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The cross-talk between dynamic microtubules and the cell
cortex plays important roles in cell division, polarity, and migra-
tion. A critical adaptor that links the plus ends of microtubules
with the cell cortex is the KANK N-terminal motif and ankyrin
repeat domains 1 (KANK1)/kinesin family member 21A
(KIF21A) complex. Genetic defects in these two proteins are
associated with various cancers and developmental diseases,
such as congenital fibrosis of the extraocular muscles type 1.
However, the molecular mechanism governing the KANK1/
KIF21A interaction and the role of the conserved ankyrin (ANK)
repeats in this interaction are still unclear. In this study, we pres-
ent the crystal structure of the KANK1�KIF21A complex at 2.1 Å
resolution. The structure, together with biochemical studies,
revealed that a five-helix-bundle– capping domain immediately
preceding the ANK repeats of KANK1 forms a structural and
functional supramodule with its ANK repeats in binding to an
evolutionarily conserved peptide located in the middle of
KIF21A. We also show that several missense mutations present
in cancer patients are located at the interface of the
KANK1�KIF21A complex and destabilize its formation. In con-
clusion, our study elucidates the molecular basis underlying the
KANK1/KIF21A interaction and also provides possible mecha-
nistic explanations for the diseases caused by mutations in
KANK1 and KIF21A.

Cell migration plays a crucial role in diverse cellular pro-
cesses, including embryonic development, immune response,

tissue remodeling, and angiogenesis (1–3). Directional cell
migration requires tightly coordinated cellular morphological
changes and dynamically regulated assembly/disassembly of
integrin-based focal adhesions (FAs)4 (3–5). Malfunction of cell
migration can lead to inflammatory diseases, psychiatric disor-
ders, and cancers (1, 2, 6).

Increasing evidence supports the importance of the microtu-
bule (MT) networks in spatial and temporal control of turnover
of FAs by serving as tracks for the exocytosis/endocytosis of
specific vesicles/proteins required for adhesion functions
(7–10). The search-and-capture model has been proposed, in
which the MTs dynamically probe the intracellular space of
cells and are captured and stabilized by specific interactions
between the plus ends of MTs and cell cortices at the cell-cell
adhesions and FAs (8, 11, 12). A variety of plus-end–tracking
proteins (�TIPs), including the cytoplasmic linker proteins
(CLIPs), the CLIP-associating proteins (CLASPs), adenoma-
tous polyposis coli, etc., have been implicated in linking MTs to
cell cortices (13–18). Specifically, CLASPs anchor MTs to the
cell cortex by simultaneously binding to the MT plus-end–
tracking protein EB1 and the cortical phosphoinositide-bind-
ing protein LL5� (19). Notably, the CLASP�LL5� complex,
together with liprin-�/� and ELKS, forms the core plasma
membrane–associated platforms for cortical MTs attachment
(20, 21).

Recently, the KANK1�KIF21A complex has emerged as
another key adaptor mediating the cross-talk between MTs and
cell cortices (20 –22). KANK1, a member of the KANK family of
proteins (KANK1/2/3/4), was originally identified as a tumor
suppressor for renal cell carcinoma (23–25). KANK1 has been
shown to be an important regulator of cell polarity and migra-
tion via modulating the Rho GTPase signaling pathway (26 –
29). Mutations of the KANK family of proteins have been asso-
ciated with congenital cerebral palsy, nephrotic syndrome, and
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various cancers (23, 28, 30). KANK1 contains a KANK N-ter-
minal (KN) motif, the central coiled-coil domains, and the
C-terminal ankyrin (ANK) repeats. KANK1 can bind to liprin-
�/� via the central coiled-coil domains, which links KANK1 to
the core cortical MT stabilization complexes (20, 31). KANK1
further recruits the kinesin-4 member KIF21A to the cell cortex
through its ANK repeats (20, 32). KIF21A is an inhibitor of MT
polymerization and prevents MT growth at the cell margin (20).
Interestingly, KIF21A adopts a closed conformation with the
motor activity blocked by the central coiled-coil regions (20).
The congenital fibrosis of the extraocular muscles type 1
(CFEOM1)-associated mutations of KIF21A (e.g. R954W)
relieve its autoinhibited structure, thus not only making
KIF21A constitutively active at the plus ends of MTs but also
leading to the abnormal accumulation of KANK1�KIF21A com-
plex at the cell cortex, which is expected to interfere with the
normal MT– cell cortex cross-talk (20, 32). Accordingly,
destruction of the dynamic MT organization and proper
MT– cell cortex connection may contribute to CFEOM1
pathogenesis. Most recently, the KANK1�KIF21A complex
has been associated with the regulation of the cross-talk
between MTs and FAs via the binding of the KN motif of
KANK1/2 to the key FA protein talin (33, 34). Therefore, the
KANK1�KIF21A complex mediates diverse signaling path-
ways linking MTs with cell adhesions.

Given the critical roles of the KANK1�KIF21A complex both
in assembly of the MT– cell cortex macromolecular complexes
and etiologies of developmental diseases and cancers, it is
important to elucidate the mechanistic basis governing the
interaction between KANK1 and KIF21A. In this work, we
characterize the KANK1/KIF21A interaction in detail. The
high-resolution crystal structure of the KANK1�KIF21A com-
plex solved here reveals that the highly conserved fragment
immediately preceding the ANK repeats of KANK1 adopts a
folded domain structure and directly interacts with its ANK
repeats, forming a structural and functional supramodule capa-
ble of specifically binding to an evolutionarily conserved peptide
fragment located in the middle of KIF21A. We further show that
mutations in KANK1 and KIF21A present in cancer patients
destabilize or even eliminate the complex formation of the two
proteins, thus providing possible mechanistic explanations for the
diseases caused by the mutations of the two proteins.

Results

The interaction between KANK1 and KIF21A

KANK1 recruits KIF21A to cell cortex by binding to a 38-a-
mino acid (aa) fragment in the middle of KIF21A (aa 1142–
1180; human KIF21A: NP_001166935) through its ANK
repeats (20) (Fig. 1A). We first confirmed the KANK1/KIF21A
interaction by showing that a KANK1 fragment (aa 1081–1360,
NP_852069; referred to as the KANK1 ANK domain), com-
posed of several ANK repeats and an extended fragment N-
terminal to the ANK repeats, binds to a fragment of mouse
KIF21A (aa 1127–1169, NP_001102512), which covers the pre-
viously discovered 38-residue sequence of human KIF21A with
a Kd value of �0.22 �M (Fig. 1B). Using a truncation-based
approach, a 19-residue fragment of KIF21A (aa 1138 –1156;

referred to as the KANK1-binding domain (KBD)) was suffi-
cient to bind to the KANK1 ANK domain (Kd �0.58 �M) (Fig. 1,
B and C). Further deletion of the KIF21A KBD at its C terminus
(aa 1138 –1148) showed no detectable binding to the KANK1
ANK domain (Fig. 1B). We further demonstrated that the
KANK1 ANK domain and the KIF21A KBD form a stable 1:1
stoichiometric complex in solution (Fig. 1D).

Crystal structure of the KANK1�KIF21A complex

To understand the mechanistic basis of the KANK1/KIF21A
interaction, we solved the crystal structure of the KANK1 ANK
domain in complex with a synthetic KIF21A KBD peptide at 2.1
Å resolution using the molecular replacement method (Table
1). Each asymmetric unit contains one complex with 1:1 stoi-
chiometry that is consistent with our biochemical analysis
(Figs. 1D and 2A).

In the complex structure, the KANK1 ANK domain contains
five ANK repeats with the typical helix-turn-helix conforma-
tion (Fig. 2, A and B). Interestingly, a capping domain immedi-
ately preceding the ANK repeats adopts a compact helix bundle
structure composed of five �-helices (Fig. 2 (A and B) and Figs.
S1 and S2). To the best of our knowledge, this is the first case
where a folded domain functions as a capping structural ele-
ment for ANK repeats. We performed a homologous structure
search using the DALI server (35). No homologous structure
was found during the search. Further amino acid sequence
alignment analysis of the capping domain from the KANK fam-
ily of proteins reveals that both the secondary structure and the
residues forming the hydrophobic core of the capping domain
are highly conserved (Figs. S1 and S2), implying that all mem-
bers of the KANK family of proteins contain a similar capping
domain before their ANK repeats. The crystal structure of the
KANK2 ANK domain has been deposited as part of a Structural
Genomics Consortium project (PDB entry 4HBD), with no
associated publication. We superposed the ANK domains of
KANK1 and KANK2 and found that the ANK domain of
KANK2 has an architecture similar to that of KANK1 (Fig. 2C).

The KIF21A KBD peptide adopts two short �-helices con-
nected by a short loop and occupies the elongated concave
groove formed by the inner �A helices and finger-like hairpin
loops (finger loops) connecting two consecutive ANK repeats
of KANK1 (Fig. 2, A and B). It should be noted that the first
finger loop connects the capping domain and the first ANK
repeat of KANK1 (Fig. 2, A and B). The electron densities of the
residues of the KIF21A peptide are clearly defined in the com-
plex (Fig. 2D).

The interface of KANK1�KIF21A complex

The interaction interface between KANK1 ANK and KIF21A
KBD can be arbitrarily divided into two regions based on the
interaction property: 1) the polar interaction site and 2) the
hydrophobic interaction site (Fig. 3, A–C). The binding in site I
is mainly mediated by the hydrogen-bonding interactions and
the electrostatic interactions (Fig. 3A). For example, the side
chain of Arg-1143KIF21A forms salt bridges with the side chains
of Glu-1284KANK1 and Asp-1306KANK1 and forms a hydrogen
bond with Ser-1276KANK1. The side chain of Glu-1284KANK1, in
turn, interacts with the side chain of Arg-1144KIF21A, which is
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further stabilized by the intramolecular hydrogen-bonding
interaction between Arg-1144KIF21A and Asn-1140KIF21A (Fig.
3, A and C). In addition, the side chain of Asp-1308KANK1 inter-

acts with the side chain of Lys-1141KIF21A; the side chain of
His-1285KANK1 forms a hydrogen bond with the side chain of
Thr-1146KIF21A. Consistent with the interactions observed in

Figure 1. Characterization of the interaction between KANK1 and KIF21A. A, schematic diagram showing the domain organizations of KANK1 and KIF21A.
The interaction between KANK1 and KIF21A is indicated by a two-way arrow. Talin, liprins, and IRSp53 bind to the KN domain and the coiled-coil domain of
KANK1, respectively. The middle coiled-coil domain forms an intramolecular interaction with the motor domain of KIF21A. CFEOM1-causing mutants (e.g.
R954W, indicated by a red asterisk) would release the autoinhibited conformation of KIF21A. B, mapping the KANK1/KIF21A interaction via ITC-based mea-
surements. n.d., not detectable. C, ITC assay showing that the KBD of KIF21A bound with the ANK domain of KANK1 with a Kd value of �0.58 �M. D, analytical
gel filtration analysis showing that KANK1 ANK and KIF21A KBD form a 1:1 stoichiometric complex. SDS-PAGE analysis of the protein components from the
eluted peaks (12–16 ml) is also shown. mau, milliabsorbance units.
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the complex structure, mutations that disrupt these polar inter-
actions weakened or even abolished the KANK1/KIF21A inter-
action (Fig. 3, E and F).

Several key residues (i.e. Thr-1147, Leu-1152, Leu-1153, and
Tyr-1154) at the C-terminal half of the KIF21A KBD peptide
contact with the hydrophobic patch formed by Tyr-1176, Met-
1209, Leu-1210, Leu-1213, and Leu-1248 from KANK1 (Fig. 3,
B and C). Substitution of Tyr-1176KANK1 or Leu-1248KANK1
with Asp totally disrupted the interaction (Fig. 3E). Recipro-
cally, either the L1152D or the L1153A mutant of the KIF21A
KBD peptide eliminated its binding to the KANK1 ANK
domain (Fig. 3F).

Importantly, all of the residues that contribute to the inter-
action are absolutely conserved in KANK1 and KIF21A from
different species (Fig. 3D and Fig. S1), implicating the indispens-
able functions of the KANK1/KIF21A interaction throughout
the evolution. To confirm that binding of KIF21A is a common
feature among all of the KANK family proteins, we performed
careful sequence analysis of KANK1– 4 ANKs. We noticed that
the ANK domain of KANK2 has essentially the same KIF21A
KBD– binding residues as that of KANK1 (Fig. S1), indicating
that the KANK2 ANK domain may also bind to KIF21A. Satis-
fyingly, the KIF21A KBD peptide bound to KANK2 ANK with
an affinity comparable with that for its binding to KANK1 ANK
(Fig. 4A). However, the residues corresponding to those
involved in the KIF21A binding of KANK1/2 ANKs include
some variations in KANK3/4 ANKs (Fig. S1). In line with this
observation, the ANK domains of KANK3 and KANK4 dis-
played no detectable binding to the KIF21A KBD peptide (Fig.

4, B and C). Collectively, these data confirm the prediction from
the structural analysis that only KANK1 and KANK2 are capa-
ble of binding to KIF21A.

The capping domain is essential for the KANK1/KIF21A
interaction

An interesting structural feature revealed by the complex
structure is that an �-helical capping domain couples tightly
with the ANK repeats of KANK1 (Fig. 5A). The first finger loop
connects the �3-�5 of the capping domain and the �1A-�1B of
the first ANK repeat (ANK1) of KANK1 (Figs. 2A and 5A). The
coupling interface is mainly mediated by the hydrophobic
interactions (e.g. Trp-1130, Val-1144, and Ile-1148 from �3-�4
of the capping domain; Ile-1185, Leu-1188, and Leu-1189 from
�1B of the ANK1) (Fig. 5, A and B). In addition to the hydro-
phobic packing interface, several polar interactions also con-
tribute to the capping domain/ANK repeats (CAP/ANK) inter-
action. For example, the side chain of Asn-1182 forms a
hydrogen bond with the main chain of Gln-1136; the main
chain of Ser-1135 forms a hydrogen bond with the side chain of
His-1180 (Fig. 5B). Intriguingly, the residues involved in the
domain coupling are conserved in the KANK family of proteins
(Fig. S1), suggesting that the stable folding of the CAP-ANK
tandem is a common feature for all of the KANKs.

Given that the KANK1/KIF21A interface is remote from the
CAP/ANK coupling site, one would expect that the capping
domain is not directly required for KANK1 to bind to KIF21A.
However, the ANK repeats of KANK1 alone showed a �110-
fold lower binding affinity to the KIF21A KBD peptide (Kd
�64.9 �M) compared with that of the intact ANK domain of
KANK1 (Figs. 1C and 5C). Moreover, the CAP domain of
KANK1 was insoluble when expressed alone (data not shown),
suggesting that the CAP domain may structurally couple with
the ANK repeats of KANK1 and provide overall stability of
KANK1 ANK domain. Taken together, these data implied that
the CAP domain and the ANK repeats of KANK1 form into a
structural and functional supramodule in binding to KIF21A.

Functional implications of the disease-causing mutations in
the KANK1/KIF21A interface

A collection of evidence shows that loss of function of the
KANK family of proteins has been implicated in various carci-
nomas and other diseases, including obsessive-compulsive dis-
order, cerebral palsy, and nephrotic syndrome (23, 28, 36).
Likewise, several missense mutations or deletions in KIF21A
have been reported in the patients with CFEOM1, a severe neu-
ronal developmental disease (37–39). Moreover, point muta-
tions of KIF21A are also implicated in the pathogenesis of var-
ious cancers (40 –42). The complex structure solved here
provides insights into the mechanistic basis of the diseases
caused by these mutations.

Notably, all of the CFEOM1 mutations cluster within the
motor domain or the predicted coiled-coil domains preceding
the KBD domain of KIF21A. Thus, these mutations are unlikely
to affect the KANK1/KIF21A interaction. A total of five mis-
sense mutations involving four residues are located at the inter-
face of the KANK1�KIF21A complex. For example, the R1143Q
and R1143P mutations of KIF21A were found in the patients

Table 1
Data collection and refinement statistics
Numbers in parentheses represent the value for the highest resolution shell. RMSD,
root mean square deviation.

Data collection and processing
Source SSRF-BL19U1
Wavelength (Å) 0.97538
Space group P212121
Unit cell

a, b, c (Å) 35.513, 51.958, 136.984
�, �, � (degrees) 90, 90, 90

Resolution range (Å) 50.00–2.10 (2.14–2.10)
No. of unique reflections 14,123 (484)
Redundancy 4.3 (2.5)
I/� (I) 11.3 (2.0)
Completeness (%) 92.2 (65.2)
Rmerge (%)a 10.4 (42.2)
Wilson B 27.1

Structure refinement
Resolution (Å) 41.39–2.11 (2.19–2.11)
Rwork

b/Rfree
c (%) 18.04 (20.93)/24.56 (26.20)

RMSD bonds (Å)/angles (degrees) 0.013/1.21
No. of reflections

Working set 12,160 (553)
Test set 601 (25)

No. of protein atoms 2048
No. of solvent atoms 98
Average B factor protein/peptide (Å2) 32.64/33.30
Ramachandran plot (%)

Most favored regions 97.4
Additionally allowed 2.6
Generously allowed 0

a Rmerge � ��Ii � Im�/�Ii, where Ii is the intensity of the measured reflection, and
Im is the mean intensity of all symmetry-related reflections.

b Rcryst � ��Fobs� � �Fcalc�/��Fobs�, where Fobs and Fcalc are observed and calculated
structure factors.

c Rfree � �T�Fobs� � �Fcalc�/�T�Fo�, where T is a test data set of about 5% of the
total reflections randomly chosen and set aside before refinement.
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with colorectal adenocarcinoma and head and neck squamous
cell carcinoma, respectively (40 –43). In the complex structure,
the side chain of Arg-1143KIF21A forms hydrogen-bonding and
charge-charge interactions with the side chains of Ser-
1276KANK1, Glu-1284KANK1, and Asp-1306KANK1 (Figs. 3A and
6A). The R1143Q and R1143P mutations would disrupt the
polar interaction network observed in the complex structure.
As expected, either the R1143Q or the R1143P mutant of the
KIF21A KBD peptide abolished its binding to the KANK1 ANK
domain (Fig. 6B). Moreover, the Y1176C mutation of KANK1
was found to associate with skin cutaneous melanoma (43).
Tyr-1176KANK1 is involved in the hydrophobic interactions
between KANK1 ANK and KIF21A KBD (Figs. 3B and 6A).
Substitution of Tyr-1176KANK1 with Cys would weaken these
hydrophobic interactions, thus disturbing the formation of the
KANK1�KIF21A complex. Indeed, the Y1176C mutant of
KANK1 ANK showed impaired binding to the KBD peptide
of KIF21A (Fig. 6B). To our surprise, the R1254W mutation of

KANK1 found in the patients with stomach adenocarcinoma
showed a decreased binding affinity toward KIF21A compared
with the wild-type protein (Fig. 6B). The Arg-1254 from �3B of
KANK1 is not localized at the interface of the KANK1�KIF21A
complex. However, the side chain of Arg-1254KANK1 forms an
intramolecular hydrogen bond with the main chain of Ala-1214
from �2A of KANK1 (Fig. 6A). Substitution of Arg-1254KANK1
with Trp may induce the structural instability of the ANK
domain of KANK1, thus weakening the formation of the
KANK1�KIF21A complex. Given the high similarities of
sequence and KIF21A-binding property between KANK1 and
KANK2, our structure also provides the possible mechanistic
basis of the mutation of KANK2 (S676F) in patients with
nephrotic syndrome (28). The main chain instead of the side
chain of Ser-1179KANK1 (equivalent to Ser-676 in KANK2)
forms a hydrogen bond with the side chain of Gln-1149KIF21A
(Fig. 6A). Therefore, the substitution of Ser-676 with Phe is not
expected to affect the KANK2/KIF21A interaction signifi-

Figure 2. Overall structure of the KANK1�KIF21A complex. A and B, ribbon diagram (A) and cylinder (B) representations of the KANK1�KIF21A complex
structure. In the drawing, the capping domain and ANK repeats of KANK1 are shown in light blue and orange, respectively. The KBD peptide of KIF21A is shown
in green. C, superposition of the structures of the KANK2-ANK (PDB entry 4HBD, light blue) and the KANK1�KIF21A complex (this work). D, omit map of the KIF21A
KBD peptide bound to KANK1 ANK. The map is countered at the level of 1.0 � in PyMOL.

Structure of KANK1�KIF21A complex
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cantly. Indeed, the S676F variant of KANK2 showed a similar
binding affinity toward KIF21A compared with the wild-type
KANK2 (Figs. 4A and 6B). Thus, our structural and biochemical
analyses suggest that the nephrotic syndrome-causing muta-
tion in KANK2 is not likely to disturb the KANK2/KIF21A
interaction, but instead interferes with the binding(s) of
KANK2 to other target(s).

Potential regulation of the KANK1/KIF21A interaction by
phosphorylation

How is the KANK1�KIF21A-mediated MT– cell cortex
cross-talk regulated? We noted with extreme interest that the
KIF21A KBD bears several conserved typical phosphorylation

sites for the protein kinases, such as PKA, Akt, and CaMKII (44)
(Fig. 7A). Based on the complex structure, all of these potential
phosphorylation sites (i.e. Thr-1046, Thr-1047, and Thr-1048)
are exposed to the solvent and available for possible phosphor-
ylations. Satisfyingly, all of the phosphomimicking mutants of
KIF21A (i.e. T1046E, T1047E, and T1048E) showed largely
decreased bindings to KANK1 (Fig. 7, B–D), implying that phos-
phorylation of each of these three sites would impair the
KANK1/KIF21A interaction. Notably, KANK1 was shown to be
phosphorylated by Akt and involved in the negative regulation
of cell migration through inhibiting Rho signaling pathway (26).
It is tempting to speculate that the phosphorylation-dependent
regulation of the KANK1/KIF21A interaction may provide a

Figure 3. Detailed interface of the KANK1�KIF21A complex. A and B, the KANK1/KIF21A interface is divided into two sites corresponding to site I (the polar
interaction site) (A) and site II (the hydrophobic interaction site) (B). The interaction details between KANK1 and KIF21A in two sites are shown in stereo view. C, the
combined surface and ribbon representations of the KANK1�KIF21A complex. The hydrophobic residues, positively charged residues, and negatively charged residues
of KANK1 are colored yellow, blue, and red, respectively. D, structure-based sequence alignment of the KBD peptide of KIF21A from different species. In this alignment,
the absolutely conserved and conserved residues are colored red and green, respectively. Residues involved in binding to KANK1 are annotated below as blue dots. E and
F, summary of ITC-based measurements of binding affinities between wild type or mutants of KANK1 ANK and KIF21A KBD. n.d., not detectable.

Structure of KANK1�KIF21A complex
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switch to the dynamic MT– cell cortex cross-talk. Future stud-
ies are required to validate whether such a switch is indeed
employed in the physiological environments and, if so, which
kinase(s) is involved in the phosphorylation of KIF21A.

Discussion

A variety of scaffold proteins play crucial roles in the cross-
talk between dynamic MTs and cell adhesions, a process that is

critical for cell division, polarity, and migration. In the symmet-
ric/asymmetric cell divisions, the evolutionarily conserved
LGN�NuMA complex functions as a bridge linking the cortical
polarity cue(s) (e.g. the Par complex, Discs large, cell adhesion
molecules, lipids, etc.) with the astral MTs, thus facilitating the
proper spindle orientation of cell divisions (45–47). The most
remarkable adaptors between MTs and the cortical membrane
are the �TIPs that are tracked at the plus ends of MTs mainly

Figure 4. The binding specificities of KANK family proteins to KIF21A KBD. A–C, ITC-based measurements of binding affinities between the KIF21A KBD
and the ANK domains from the KANK family proteins, KANK2 (A), KANK3 (B), and KANK4 (C). n.d., not detectable.

Figure 5. The capping domain is essential for the intact KANK1/KIF21A binding. A, the combined surface and ribbon representations of the coupling
interface between the capping domain and the ANK repeats of KANK1. B, stereo views of the molecular details of the capping domain/ANK repeats interface.
C, ITC assay showing that the ANK repeats alone bound to the KIF21A KBD peptide with a Kd value of �64.9 �M.

Structure of KANK1�KIF21A complex
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via their bindings to the end binding (EB) family of proteins.
The �TIPs, in turn, bind to the core cortical attachment
LL5��ELKS�liprin-�/� complex. A recent study demonstrated
that the tumor suppressor KANK1 co-clusters with the liprin-
�/� and LL5�-containing cortical MT attachment complexes
at the cell periphery (20). The MT growth inhibitor KIF21A
is further recruited to the cell cortex by KANK1, forming
the MTs-KIF21A�KANK1-cell cortex axis. Most recently,
KANK1/2 was shown to associate with the integrin-activating
protein talin at the FAs, leading to the connection between MTs
and FAs (33, 34). It should be noted that depletion of KIF21A
had no impact on localization of KANK1, whereas the cortical
localization of KIF21A absolutely depended on KANK1 (20). In
line with these observations, KANK3 and KANK4, which did
not bind to KIF21A, still localized at the FA belts (34) (Fig. 4).

An interesting discovery of this work is that, unlike the com-
mon capping sequence of ANK repeats, which forms into a

single �-helix, the capping sequence of KANK1 ANK repeats
adopts a compact five-helix bundle structure. We further dem-
onstrated that the capping domain is tightly coupled with the
ANK repeats of KANK1 and essential for the intact KANK1/
KIF21A interaction (Fig. 5). It is possible that the structural and
functional supramodule assembly between the ANK repeats
and a folded domain (e.g. the CAP domain in KANK1) may also
exist in other ANK repeat-containing proteins. Therefore, the
diverse capping sequences N- or C-terminal to the canonical
ANK repeats would provide further binding specificity toward
distinct targets.

Several missense mutations of KANK1 and KIF21A were
reported in patients with various cancers and other diseases
(Fig. 6). Here, we demonstrated that these cancer-related vari-
ants weakened or even disrupted the KANK1/KIF21A interac-
tion in vitro (Fig. 6). Future work is required to investigate
whether these disease-causing mutations interfere with the
MT– cell cortex cross-talk and then affect the regulations of
cell polarity and migration in vivo. Interestingly, all of the
CFEOM1-causing mutations locate at the motor domain or the
coiled-coil domains rather than the KBD domain of KIF21A.
Several CFEOM1-associated substitutions (e.g. R954W) would
relieve the autoinhibition of KIF21A and lead to enhanced
motor activity, suggesting that CFEOM1 pathology is due to a
gain of function of KIF21A (20, 37). Therefore, the small KBD
peptide of KIF21A derived from this work may provide a valu-
able tool to evaluate the function of the CFEOM1-causing
enhanced KANK1/KIF21A interaction in vivo. Taken together,
our biochemical and structural studies provide not only the
mechanistic basis governing the specific KANK1/KIF21A
interaction but also the functional implications of the disease-
causing mutations in the KANK1/KIF21A interface.

Experimental procedures

Protein expression and purification

The coding sequences of the ANK domain of KANK1 and the
KBD of KIF21A were PCR-amplified from the mouse brain
cDNA library. All of the point mutations of KANK1 ANK and
KIF21A KBD were created based on the standard PCR-based
mutagenesis method using the Phanta Max superfidelity DNA
polymerase (Vazyme Biotech Co., Ltd., catalogue no. P505) and
confirmed by DNA sequencing. All of the wild-type and
mutants were cloned into a modified version of pET32a vector
containing an N-terminal Trx tag and His6 tag and expressed in
BL21 (DE3) Escherichia coli cells for 18 h at 16 °C. The recom-
binant proteins were purified by Ni2�-nitrilotriacetic acid-aga-
rose affinity chromatography (GE Healthcare), followed by
size-exclusion chromatography (Superdex-200 26/60, GE
Healthcare) in buffer containing 50 mM Tris, pH 8.0, 100 mM

NaCl, 1 mM EDTA, and 1 mM DTT. The N-terminal tag of
each recombinant protein was further cleaved by the human
rhinovirus 3C protease and removed by the size-exclusion
chromatography.

Isothermal titration calorimetry assay

Isothermal titration calorimetry (ITC) measurements were
carried out on a MicroCal iTC200 system (Malvern) at 25 °C.
All of the proteins were dissolved in a buffer containing 50 mM

Figure 6. The effects of disease-associated mutations on the formation
of the KANK1�KIF21A complex. A, the combined ribbon and stick-dot repre-
sentations showing the detailed roles of disease-causing mutations in KANK1
ANK and KIF21A KBD. In this drawing, the side chains of key residues associ-
ated with diseases are shown in the stick mode, and the related hydrogen
bonds and salt bridges are indicated by black dashed lines. B, effects of various
disease-associated mutations on KANK1�KIF21A complex formation based on
ITC assays. n.d., not detectable.
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Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA, and 1 mM DTT. The
KIF21A KBD and its mutants with high concentrations (500 –
600 �M) were loaded into the syringe, whereas the KANK1
ANK and its mutants with low concentrations (30 – 40 �M)
were placed in the cell. Each titration was completed by inject-
ing a 1-�l aliquot of syringe protein into the protein in the cell at
a time interval of 120 s to ensure that the titration peak returned
to the baseline. The titration data were analyzed using the pro-
gram Origin version 7.0 from MicroCal with the one-site bind-
ing model.

Analytical gel filtration chromatography

Analytical gel filtration chromatography was carried out on
an AKTA pure L system (GE Healthcare). Protein samples were
loaded onto a Superose 12 10/300 GL column (GE Healthcare)
equilibrated with a buffer containing 50 mM Tris, 100 mM NaCl,
1 mM EDTA, and 1 mM DTT at pH 8.0.

Crystallography

Freshly purified KANK1 ANK domain (�0.3 mM) was mixed
with a saturating amount of the commercially synthesized
KIF21A KBD peptide (China Peptides Co., Ltd.). Crystals of the
KANK1�KIF21A complex (�10 mg/ml) were obtained by the
sitting drop vapor diffusion method at 16 °C. The complex crys-
tals were grown in 0.1 M sodium formate, pH 8.0, 14% PEG

3350. Ethylene glycol (25%) was added as the cryoprotectant.
Molecular replacement was used to solve the structure using
the ANK domain of KANK2 (PDB entry 4HBD) as the search
model using the software suites of Phaser (48) in CCP4 (49).
Refinements were performed using phenix.refinement (50).
The KIF12A KBD peptide was manually built. Model buildings
and adjustments were carried out using Coot (51). The struc-
tural diagrams were prepared by PyMOL.
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