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A well-controlled microtubule organization is essential for
intracellular transport, cytoskeleton maintenance, and cell
development. KN motif and ankyrin repeat domain-containing
protein 1 (KANK1), a member of KANK family, recruits kinesin
family member 21A (KIF21A) to the cell cortex to control
microtubule growth via its C-terminal ankyrin domain. How-
ever, how the KANK1 ankyrin domain recognizes KIF21A and
whether other KANK proteins can also bind KIF21A remain
unknown. Here, using a combination of structural, site-directed
mutagenesis, and biochemical studies, we found that a stretch of
�22 amino acids in KIF21A is sufficient for binding to KANK1
and its close homolog KANK2. We further solved the complex
structure of the KIF21A peptide with either the KANK1 ankyrin
domain or the KANK2 ankyrin domain. In each complex,
KIF21A is recognized by two distinct pockets of the ankyrin
domain and adopts helical conformations upon binding to the
ankyrin domain. The elucidated KANK structures may advance
our understanding of the role of KANK1 as a scaffolding mole-
cule in controlling microtubule growth at the cell periphery.

Precisely controlled microtubule (MT)4 organization is
essential for intracellular transport (1), skeleton mainte-
nance, and neuronal development (2). The MTs, after reach-
ing the cell cortex, change their directions to extend in the
direction parallel to the cell periphery (3, 4). Interaction of
the MTs with the cell cortex plays important roles in induc-
ing cortical polarity, remodeling the cytoskeleton, and pro-
moting focal adhesion turnover (5, 6). A cortical attachment
complex, consisting of KANK1, KIF21A, liprin-�1, and
liprin-�1, acts to restrict the MT overgrowth at the cell cor-
tex (7).

KANK1 and its close homologs KANK2– 4, belong to the
KANK family (8), and they all consist of an N-terminal KN
motif, followed by a coiled-coil domain and an ankyrin domain
(9). KANK1 was first identified as the tumor suppressor in renal
cell carcinoma (10) and was found to be essential for the func-
tion of podocyte by regulating the Rho GTPase activity (11, 12).
As a scaffold protein, KANK1 mediates cytoskeleton con-
struction by affecting polymerization of actin (13). It has been
reported that KANK1 contributes to the talin-based molecular
clutch to mediate force transmission by interaction with talin,
liprin-�1, and KIF21A via the KN motif, the middle coiled-coil
domain, and the C-terminal ankyrin domain, respectively (7,
13, 14). KANK2, another member of the KANK family, was
reported to induce the adhesion sliding by promoting the turn-
over of the integrin-ligand complexes (15). In contrast, the
functions of KANK3 and KANK4 remain largely unknown.
VAB-19, the only KANK homolog in Caenorhabditis elegans,
was found to mediate the cell adhesion by affecting F-actin
organization (16). Mutations of KANK proteins cause neuronal
and developmental disorders, such as nephrotic syndrome and
cerebral palsy (12, 17).

Among the KANK1 binding partners, KIF21A is of special
interest because it is a member of the kinesin-4 family and pos-
sesses the plus-end– directed motor activity (18). In addition,
the mutations of KIF21A lead to congenital fibrosis of extraoc-
ular muscles type 1, a neurological disease (19). KIF21A con-
sists of an N-terminal kinesin domain, a middle coiled-coil
region, and a C-terminal WD40 domain (18). It has been
reported that KIF21A is recruited by KANK1 to restrict the MT
growth at the cell periphery via a stretch of about 40 amino
acids in the middle region (7).

Akhmanova et al. (7) reported that the KANK1 ankyrin
domain is responsible for interacting with KIF21A. The molec-
ular mechanism of the recognition of KIF21A by the KANK1
ankyrin domain remains elusive. As one of the most versatile
protein-protein binding modules, ankyrin repeats are usually
formed by linear arrays of tandem copies of a 30 – 40-aa motif
(20), which adopts a canonical helix-loop-helix conformation
(21). Ankyrin repeats containing proteins are involved in many
important biological processes, such as signal transduction
(22), gene transcription (23), and neural development (24). In
the past few years, we and other groups have determined several
ankyrin-peptide complexes by X-ray crystallography, and those
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complexes display distinct binding modes (22, 23, 25–27),
which is consistent with the diverse functions of the ankyrin
repeats proteins in vivo.

To understand how the KANK1 ankyrin domain recognizes
KIF21A and whether other KANK family members also pos-
sesses KIF21A-binding ability, we mapped the KANK1-binding
motif in KIF21A and determined the crystal structures of the
KIF21A peptide in complex with either the ankyrin domain of
KANK1 or the ankyrin domain of KANK2. By structural anal-
ysis, mutagenesis, and biochemical experiments, we identified
the key residues of KIF21A and KANK1/2 involved in the com-
plex formation. Overall, our work not only uncovers the com-
mon KIF21A recognition mode by KANK1 and KANK2 but
also reflects a broader understanding of the roles of KANK1 in
clustering the cortical complex to inhibit outgrowth of MTs.

Results

The ankyrin domains of KANK1 and KANK2 bind to
KIF21A(1146 –1167) peptide

KANK1 contains several unique functional domains and has
been found to associate with a stretch of a �40-aa motif (resi-
dues 1142–1180) of KIF21A via its C-terminal ankyrin domain
(Fig. 1A and Fig. S1A) (7). We further narrow down the
KANK1-binding site (KBS) in KIF21A to a �30-aa motif (resi-
dues 1137–1167) by a GST pull-down and Western blot exper-
iment (Fig. 1B). Next we synthesized two peptides of KIF21A,
1138 –1160 and 1146 –1167, respectively, and tested their bind-
ing to the KANK1 ankyrin domain (residues 1080 –1329) by
isothermal titration calorimetry (ITC) binding experiments
(Fig. S1B). We found that 1146 –1167 of KIF21A, but not 1138 –
1160 of KIF21A, displayed KANK1-binding affinity, with a dis-

sociation constant (Kd) of 1.2 �M (Fig. S1B and Table S1). We
synthesized 1142–1167 of KIF21A and found that it bound to
KANK1 only slightly stronger (Kd � 1.0 �M) (Fig. S2B and Table
S1). KANK1 and KANK2 display similar domain organization,
and their C-terminal ankyrin domains are highly homologous
(�55% sequence identity) (Fig. S1A), which prompted us to test
the binding of the KANK2 ankyrin domain (residues 578 – 832)
to different KIF21A peptides. ITC binding data showed that the
KANK2 ankyrin domain also bound to 1142–1167 and 1146 –
1167 of KIF21A, but not 1138 –1160 of KIF21A, with Kd values
of 0.5 and 1.0 �M, respectively (Fig. S1C and Table S1). Overall,
our binding data indicated that 1146 –1167 of KIF21A is suffi-
cient for binding to the ankyrin domains of KANK1 and
KANK2 (Fig. 2, A and B).

The structures of KANK1 ankyrin domain alone and in complex
with the KIF21A(1146 –1167) peptide

To provide insights into the molecular mechanisms of the
KIF21A recognition by the KANK1 ankyrin domain, we set up
crystal trials of the KANK1 ankyrin domain alone and with
different KIF21A peptides encompassing 1146 –1167. Finally,
we successfully solved the crystal structure of the human
KANK1 domain alone and in complex with the KIF21A peptide
at 2.34 and 1.89 Å resolutions, respectively (Fig. 2 (C and D) and
Table 1). We found that the structure of the ankyrin domain of
KANK1 consists of one non-canonical ankyrin repeat (ANK0)
and five canonical ankyrin repeats (ANK1–5), with folds of
ANK1–5 characteristic of previously determined ankyrin
structures (Fig. 2C and Fig. S1A) (22). Three extra helices at the
N terminus of the KANK1 ankyrin domain, two preceding
ANK0 (�1-�2) and one between ANK0 and ANK1 (�5), pack

Figure 1. Human KANK1(1080 –1329) and KANK2(578 – 832) ankyrin domains specifically recognize the KIF21A(1137–1167) peptide. A, domain
organizations of human KANK1 and KIF21A. KN, KANK N-terminal (KN) motif; CC, coiled-coil domain; AR, ankyrin repeat; Kinesin, kinesin motor domain; KBS,
KANK1-binding site; WD, WD40 repeat. The interaction between the KANK1 ankyrin domain and the KANK1-binding site is denoted by the solid black arrow. B,
pull-down binding assay between GST fusion peptides (KIF21A(1158 –1187) and KIF21A(1137–1167)) and His-tagged ankryin domains of KANK1 and KANK2.
GST protein is used as the control. His-tagged recombinant KANK1 and KANK2 were further detected by Western blotting.
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with ANK0 (�3-�4) to form a tight helix bundle (Fig. 2C and
Fig. S1A). The helix bundle (�1–�5) and ANK1–5 are spaced
apart and connected by five hairpin loops (Fig. 2C).

By comparing the apo-structure of the KANK1 ankyrin
domain and that of the KANK1-KIF21A complex, we found
that the structure of KANK1 did not change much upon
KIF21A binding, with the root mean square deviation (RMSD)
of the C� atoms of the two KANK1 structures only 0.72 Å
(calculated by PyMOL). In the KANK1-KIF21A complex struc-
ture, 1152–1166 of the KIF21A peptide were modeled into elec-
tron density, whereas 1146 –1151 and 1167 of KIF21A were not
visible (Fig. S2A). The KIF21A peptide binds to the inner
groove of the KANK1 ankyrin domain constituted by the
inner helix and the inter-repeat linkers of ANK1–5 (Fig. 1E).
Unexpectedly, one 310-helix (1153ARR1155) and one �-helix
(1160QMELL1164) are formed at the N- and C-terminal ends of
the KIF21A peptide, respectively. The two helices, designated
as hA and hB, respectively, are connected by a short linker
(1156RTTT1159) (Fig. 2D). By CD spectroscopy, we found that
the conformation of the KIF21A peptide alone lacks regular
secondary structures (Fig. S3), thereby confirming that helical

conformation of the KIF21A peptide was induced upon
KANK1 binding.

Interactions between the ankyrin domains of KANK1/2 and
KIF21A(1146 –1167)

The KIF21A peptide was recognized by the KANK1 ankyrin
domain via an acidic patch and a hydrophobic groove, desig-
nated as P1 and P2, respectively (Fig. 3). hA is recognized spe-
cifically by P1 and hB by P2, whereas the linker connecting hA
and hB only makes few contacts with KANK1 (Fig. 3).

The N terminus of the KIF21A peptide (1152KARR1155) is
fitted into the acidic patch (P1) of KANK1 and interacts with
ANK3–5 of KANK1 primarily via electrostatic interactions
(Fig. 2D). Specifically, the side chain of the KIF21A Lys1152 is
hydrogen-bonded to Asp1300 of KANK1 (Fig. 3). The backbone
amide and carbonyl groups of the KIF21A Ala1153 form one
direct hydrogen bond with Glu1266 of KANK1 and one water-
mediated hydrogen bond with Ser1243 of KANK1, respectively.
Ala1153 of KIF21A also makes hydrophobic contacts with
Ala1233 of KANK1 (Fig. 3 and Figs. S2B and S4). The side chain
of the KIF21A Arg1154 is accommodated into a negatively

Figure 2. KIF21A(1146 –1167) is sufficient for binding to KANK1/2 and overall structures of the KANK1/2 ankyrin domains with the KIF21A peptide.
A, ITC binding between the ankyrin domain of KANK1 and the KIF21A(1146 –1167) peptide. B, ITC binding between the ankyrin domain of KANK2 and the
KIF21A(1146 –1167) peptide. C, structure of the KANK1 ankyrin domain alone, shown in blue, with ANK0 –5 and three extra N-terminal helices labeled. D, overall
structure of the KANK1-KIF21A complex, with protein and peptide shown in blue and yellow, respectively. ANK0 –5 and three extra N-terminal helices of KANK1,
as well as hA and hB of KIF21A, are also labeled. E, overall structure of the KANK2-KIF21A complex, with protein and peptide shown in the same way as in
Fig. 2D.
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changed pocket KANK1 by forming several intermolecular
hydrogen bonds with the side chains of Ser1268, Glu1276, and
Asp1298. Arg1155 of KIF21A is further hydrogen-bonded to
Glu1276 and His1277 of KANK1 (Fig. 3 and Figs. S2B and S4).

The C terminus of KIF21A, including hB, binds to the hydro-
phobic groove (P2) of the KANK1 ankyrin domain formed by
ANK1–3 (Figs. 2D and 3). Specifically, Leu1163 of KIF21A is
accommodated into the hydrophobic pocket composed of
Tyr1197, Leu1202, Leu1205, and Leu1240 of KANK1. Leu1164 of
KIF21A makes hydrophobic contact with Tyr1168 and Leu1202

of the KANK1 (Fig. 3 and Figs. S2B and S4). Additional inter-
molecular hydrophobic interactions are also found between
Lys1194 and Ala1195 of KANK1 and Ala-1166 of KIF21A (Fig. 3
and Fig. S4). Intramolecular hydrophobic interactions within
KIF21A, such as those between Met1161, Leu1164, and Tyr1165,
stabilize the peptide conformation (Fig. 3).

In addition to the hydrophobic interactions, hydrogen bonds
are also involved in the interactions between the C terminus of
KIF21A and P2 of KANK1 (Figs. S2B and S4). The side chain of
Gln1160 of KIF21A forms one direct hydrogen bond and one
water-mediated hydrogen bond, with the backbone carbonyl
group of Leu1205 of KANK1 and the side chain of Ser1173 of
KANK1, respectively (Fig. 3 and Fig. S4). The backbone car-
bonyl group of Gln1160 of KIF21A also forms one water-medi-
ated hydrogen bond with the side chain of Ser1173 of KANK1
(Fig. 3 and Fig. S4). The backbone carbonyl groups of Leu1163

and Leu1164 of KIF21A are hydrogen-bonded to the side
chains of Asn1193 and Asn1163 of KANK1, respectively (Fig. 3
and Fig. S4).

In contrast to hA and hB, the linker region of the KIF21A
peptide (1156RTTT1159) only makes few contacts with the
periphery region of the acidic patch of the KANK1 ankyrin
domain (L) (Fig. 3). The side chain of Arg1156 of KIF21A points

to the solvent and forms intramolecular hydrogen bonds with
Glu1162 of KIF21A. The side chains of Thr1157 and Thr1159 of
KIF21A also point to the solvent (Fig. 3). Thr1158 of KIF21A,
which is hydrogen-bonded to His1244 of KANK1 and contacts
Leu1205 and Leu1240 of KANK1 via hydrophobic interactions, is
the only buried linker residue (Fig. 3 and Fig. S4). Collectively,
the coordinated recognition of N- and C-terminal sequences
of the KIF21A peptide by P1 and P2 pockets of KANK1 consti-
tutes the unusual ankyrin-peptide recognition mode.

By aligning the sequence of the KIF21A peptide across species,
we identified several residues that are absolutely conserved from
C. elegans to humans, including Lys1152, Arg1154, Arg1155, Thr1157,
Leu1163, and Leu1164 (Fig. 3). All of them interact with KANK1
directly except Thr1157, which is a putative phosphorylation site
(https://www.phosphosite.org/proteinAction.action?id�14693)5

(28). We constructed two single mutants of the KIF21A peptide,
R1154A and L1164A, and tested their binding to KANK1. We
found by ITC that the mutants displayed no binding or very weak
binding affinity toward the KANK1 ankyrin domain (Fig. 4A and
Table S1).

To verify the importance of the KANK1 residues in recogniz-
ing KIF21A, we chose to mutate Tyr1197, Asp1298, and Asp1300

because Asp1298 and Asp1300 of KANK1 constitute P1, and
Tyr1197 is the P2 pocket residue (Fig. 2). We constructed
D1298A, D1300A, Y1197A, and Y1197L and tested their
KIF21A-binding affinities by ITC. The binding data show that
Y1197A, D1298A, and D1300A diminished the KIF21A binding
by �4.5-, �15-, and 10-fold, respectively (Fig. 4B). We further
made the double mutant D1298A/D1300A and found that it
displayed very weak binding affinity toward the KIF21A peptide

5 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.

Table 1
Data collection and refinement statistics
Values in parentheses are for the highest-resolution shell.

Parameters KANK1(1080 –1329) KANK1(1080 –1329)-KIF21A(1146 –1167) KANK2(578 – 832)-KIF21A(1146 –1167)

Data collection
Radiation wavelength (Å) 0.9796 0.9796 0.9796
Space group P212121 P212121 P1
Cell dimensions

a, b, c (Å) 42.90, 47.60, 137.75 37.65, 51.62, 137.61 45.96, 52.83, 53.48
�, �, � (degrees) 90, 90, 90 90, 90, 90 73.02, 89.67, 84.91

Resolution (Å) 44.99–2.34 (2.38–2.34) 48.33–1.89 (1.96–1.89) 34.47–2.12 (2.20–2.12)
Rmerge 0.111 (0.610) 0.053 (0.92) 0.092 (0.72)
I/�I 28.1 (3.2) 29.3 (3.5) 10.2 (2.1)
Completeness (%) 99.7 (98.9) 99.5 (99.3) 92.9 (93.4)
Redundancy 5.7 (4.4) 13.9 (14.2) 3.8 (3.9)

Refinement
Resolution (Å) 44.99–2.34 48.33–1.89 34.47–2.12
No. of reflections (used/free) 12363/584 22149/1997 25270/2559
Rwork/Rfree 0.212/0.242 0.222/0.253 0.188/0.235
No. of atoms (non-hydrogen) 1897 2061 4121

Protein 1864 1839 3658
Peptide NAa 127 250
Solvent 33 95 213

B-factors (Å2) 59.2 49.6 43.8
Protein 59.1 49.3 43.1
Peptide NA 55.8 55.4
Solvent 70.0 45.6 41.8

RMSDs
Bond lengths (Å) 0.011 0.010 0.010
Bond angles (degrees) 1.2 1.2 1.3

Ramachandran plot favored/outliers (%) 97.6/0.00 98.5/0.00 97.8/0.00
a NA, not applicable.
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(Kd � 200 �M) (Fig. 4B and Table S1). Y1197L also decreased
the KIF21A binding severely (Kd � 200 �M) because replace-
ment of Tyr1197 with a Leu in KANK1 would change the depth
of the hydrophobic pocket and lead to close contacts with
Leu1163 of KIF21A (Fig. 3). Together, the mutagenesis and bind-
ing experiments demonstrate that both P1 and P2 of the
KANK1 ankyrin domain are required for binding to KIF21A.

KANK1 and KANK2 ankyrin domains share a common
mechanism of KIF21A recognition

To investigate whether other KANK members also recognize
KIF21A in a way similar to that observed in the KANK1-
KIF21A complex, we further determined the 2.12 Å complex
structure of the KANK2 ankyrin domain with the same KIF21A
peptide (Table 1). Region 1146 –1167 of KIF21A, which also
adopts a helix-linker-helix conformation, was built in the
KANK2-KIF21A complex (Fig. 2E and Fig. S2 (C and D)). Over-
all, the conformations of protein and peptide are quite similar
in two complexes, with an RMSD of 0.92 Å over 244 pairs of

aligned protein C� atoms and an RMSD of 0.38 Å over 15 pairs
of peptide C� atoms (calculated by PyMOL) (Fig. S5). Superpo-
sition of the two complexes showed that the KANK2 ankyrin
domain only slightly differs from that of KANK1 at the N ter-
minus. KANK2 contains only one longer helix (�1) preceding
its ANK0 repeat and does not contain �2, as existing in KANK1.
Of note, �2 of KANK1 is not involved in the interaction with
KIF21A (Fig. S5).

Most of the intermolecular interactions between KANK1
and KIF21A, including hydrogen bonds and hydrophobic inter-
actions, are observed between corresponding residues of
KANK2 and KIF21A (Fig. S2D), which prompted us to test
whether the KANK2 ankyrin domain displays a binding prop-
erty similar to that of the KANK1 ankyrin domain. We first
tested the binding of KANK2 to the mutated peptide by ITC
and found that R1154A bound to KANK2 very weakly (Kd �
200 �M), whereas L1164A does not display KANK2-binding
affinity (Fig. 4C and Table S1). Because Tyr702, Asp803, and

Figure 3. Detailed interactions between the KANK1 ankyrin domain (residues 1080 –1329) and the KIF21A peptide (residues 1146 –1167). Center, the
electrostatic surface of the KANK1 ankyrin domain bound with the KIF21A peptide (yellow schematic); top, 1152KARR1155 of KIF21A bound to the acidic patch (P1
pocket) of KANK1; top center, 1156RTTT1159 OF KIF21A makes few contacts with the periphery of the acidic patch (L region) of KANK1; top right, 1160QMELLYA1166

bound to the hydrophobic pocket of KANK1 (P2 pocket). The residues involved in the protein-peptide interactions are labeled and shown in stick representation.
Bottom, KIF21A orthologs aligned on 1152–1166 of human KIF21A, with the absolutely conserved residues colored in red. The 310- and �-helices in the KIF21A
peptide are labeled at the top of the sequences as hA(310) and hB(�), respectively.
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Asp805 of KANK2 correspond to Tyr1197, Asp1298, and Asp1300

of KANK1, respectively, we made several single mutants and
one double mutant of KANK2 (Y702A, Y702L, D803A, D805A,
and D803A/D805A) and tested their binding to KIF21A(1146 –
1167). Similar to their equivalent KANK1 mutants, Y702A,
Y702L, D803A, and D805A decreased the KIF21A-binding
affinity by 4 –33-fold, whereas D803A/D805A decreased the
KIF21A-binding affinity by �180-folds (Fig. 4D and Table S1).

Not all KANK proteins display KIF21A-binding properties

Sequence alignment of KANK1–4 indicates that all KANK pro-
teins contain a highly homologous C-terminal ankyrin domain
(47–55% sequence identity). By analyzing the KIF21A-binding
residues, we found that they are conserved in KANK1–2, but not
in KANK4. All P2 residues of KANK1 are conserved in both
KANK3 and KANK4 (Fig. S1A); however, two P1 residues of
KANK1, Glu1276 and Asp1300, are replaced by histidine and alanine
in KANK4, respectively (Fig. S1A). We further constructed three
KANK4-mimic mutants of KANK1, including E1276H, D1300A,
and E1276H/D1300A, and tested their binding to KIF21A by ITC.
As shown above, D1300A decreased the KIF21A-binding affinity
by �10-fold, whereas E1276H and E1276H/D1300A abolished the
binding to KIF21A (Fig. S2D and Table S1). In this way, our data
suggest that the KANK proteins probably possess different

KIF21A-binding affinities, and KANK4 is unlikely to bind KIF21A
via its ankyrin domain.

Discussion

Coordinated recognition of the KIF21A peptide by the ankyrin
domains of KANK1 and KANK2

Repeat modules, such as ankyrin (20), WD40 (29), pumilio
(30), and so forth, have received increasing attention because
they are actively involved in protein-protein interactions (31) to
regulate certain signaling pathway in vivo (32). Ankyrin domain
proteins are versatile because they differ not only in the num-
bers of ankyrin repeats, but also in the modes of ligand recog-
nition (26).

The ankyrin domain of KANK1 has been found to physically
associate with KIF21A and play a critical role in controlling MT
growth. However, the molecular mechanism by which KANK1
interacts and recruits KIF21A is poorly understood. Here we
characterize the interactions between KIF21A and the ankyrin
domains of KANK1 and KANK2 by using structural biology
and biochemical experiments. Detailed structural analysis
shows that KANK1 and KANK2 share a common KIF21A rec-
ognition mode (Fig. S2, B and D). Specifically, the peptide
adopts a helix-linker-helix conformation in both complexes
(Fig. 2, D and E). The thermodynamic data determined from the

Figure 4. Comparison of the binding affinity measured by ITC between KANK1/2 and the KIF21A peptide with either that of KANK1/2 and mutant
peptide or that of mutant protein and wild type peptide. A, comparison of the KANK1-binding affinities of wild-type and mutant KIF21A peptides. B,
comparison of the KIF21A-binding affinities of KANK1 and its mutants. C, comparison of the KANK2-binding affinities of wild-type and mutant KIF21A peptides.
D, comparison of the KIF21A-binding affinities of KANK2 and its mutants. NB, no detectable binding.
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ITC experiment, especially the unfavorable entropy, also imply
that the KIF21A peptide might undergo conformational change
upon binding KANK1 (Table S1). The binding-induced folding
transition has been implicated to create a protein-ligand inter-
face in specific protein-ligand recognition (33).

N-terminal and C-terminal ends of the KIF21A peptide are
recognized by the acid patch and the hydrophobic groove of the
ankyrin domains of KANK1/2, respectively (Fig. 3). By aligning
the KIF21A peptide sequence across the species, we found that
several residues are absolutely conserved from C. elegans to
humans, including Lys1152, Arg1154, Arg1155, Thr1156, Leu1163,
and Leu1164 (Fig. 3). The first three positively charged residues
of KIF21A are recognized by P1 of KANK1 via hydrogen bonds,
whereas the two leucines are accommodated into P2 of KANK1
via hydrophobic interactions (Fig. 3). Mutating Arg1154 or
Leu1164 to Ala would severely diminish or disrupt the binding to
KANK1/2 (Fig. 4, A and C). Mutation of residues in either P1 or
P2 of KANK1/2 also impairs or disrupts the binding to KIF21A,
indicating that both pockets of KANK1/2 are required for bind-
ing to KIF21A (Fig. 4, B and D).

In addition, we found that the KIF21A-binding residues of
KANK1 are also conserved in KANK1 orthologs from C. elegans to
humans (Fig. S1A). Together, our results indicated that the recog-
nition mode of KIF21A by KANK1 are conserved in higher
eukaryotes.

Comparison of KANK1-KIF21A with other ankyrin-peptide
complexes

In addition to KANK1/2-KIF21A complexes, we and other
groups have reported several structures of peptide-bound
ankyrin domains, including ANKRA2-HDAC4 (22), AnkB-
AnkR (26), and Espin-Myo3b (27). In the ANKRA2-HDAC4
complex, the HDAC4 peptide does not adopt any secondary

structure (Fig. 5A), whereas the peptides adopt helical struc-
tures in the other two complexes (Fig. 5, B and C), which
prompts us to compare the latter two with the KANK1-KIF21A
complex (Fig. 5D). However, the recognition mode of KANK1-
KIF21A differs from that observed in the AnkB-AnkR and
Espin-Myo3b complex in two aspects. First, hA and hB of the
KIF21A peptide are spaced in a side-to-side fashion (Fig. 5D),
whereas the two helices of the other two peptides are both
arranged in a head-to-tail orientation (Fig. 5, B and C). Second,
the KIF21A peptide interacts with KANK1 via N-terminal and
C-terminal sequences, with the linker region making fewer
contacts with KANK1 (Fig. 2). In the other two complexes, the
linker regions of the peptides are much longer and interact
extensively with the inner grooves of the ankyrin domains (Fig.
5, C and D). In addition, the fact that Thr1157-Thr1159 could be
putatively phosphorylated by receptor tyrosine kinases (28, 34)
suggests that the interaction between KANK1 and KIF21A
might also be mediated by post-translational modifications, as
observed between ANKRA2 and HDAC4 (22).

Functional implication of the differential interactions between
KANK proteins and KIF21A

Considering the high similarities between the ankyrin
domains of KANK proteins, it is unexpected to find that
KIF21A interaction residues are conserved in KANK1–2, but
not in KANK4 (Fig. S1A). All three KANK4-mimic mutants
weaken or disrupt the binding to KIF21A, suggesting that
KANK4 may not be a KIF21A binding partner (Fig. S1D and
Table S1).

Although all four KANK members exhibit high expression
levels in kidney, the functions of two of them, KANK3 and
KANK4, remain largely unknown. We could not exclude the

Figure 5. Comparison of different ankyrin-peptide complex structures. A, the structure of the ANKRA2 ankyrin repeats (cyan) in complex with the HDAC4
peptide (yellow) (PDB code 3V31). B, the complex structure of the AnkB ankyrin domain (cyan) and the AnkR peptide (yellow) (PDB code 4RLV). C, the structure
of the Espin ankyrin domain (cyan) with the Myo3b peptide (yellow) (PDB code 5ET1). D, the structure of the KANK1 ankyrin domain (cyan) with the KIF21
peptide (yellow). All ankyrin repeats are arranged from N to C (left to right). The 310-helices of AnkR, Myo3b, and KIF21A are also indicated.
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possibility that the KANK4 ankyrin domain might also bind
another unknown ligand with high affinity.

Compared with the other three KANK members, KANK1
has received more attention as a potential tumor suppressor (8).
At the cell cortex, KANK1 interacts with LL5b, ELKS, and lip-
rin-�1/�1 and activates talin via the KN motif before recruiting
KIF21A. One advantage of recruiting KIF21A is the ability to
restrict the MT growth at the cell periphery, thereby maintain-
ing the stability of the MT array, at least to some extent (7).
KANK1 has been reported to join the talin-based molecular
clutch to mediate the force transmission (35). The high binding
affinity between the KANK1 ankyrin domain and the KIF21A
peptide also suggests that KANK1 contains distinct function
modules and acts as the scaffold molecule. Therefore, our
determined KANK1/2-KIF21A complexes not only unveil the
molecular mechanism of the KANK1/2-KIF21A binding mode,
but also would advance our understanding of the role of
KANK1 as the scaffold protein in clustering cortical complexes
to control MT growth precisely.

Experimental procedures

Cloning, expression, and purification of the ankryin domains
of KANK1 and KANK2, the GST-KIF21A

Genes encoding ankyrin domains of KANK1 (residues
1080 –1329) and KANK2 (residues 578 – 832) were synthesized
by Sangon Biotech (Shanghai) and cloned into a modified
pET28-MHL (GenBankTM accession number EF456735) (36),
respectively. Genes encoding 1137–1167 and 1158 –1187 of
KIF21A were synthesized by Sangon Biotech (Shanghai) and
cloned into pGEX-4T-1 (GE Healthcare), respectively. All
expression plasmids were transformed into E. coli BL21 (DE3),
and proteins were overexpressed at 16 °C for 18 h in the pres-
ence of 1 mM isopropyl 1-thio-�-D-galactopyranoside.

Recombinant ankyrin domains of KANK1 and KANK2 were
first purified by a fast flow nickel-nitrilotriacetic acid column
(GE Healthcare). N-terminal His6 tags of recombinant proteins
were removed by tobacco etch virus protease. Then the cleaved
recombinant proteins were further purified by Superdex 75 gel
filtration and mono Q ion exchange (GE Healthcare). The puri-
fied protein was concentrated to �15 mg/mol and stored at
�80 °C. The mutants of the KANK1/2 ankyrin domains were
constructed by conventional PCR using the MutanBEST kit
(TaKaRa) and further verified by DNA sequencing. The
mutants are expressed and purified in the same way as the wild-
type proteins.

Crystallization, data collection, and structure determination

All crystals were grown using the sitting-drop vapor diffusion
method at 18 °C. The apo-form of the KANK1 ankyrin domain
(residues 1080 –1329) was crystallized by mixing an equal vol-
ume of 15 mg/ml protein with crystallization buffer (0.1 M

HEPES, pH 7.5, 0.2 M lithium sulfate monohydrate, and 25%
PEG 3350). For complex crystallization, KANK1(1080 –1329)
and KANK2(578 – 832) were preincubated with the KIF21A
peptide (residues 1146 –1167) at a molar ratio of 1:3 and then
mixed with different crystallization buffers (0.05 M magnesium
formate and 21% PEG 3350 for KANK1-KIF21A complex; 0.1 M

HEPES, pH 7.5, 0.15 M ammonium acetate, and 31% PEG 3350

for KANK2-KIF21A complex), respectively. Before flash-freez-
ing crystals in liquid nitrogen, all crystals were soaked in a cryo-
protectant consisting of 90% reservoir solution plus 10% glyc-
erol. The diffraction data were collected on BL17U1 at the
Shanghai Synchrotron Facility (37). Data sets were collected at
0.9796 Å and processed by using the HKL2000 program (38).
The initial models of the KANK1 complex, the KANK2 com-
plex, and the KANK1 ankyrin domain in its apo-form were all
solved by molecular replacement in PHASER (39) with our pre-
vious structure of the KANK2 ankyrin domain (PDB code
4HBD) as the search model. Then all of the models were refined
manually and built with Coot (40). The final structures were
refined by PHENIX (41). The statistics for data collection and
structural refinement are summarized in Table 1.

GST pull-down and Western blotting

Recombinant GST-fused proteins were incubated with glu-
tathione-Sepharose (GE Healthcare), washed with precooled
PBS containing 1% glycerol, and used for a GST pull-down
assay. All GST pull-down samples were loaded onto an SDS-
polyacrylamide gel and then transferred to nitrocellulose mem-
brane (Thermo Fisher Scientific) for Western blotting. The
nitrocellulose membrane was blocked with PBS supplemented
with 0.1% Nonidet P-40 and 5% milk and then was incubated
with primary anti-His antibody (Santa Cruz Biotechnology,
Inc.), followed by incubation of anti-mouse HRP-conjugated
antibody (Santa Cruz Biotechnology). ECL chemiluminescent
substrate (Pierce) was used to detect His-tagged KANK1 and
KANK2, and images were obtained by ImageQuant LAS 4000
(GE Healthcare).

ITC

Peptides KIF21A(1138–1160), KIF21A(1150–1167), KIF21A
(1142–1167), KIF21A(1146–1167), KIF21A(1146–1167)-L1164A,
and KIF21A(1146 –1167)-R1154A were synthesized by GL
Biochem (Shanghai) Ltd. Peptides were dissolved in water as a
stock, and pH of stock solution was adjusted to pH 7.4. Peptides
and concentrated proteins were diluted with ITC buffer (20 mM

Tris, 150 mM NaCl, 1% glycerol, 1 mM EDTA, pH 7.4). ITC
experiments were performed by titrating 2 �l of peptide (0.6 –
0.8 mM) into a cell containing 30 –50 �M proteins on ITC200
(Malvern) at 25 °C, with a spacing time of 120 s and a reference
power of 5 �cal/s. Control experiments were performed by
injection of peptides in buffer. 16 successive injections were
monitored, and 15 sets of injection data (all except for the first
one) were used for data analyses. Control was subtracted from
data, and data were analyzed using the single-site binding
model with the Origin software package. The representative
ITC curves of ITC binding measurements are shown in Fig. S6.

CD

All CD experiments were performed on a ChirascanTM qCD
spectrophotometer (Applied Photophysics Ltd.) over wave-
lengths ranging from 190 to 260 nm at 20 °C. All peptides were
diluted in CD buffer (20 mM NaH2PO4, 20 mM Na2HPO4, pH
7.4) to a concentration of 0.4 mg/ml. Measurements were taken
in a 1-mm path length quartz cuvette at a data pitch of 1 nm.
The CD spectrum of the buffer was measured as control and
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subtracted. Three successive scans were recorded, and results
were smoothed and averaged.

Accession numbers

Coordinates and structure factors for the structures of the
KANK1 ankyrin domain alone and in complex with the KIF21A
peptide, as well as the structure of the KANK2 ankyrin domain
with KIF21A, have been deposited into the PDB under acces-
sion codes 5YBJ, 5YBU, and 5YBV.
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