4 (3.0) 7.3 (2.3)

Completeness (%) 99.9 (99.8) 100 (100)

Total no. of observations 297,540 (14,795) 126,565 (18,707)

No. of unique observations 57,833 (3,013) 23,585 (3,419)

Multiplicity 5.1 (4.9) 5.4 (5.5)

Refinement Statistics

Rfactor (%)b 17.8 18.1

Rfree (%)c 20.8 22.5

No. of atoms

Protein 4,134 4,109

Ligand 54 84

Water 494 47

Ramachandran Plot (%)

Most favored 98 98

Allowed region 2 2

B factors (Å)b

Protein 24.9 39

Ligand 18.1 49.2

RMSD bonds (Å) 0.010 0.008

RMSD angles (�) 1.00 1.455

Values in parentheses refer to the highest-resolution bin.
aRpim = Shkl [1/(N � 1)]1/2 Si j Ihkl, i � <Ihkl> j/Shkl <Ihkl>.
bRfactor = (S j jFoj � jFcj j)/(S jFoj) for all data except as indicated in

footnote c.
c5% of data was used for the Rfree calculation.
mutations reported in the COSMIC database onto the DCLK1-

KD crystal structure (Figure 4A and Table S2). To aid our anal-

ysis, wemapped the critical residues that constitute the catalytic

spine (C-spine) (Val404, Ala417, Leu473, Leu517, Met491,

Val519, Ile576, Leu580) and the hydrophobic regulatory spine

(R-spine) (Leu440, Leu451, His509, Phe534, Aps569) using the

protein kinase A structure as a reference (Kornev et al., 2008)

(Figure 4A). All the mutations were surface exposed with the

exception of L623H and could be grouped into two main cate-

gories based on their likelihood to impact the structural integrity

and/or catalytic activity of the kinase domain (Figure 4B). Thus,

mutations that are likely to affect the catalytic activity of

DCLK1 are those located near or within the R- and C-spines at

the core of the catalytic machinery. For example, Pro446 and

Leu450 located in the loop connecting the aC helix and the b4

strand are likely to be crucial for maintaining a correct positioning
1554 Structure 24, 1550–1561, September 6, 2016
of the aC helix. Likewise, mutation of Glu430, located in the aC

helix, to lysine is also expected to alter the conformation of the

aC helix. Within the ATP-binding site, Asp533 corresponds to

the aspartate from the conserved DFG motif that contributes to

Mg2+ coordination and amutation to glycine is expected to affect

Mg2+ coordination. Similarly, Leu518, located at the base of the

ATP-binding site, is one of the residues that contributes to the

C-spine and a mutation to methionine is expected to alter the

catalytic machinery. Several mutations are located near the cat-

alytic loop (Lys500; not visible in the depicted orientation,

Asn506, Val508) in addition to themutation in the conserved argi-

nine (Arg510) from the catalytic loop HRD motif. An attempt to

generate a recombinant R510H mutant failed, yielding insoluble

proteins. The primary function of the arginine in RD kinases is to

directly interact with one of the A loop phosphorylated sites,

contributing the maintenance of the active conformation. This

is consistent with our structural data clearly showing the involve-

ment of Arg510 in stabilizing the A loop (Figure 3A). It is likely

that the R510H mutant yields a non-functional kinase in vivo.

To further corroborate these in vitro findings, we subcloned

DCLK1-FL WT and an R510H mutant into mammalian expres-

sion vectors and analyzed their expression levels in 293T cells.

In addition, we tested the control phospho-mimetic T546E

mutant known to stabilize the A loop in an active conformation

and the catalytic dead D511N mutant. The expression level of

T546E in 293T cells was slightly increased compared with

DCLK1-FL WT (Figure 4C). These data are consistent with our

in vitro findings showing an increase in the melting temperature

of recombinant T546E by thermal shift assay (TSA), reiterating

that this mutation increases the stability of the core kinase

domain (Figures 4D, S5B, and S5C). In contrast, the expression

level of the R510H mutant in 293T cells was drastically reduced

compared with DCLK1-FL WT, indicative of a decrease in stabil-

ity as seen for recombinant protein. G542D and V547I mutations

found near the A loop are also expected to have significant

impact on the stability of the A loop and consequently on the cat-

alytic activity of DCLK1.

All the other mutations reported may adversely impact the

structural integrity of DCLK1. Notably, residues Gly393 and

Lys405 are located in the b strands connecting the glycine

loop that define the ATP-binding site, with Lys405 forming a

salt bridge with N-terminal Glu378, participating in the mainte-

nance of the structural integrity of the N-lobe. The H522Q,

S526N, and K527N mutations, located near the C-spine,

are also expected to impact the structural integrity of DCLK1.

We confirmed experimentally that while recombinant DCLK1

K527N displays similar kinase activity as DCLK1 WT (Figure 4E),

the kinase domain and full-length K527N mutants showed a 3�C
and 1.5�C lower respective melting temperature than the corre-

sponding WT proteins, indicative of a reduced stability (Fig-

ure 4D). In agreement with the in vitro data, the K527N mutation

yielded an unstable protein in 293T cells, which remained unde-

tectable by immunoblot (Figure 4C). Residue Lys530 located just

before the start of the A loop makes contact with residues of the

hinge region, participating in the maintenance of the structural

integrity of the N-lobe. Nine mutations are located at the base

of the C-terminal lobe (I558T, D592Y, L597P, D607N, F608V,

P611S, E622K, V632A, R635Q) and may highlight a crucial reg-

ulatory interface.



Figure 3. Close-Up Views of the Dimer Interface and ATP-Binding Site

Color Coding as in Figure 2.

(A) Close up of the activation loop involved in the dimer interface interaction.

(B) Close up of the extended conformation of the aC helix and its interaction at the dimer interface.

(C) Close up of the interaction of DCLK1 with AMP-PN. Salt bridge and H-bond interactions are shown in black dashed lines. See also Figure S2.

(D) Sedimentation velocity analysis of DCLK1-KD. Continuous sedimentation coefficient, c(s), distribution for 5.0 mg/mL DCLK1, calculated from the best fit to

sedimentation data, shown in Figure S4.
Collectively, our data strongly indicate that the cancer-derived

mutations located within the kinase domain adversely impact the

structural integrity of the DCLK1 kinase domain and/or lead to a

reduction of its kinase activity. It is likely that many of these mu-

tations thereby alter the ability of DCLK1 to modulate tubulin

polymerization/depolymerization dynamics.

DCLK1 Inhibitor Profiling
While both functions of DCLK1, as a MAP and as a kinase, are

likely to be equally important in driving tumorigenesis, the kinase

domain represents an obvious site to target for drug discovery

efforts. However, the direct impact of targeting DCLK1 kinase

activity with small-molecule inhibitors and its potential effect

on tumor growth remains largely unclear. Two kinase inhibitors

with similar scaffolds (LRRK2-IN-1 and XMD8-92) have been re-

ported to inhibit proliferation of colorectal and pancreatic cancer
xenografts, respectively (Sureban et al., 2014; Weygant et al.,

2015). Using a mouse model of inflammation-associated gastric

cancer (Tebbutt et al., 2002), we also observed a significant

reduction of DCLK1 expression in protein lysates of tumor tis-

sues with LRRK2-IN-1 inhibitor compared with control (Figures

5A and 5B). However, due to the target specificities of these in-

hibitors (Deng et al., 2011), it remains unclear whether the

observed effects on tumors in vivo result from a direct inhibition

of DCLK1 activity. In order to verify the efficacy of LRRK2-IN-1

and XMD8-92 on DCLK1, we tested for the ability of these inhib-

itors to bind purified recombinant DCLK1 using TSA (Murphy

et al., 2014). Addition of 40 mM of LRRK2-IN-1 or XMD8-92 re-

sulted in a marked shift in the melting temperature of DCLK1-

KD and DCLK1-FL by around 8�C and 6�C, respectively, indica-
tive of inhibitor binding (Figures S6A and S6B). The ability of

both LRRK2-IN-1 and XMD8-92 to inhibit kinase activity was
Structure 24, 1550–1561, September 6, 2016 1555



Figure 4. Effect of Somatic Mutations on Kinase Function

(A) Mapping of the somatic mutations on the kinase domain structure. Eachmutation is represented by a sphere, red indicating amutation predicted to impact on

catalytic activity and blue indicating a mutation predicted to impact on structural integrity. The R- and C-spines are shown as molecular surfaces and colored in

orange and green, respectively.

(B) Predicted impact of mutations on kinase domain function.

(C) Anti-DCLK1 immunoblot of 293T cell lysates prepared 48 hr after transfection with constructs encoding either DCLK1 WT (wild-type) or DCLK1 proteins

carrying the indicated mutation. The empty vector lane represents a negative transfection control. GAPDH is used as protein loading control.

(D) Plot representing the difference inmelting temperature between the DCLK1WT andmutants proteins. The Tm for each protein was calculated from themelting

profiles shown in Figure S5.

(E) Kinase activity observed for DCLK1-FL WT and DCLK1-FL-K527N.
confirmed by half maximal inhibitory concentration (IC50) deter-

mination using the ADP-Glo assay. Both compounds were

capable of inhibiting DCLK1–KD and DCLK1-FL with an IC50 of

2.1 and 2.4 mM for DCLK1-KD and 2.9 and 2 mM for DCLK1-

FL, respectively (Figures 5C–5E). Considering that the inhibitory

activity of these compounds on DCLK1 is in the low mM range, it

is unlikely that the therapeutic effect seen is the result of a direct

inhibition of DCLK1 kinase activity. The kinase selectivity profile

of LRRK2-IN-1 has been comprehensively evaluated in vitro with

the top three targets reported to be LRRK2, MAPK7/ERK5, and

DCLK2 (Deng et al., 2011). LRRK2-IN-1 may indirectly affect

DCLK1 expression level through direct inhibition of the MAPK7

pathway (Weygant et al., 2015) by a yet to be determined mech-

anism. Regardless, these data combine to indicate that the

direct impact of targeting DCLK1 kinase activity with conven-
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tional small-molecule inhibitors and its effect on tumor regres-

sion is yet to be fully investigated.

To identify inhibitors with an increased potency against

DCLK1, we screened a library of �400 well-validated kinase

inhibitors using TSA as described above. IC50 values were

determined for the most potent hits (DTm >7�C). Using this

approach, we identified NVP-TAE684 (5-chloro-N-[2-methoxy-

4-[4-(4-methylpiperazin-1-yl)piperidin-1-yl]phenyl]-N0-(2-propan-2-
ylsulfonylphenyl)pyrimidine-2,4-diamine), a described ALK ki-

nase inhibitor (Galkin et al., 2007), displaying an IC50 of

1 mM on DCLK1 (Figures 5D and 5E).

In order to provide a structural framework to guide future

DCLK1 inhibitor design, we crystallized DCLK1 kinase

domain with NVP-TAE684. DLK1-KD-NVP-TAE684 diffracted

to 2.85 Å resolution in space group p61 and refined to Rfac



Figure 5. DCLK1 Inhibitor Profiling

(A) Anti-DCLK1 immunoblot of gastric tumor ly-

sates of gp130FF mice treated for 4 weeks with

the LRRK2-IN-1 (L) or 20% Captisol (V). GAPDH is

used as protein loading control.

(B) Quantification of immunoblot shown in panel A,

showing significant reduction of DCLK1 levels

(normalized to GADPH) in gastric tumors after

LRRK2-IN-1 treatment; n = 3, Student’s t test.

(C and D) Inhibition of the kinase activity of

DCLK1-KD and DCLK1-FL by LRRK2-IN-1,

XMD8-92, and NVP-TAE684 outlined as mean

dose-response curves of technical duplicates.

Results are presented as percentage of inhibition.

IC50 values were determined using the GraphPad

Prism by fitting the data with log(inhibitor) versus

response.

(E) Table summarizing the IC50 values for LRRK2-

IN-1, XMD8-92, and NVP-TAE-684 on DCLK1-KD

and DCLK1-FL.

(F–H) Chemical structure of NVP-TAE-684 (F),

XMD8-92 (G), and LRRK2-IN-1 (H).

See also Figure S6.
and Rfree values of 18.6% and 22.4%, respectively (Table 1).

DCLK1-KD-NVP-TAE684 adopted an identical ‘‘head-to-tail,

face-to-face’’ arrangement with twomolecules within the asym-

metric unit (RMSD of 0.393 Å over 466 Ca atoms) as the DCLK1-

KD-AMP-PN structure despite crystallizing in a non-identical

space group and with different unit cell parameters (Figure 6A).

Similar to DCLK1-KD-AMP-PN, the A loop of each kinase

domain participates in the dimer interface with Arg510 coordi-

nating a sulfate molecule. The ATP-binding site showed an

unbiased density for NVP-TAE684, although weak at the tip of

the piperdinyl-1-methylpiperazine group (Figure S6C). Super-
Structur
position of individual monomers of

DCLK1-KD-NVP-TAE684 and DCLK1-

KD-AMP-PN revealed a high degree

of similarity between the two struc-

tures with the exception of the glycine

loop, which has moved upward in the

DCLK1-KD inhibitor structure to accom-

modate ring C and the isopropylsulfonyl

group of NVP-TAE684 within the ATP-

binding site (Figure 6B). The majority of

the interactions mediated by NVP-

TAE684 are through rings A, B, and C

(Figure 5F). The pyrimidine ring (ring B)

occupied a similar position to the purine

ring of AMP-PN. NVP-TAE684 makes

only one hinge interaction via a hydrogen

bond between the amino nitrogen of

pyrimidine and the backbone of Val468

(Figure 6B). This hinge hydrogen bond

interaction, which is known to form an

anchoring point for inhibitor binding, is

highly conserved in the majority of the

kinase structures solved to date (Xing

et al., 2015). Ring C and the isopropylsul-

fonyl group packed directly underneath
the glycine loop with Gly397 and Val404 making hydrophobic

interactions with ring C. The sulfonyl oxygen of the isopropylsul-

fonyl group is held in place through an intramolecular interac-

tion with the NH group and a direct polar interaction with the

invariant Lys419, while the isopropyl group is oriented such

that it packs against Asp533 from the DFG motif. In addition,

ring A is sandwiched between Ile396 of the glycine loop and

Asp475 of the aC helix making VDW interactions. As such, the

DCLK1-KD-NVP-TAE684 structure offers the first insight into

inhibitor binding within the ATP-binding site and provides a

scaffold for improving inhibitor potency and selectivity.
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Figure 6. DCLK1-KD Structure with an Inhibitor

(A) Superposition of DCLK1-KD-AMP-PN with DCLK1-KD-NVP-TAE684. DCLK1-KD-AMP-PN is shown in gray; DCLK1-KD-NVP-TAE684 is shown in cyan;

AMP-PN is shown in magenta; NVP-TAE684 is shown in yellow; magnesium ion shown as a blue sphere.

(B) Close up of the interaction of DCLK1 with NVP-TAE684. DCLK1-KD is shown in cyan; NVP-TAE684 is shown in yellow; The H-bond and van der Waals in-

teractions are shown in black- and red-dashed lines, respectively.

See also Figure S6.
DISCUSSION

The understanding of the mechanisms that control DCLK1 regu-

lation and the factors contributing to its deregulation in cancer

remains in its infancy. While deregulation of the kinase function

and the microtubule scaffolding function of DCLK1 are likely to

equally contribute to cancer development, the therapeutic

benefit of selectively targeting DCLK1 kinase activity remains

largely elusive.

In this study, we sought to investigate the structure and func-

tion of the DCLK1 kinase domain to guide functional studies and

to provide a framework for drug development. We showed that

the catalytic activity of the DCLK1 kinase domain impairs tubulin

polymerization via phosphorylation events that occur on the first

50 residues, the DCX domains, and the PEST linker. DCLK1 ki-

nase activity is likely to decrease the binding affinity of the

DCX domains to tubulin and to lead to its dissociation. While

further studies will be required to determine which phosphoryla-

tion sites are of functional relevance in vivo, our data suggest that

DCLK1 kinase activity plays a critical role in regulating microtu-

bule dynamics. The microtubule-binding affinity of MAPs (i.e.,

doublecortin, Tau, MARK4) and their subcellular localization is

highly regulated by phosphorylation events and in most cases

phosphorylation negatively affects microtubule binding (Brugg

and Matus, 1991; Lindwall and Cole, 1984; Roder and Ingram,

1991; Schaar et al., 2004; Toriyama et al., 2012).

In addition to phosphorylation-mediated regulation of tubulin

polymerization, our data suggest that the C-terminal tail of

DCLK1 exerts an inhibitory role on tubulin polymerization, indi-

cating a significant degree of cooperativity between the two

functional domains and an auto-regulatory mechanism driven

by conformational switches. Sequence homology between
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CaMKI and DCLK1 shows a high degree of conservation within

the C-terminal tail. The C-terminal tail of CaMKI adopts a helical

conformation and is a regulatory switch, controlling the kinase

function by restraining the aC helix of the kinase domain in an

inactive conformation and blocking the substrate-binding site

(Zha et al., 2012). It is likely that the C-terminal tail of DCLK1

and the PEST linker constitute the main regulatory switches

that control DCLK1 dual function.

The crystal structure of DCLK1 kinase domain offers a unique

opportunity to investigate the functional consequences of the ki-

nase domain mutants. Our analysis clearly indicates that most of

the mutations within the kinase domain will impair its function. In

turn, this is likely to impact on tubulin-dependent mechanisms,

including cell growth and cell differentiation, and deregulation

of these processes may contribute to cancer initiation and/or

progression. For example, the tightly controlled process of cell

division is frequently hijacked by oncogenes and tumor suppres-

sors, such as Aurora kinase or checkpoint kinases 1 and 2,

whose tumorigenic capacity lies in their ability to increase micro-

tubule assembly rates thus leading to aberrant regulation of

mitotic spindle dynamics and associated chromosome mis-

segregation and ultimately aneuploidy, which are both hallmarks

of cancer (Ertych et al., 2014; Tang et al., 2006).

While there seems to be a clear demonstrated benefit in

reducing the level of expression of DCLK1 (Sakaguchi et al.,

2016) (our own result in vivo), the direct contribution of DCLK1 ki-

nase activity to tumorigenesis is unclear and awaits the identifi-

cation of selective inhibitors. The DCLK1-KD structure that we

have solved offers the necessary framework to design com-

pounds with improved potency and selectivity to DCLK1. In

addition, considering that DCLK1 and the LRRK2 kinase share

a similar inhibition profile, our structural data on DCLK1 will



greatly advance the development of potent and selective LRRK2

inhibitors for Parkinson’s disease treatments.
EXPERIMENTAL PROCEDURES

Animals, Reagents, and Treatments

All animal experiments were conducted with the approval of the animal ethics

committees of The Ludwig Institute for Cancer Research and the Walter and

Eliza Hall Institute of Medical Research. Homozygous gp130Y757F/Y757F

knockin mice (gp130FF) have been described previously (Tebbutt et al.,

2002) and were maintained on a pure C57BL/6 genetic background. All mice

were 12–14 weeks old at the commencement of treatment unless otherwise

indicated. Age- and gender-matched mice were housed under specific path-

ogen-free conditions. LRRK2-IN-1 was solubilized in 20% Captisol and mice

were injected intraperitoneally with either 20% Captisol (vehicle) or LRRK2-

IN-1 (100 mg/kg). Injections were performed on Monday, Wednesday, and

Friday for 4 weeks (a total of 12 injections).

DNA Constructs

Full-length human DCLK1 transcript variant 1 (Genbank: NM_004734) was ob-

tained fromOriGene (RC217050) and the coding sequencewas subcloned into

pcDNA3 (Invitrogen) for mammalian expression in 293T cells. Human DCLK1

constructs for protein expression were cloned in pCOLD vector encoding an

N-terminal tobacco etch virus protease cleavage site and an 8XHis tag

(Takara). For introducing individual missense mutations, primers containing

the mutations were designed, and PCR products were cloned in pCOLD vec-

tor. All constructs were verified using Sanger Sequencing (Micromon).

Recombinant Protein Expression and Purification

Human WT full DCLK1 isoform 1 (encoding residues 1–729), truncated DCLK1

constructs (encoding residues 372–649 and residues 1–649), and mutants

were expressed overnight at 16�C for 16–20 hr in Escherichia coli C41(DE3).

For crystallization, proteins were expressed in the presence of lambda phos-

phatase for homogeneity. DCLK1 proteins were purified by Ni2+-affinity chro-

matography and size-exclusion chromatography followed by anion-exchange

chromatography. Isolated proteins were concentrated to 5 mg/mL and flash

frozen in 20 mM Tris (pH 7.5), 200 mM NaCl, 5% (v/v) glycerol, 0.5 mM

tris(2-carboxyethy1)phosphine. See Supplemental Experimental Procedures

for details.

Kinase Activity Assay

Kinase assays were performed using the ADP-Glo Kinase Assay (Promega) in

accordance with the manufacturer’s instructions. A modified CaMKI peptide

derived from synapsin LRRRLSLANF (Shang et al., 2003) was used as an

exogenous substrate and reactions done in a total volume of 25 mL of kinase

buffer (20 mM Tris [pH 7.5], 20 mM MgCl2, 2 mM MnCl2, 1 mM DTT).

DCLK1-FL and DLK1-KD proteins were diluted in the kinase buffer to reach

a final concentration of 3.5 and 6 mM, respectively. Reactions were started

by adding 10 mM ATP and incubated at 30�C for 30 min. Reactions were

stopped by adding 25 mL of ADP-Glo reagent and the percentage of ATP

used was measured. Each reaction was conducted in duplicate.

Tubulin Polymerization Assay

Tubulin polymerization assays were performed using the Microtubule Poly-

merization/Depolymerization Fluorescence Kit (Cytoskeleton) in accordance

with the manufacturer’s instructions. DCLK1 proteins (5 mL at 15 mM) were

added to 50 mL tubulin reaction mix containing Buffer 1 (80 mM PIPES,

2.0 mMMgCl2, 0.5 mMEGTA [pH 6.9], 10 mMfluorescent reporter), guanosine

triphosphate stock solution at 100 mM, and 10 mg/mL tubulin stock solution,

using ratios as described by the manufacturer. Paclitaxel at 3 mMfinal concen-

tration was used as a control of tubulin polymerization. Purified lambda phos-

phatase was added in the reactionmix at a 3:1molar ratio to DCLK1when indi-

cated. Polymerization was measured by excitation at 360 nm and emission at

420 nm. Readings were done every minute in a fluorescence FLUOstar

OPTIMA Microplate Reader (BMG LABTECH). Each condition was tested in

duplicate.
Thermal Shift Stability Assay

Thermal shift stability assays were performed as described previously (Mur-

phy et al., 2014). Briefly, DCLK1 proteins were diluted in 150 mM NaCl,

20 mM Tris [pH 8.0], 1 mM DTT to 2.5 mM final concentration and assayed

with the appropriate concentration of inhibitor in a total reaction volume of

25 mL. SYPRO Orange (Molecular Probes) was used as a fluorescence probe

and detected at 530 nm. The data shown are representative of two indepen-

dent experiments.

Analytical Ultracentrifugation

Sedimentation velocity experiments were performed using an XL-I analyt-

ical ultracentrifuge (Beckman Coulter) equipped with UV/visible scanning

optics. Buffer reference (20 mM Tris [pH 8.0], 150 mM NaCl) and samples

were loaded into 12 mm double-sector cells with quartz windows, and

centrifuged at 50,000 rpm (201,600 3 g) and 20�C using an An-60Ti rotor.

See Supplemental Experimental Procedures for details. Sedimentation ve-

locity data were fitted to a continuous sedimentation coefficient, c(s), distri-

bution model using SEDFIT (Schuck, 2000). The partial specific volume of

DCLK1-KD (0.7377 mL/g), buffer density (1.005 g/mL), and buffer viscosity

(1.021 cP) were calculated using SEDNTERP (Laue et al., 1992). Theoretical

sedimentation coefficients were calculated from the DCLK1-KD crystal

structure coordinates for monomer and dimer by hydrodynamic modeling

under the experimental conditions described above using HYDROPRO

(Ortega et al., 2011).

Crystallization, Structure Determination, and Refinement

DCLK-KD was co-crystallized with AMP-PNP and NVP-TAE684 at 20�C in

0.2 M ammonium sulfate, 30% PEG MME 5000, 0.1 M 2-(N-morpholino)

ethanesulfonic acid (pH 6.5), 2.2 M ammonium sulfate, 2.5% PEG 400,

0.1 M HEPES (pH 7.5), respectively. For the DCLK1-KD-AMP-PNP crystals,

DCLK1-KD was pre-incubated with 1 mM AMP-PNP and 2 mM MgCl2. For

the DCLK1-KD-NVP-TAE684, DCLK1-KD was pre-incubated with 0.3 mM

of NVP-TAE684. Crystals were flash frozen prior to data collection using

glycerol as the cryoprotectant. The data were collected at 100K on the

MX2 beamline at the Australian Synchrotron, processed using iMosflm

(Battye et al., 2011), and scaled using AIMLESS from the CCP4 Suite

(Evans and Murshudov, 2013; Winn et al., 2011). The DCLK-KD-AMP-

PNP data were solved by molecular replacement using PHASER in

CCP4, with human phosphorylase kinase gamma 2 (PDB: 2Y7J) without

the ligand and loop region as a search model. The DCLK-KD-NVP-

TAE684 data were solved using the DCLK-KD-AMP-PNP structure as a

search model. The structures were refined using BUSTER 2.10 (Bricogne

et al., 2016) and Phenix.refine (Afonine et al., 2012). Model building was

carried out using COOT (Emsley and Cowtan, 2004). The ligands were

modeled using the Dundee PRODGR2 server (Schuttelkopf and van Aalten,

2004) or Sketcher within the CCP4 Suite. The overall structures were vali-

dated using MolProbity (Davis et al., 2007). All molecular graphics repre-

sentations were created using PyMOL (The PyMOL Molecular Graphics

System, Version 1.7.4.0, Schrödinger, LLC).

Protein Extraction and Immunoblot Analysis

293T cells were grown in DMEM supplemented with 10% fetal calf serum at

37�C, 5% CO2. For lysate preparation, cells were lysed in RIPA lysis buffer

supplemented with protease and phosphatase inhibitor tablets (Roche).

Protein lysates from gastric tumors were prepared using the TissueLyser II

(QIAGEN) and lysates were separated by SDS-PAGE and transferred to nitro-

cellulose membranes by iBlot (Invitrogen). Immunoreactive bands were de-

tected using anti-DCLK1 specific antibodies (ab31704, ab88484; Abcam)

and anti-GAPDH (G9545; Sigma-Aldrich). Proteins were visualized and quan-

tified using the enhanced chemiluminescence detection system (ChemiDoc

XRS+; Bio-Rad).

ACCESSION NUMBERS

Coordinates have been deposited at the PDB under the following accession

numbers: DCLK1-KD- NVPTAE684 (PDB: 5JZN) and DCLK1-KD-AMP-PNP

(PDB: 5JZJ).
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