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ABSTRACT: Kinesin-2 is an anterograde motor involved in intraflagellar transport and certain other
intracellular transport processes. It consists of two different motor subunits and an accessory protein KAP
(kinesin accessory protein). The motor subunits were shown to bind each other through the coiled-coil
stalk domains, while KAP was proposed to bind the tail domains of the motor subunits. Although several
genetic studies established that KAP plays an important role in kinesin-2 functions, its exact role remains
unclear. Here, we report the results of a systematic analysis of the KAP binding sites by using recombinant
Drosophila kinesin-2 subunits as well as the endogenous proteins. These show that at least one of the
coiled-coil stalks is sufficient to bind the N-terminal region of DmKAP. The soluble complex involving
the recombinant kinesin-2 fragments is reconstituted in vitro at high salt concentrations, suggesting that
the interaction is primarily nonionic. Furthermore, independent distant homology modeling indicated that
DmKAP may bind along the coiled-coil stalks through a combination of predominantly hydrophobic
interactions and hydrogen bonds. These observations led us to propose that KAP would stabilize the
motor subunit heterodimer and help assemble a greater kinesin-2 complex in vivo.

Kinesin-2 is a member of the kinesin superfamily of
microtubule (MT)1 dependent motor proteins. It is a het-
erotrimeric complex of three dissimilar subunits. The ho-
loenzyme, as purified from sea urchin embryos, is an equal
molar complex of two different motor subunits and a larger

nonmotor accessory protein KAP (1, 2). Orthologues of the
motor subunits as well as the accessory proteins are identified
in several different organisms, including humans (3). Kine-
sin-2 propels anterograde intraflagellar transport (IFT) into
the flagella and cilia of a variety of cells (4, 5), and loss of
kinesin-2 gene functions is shown to block the formation of
primary cilia in mouse embryos (3, 6-8). It is also implicated
in certain chronic human disorders such as Bardet-Biedl
syndrome (9) and polycystic kidney disease (10). KLP64D,
KLP68D, and DmKAP constitute the Drosophila kinesin-2
(11-13). Mutations in the Klp64D gene affect the antero-
grade axonal transports of choline acetyltransferase (ChAT)
and acetylcholinesterase (AChE) (12, 14), and mutations in
the DmKap gene as well as in the Klp64D gene block the
formation of sensory cilia in chordotonal neurons (13). All
these indicate that kinesin-2 is a versatile motor involved in
multiple different transports involving a large variety of
cargoes.

Results of genetic interaction studies suggest that KAP
plays an important role in kinesin-2 functions in vivo. In
Chlamydomonas, fla10 and fla3 encode a kinesin-2 motor
subunit and the accessory protein, respectively (5). Mutations
in both these genes are shown to cause similar losses of the
anterograde IFT and flagella resorption (15, 16), and the
FLA10 protein is shown to accumulate at the transition zone
near the basal body in the fla3-1 mutant (16). In Drosophila,
mutation in the DmKap gene is shown to eliminate the
sensory cilia of the chordotonal neurons and impair auditory
reception by the Johnston’s organ in the adult antennae (13).
It also dominantly enhanced the partial loss of function defect
in the Klp64D homozygous mutant background (13). Simi-
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larly, mutations in the Caenorhabditis elegans KAP are
shown to affect the kinesin-2-mediated transport into the
sensory cilia (17). In contrast, studies with recombinant
MmKIF3A/B and MmKAP3A suggested that the accessory
protein has no role in kinesin-2 motor activity in vitro (18).
Hence, the exact role of KAP in the kinesin-2 function is
still unclear.

Understanding the mechanisms of subunit assembly can
provide clues about their functions in a complex. Studies
with the mouse (MmKIF3A and MmKIF3B) and Xenopus
(XKLP3A and XKLP3B) homologues of the kinesin-2 motor
subunits revealed that they can form a heterodimer only
through coiled-coil interactions between the stalk domains
at the middle (19, 20). These studies also showed that the
two subunits must be coexpressed for this purpose and
the coiled-coil domain of the XKLP3A is required to fold
the XKLP3B stalk around it (21). These suggested that the
heterodimerization is essential for formation of a functional
kinesin-2 motor. The recombinant MmKAP3A subunit was
shown to bind the MmKIF3A/B heterodimer in vitro (18),
and studies with both SpKAP115 of sea urchin and
MmKAP3A suggested that they could bind the C-terminal
tail domains of the kinesin-2 motor subunits in the respective
organisms (2, 18). However, a lack of KAP binding
reportedly did not change the MT gliding activity of the
recombinant motor duplex (18). On the basis of these
observations, it was suggested that KAP would function as
a cargo adapter for kinesin-2. The evidence was, however,
mainly derived from electron microscopic observations, and
though the KAP was proposed to bind the tail domains
through complementary charge interactions, the heterotrim-
eric kinesin-2 holoenzyme was demonstrated to remain stable
even at 500 mM KCl (2). This resulted in confusion about
the exact nature and region of interaction between the KAP
and the motor subunits.

To resolve these issues, we attempted to map the interac-
tions between the KAP and the motor subunits using the
Drosophila kinesin-2 homologues. Fragments of DmKAP,
KLP64D and KLP68D, were cloned and expressed in
Escherichia coli with affinity tags, which were then used to
copurify the native subunits by affinity chromatography.
Contrary to the current belief, our studies revealed that the
N-terminal region of DmKAP could bind directly to the
predicted stalk fragments of the motor subunits. The interac-
tion is stable at very high ionic concentrations. Furthermore,
distant homology modeling studies and molecular docking
analysis suggested that DmKAP could simultaneously as-
sociate with the predicted coiled-coil domains of both the
KLP64D and KLP68D fragments through a combination of
hydrophobic and charge interactions. On the basis of these
results, we propose a new role for KAP in kinesin-2 assembly
and function in this report.

MATERIALS AND METHODS

Recombinant DNA and Protein Purification Methods.
Fragments were PCR amplified from the full-length cDNA
clones of KLP64D (Fw ) 76230.6), KLP68D (Fw )
88607.4), and DmKAP (Fw ) 116759.1) and subcloned into
suitable expression vectors. The subcloning details and the
vectors are provided in Table 1 of the Supporting Informa-
tion. A majority of the recombinant fragments were cloned

into the pET series vectors with an N-terminal hexahistidine
(His) tag. Only two of the DmKAP fragments were cloned
in the pGEX4T vector downstream of an N-terminal glu-
tathione S-transferase (GST) tag (see Figures 2A and 3A and
Table 1 of the Supporting Information for details). The
cloned DNA plasmids were separately transformed into E.
coli BL21(DE3) cells. The log-phase suspension cultures of
these transformed E. coli cells were induced with 0.5 mM
IPTG for 4 h at 28 °C as described previously (22).
Subsequently, the bacterial cells were harvested at 8000g
and resuspended in lysis buffer [20 mM HEPES (pH 7.4),
40 mM KCl, 5 mM MgSO4, 10 mM EGTA, 10 mM
aspartate, 1 mM DTT, 20 mM imidazole, 1 mM PMSF, and
1% Triton X-100] containing 0.5 mg/mL lysozyme and
tablets of protease inhibitor cocktail (Roche GmBH, catalog
no. 11836170001). Ten milliliter of lysis buffer was used to
resuspend 1 g of cell pellet in each case. The cell suspension
was sonicated briefly on ice to disrupt the cells and then
cleared by centrifugation at 4 °C for 45 min at 70000g. The
recombinant proteins were then purified from the superna-
tants by using Ni-NTA agarose (Qiagen Inc.) or glutathione
Sepharose (GE Healthcare Ltd.) beads as per the manufac-
turer’s protocols. For some experiments, the affinity-purified
proteins were further separated by gel filtration chromatog-
raphy (column, Superdex-75; AKTA FPLC machine, GE
Healthcare Ltd.) in TMN-D (20 mM Tris-HCl, 5 mM MgCl2,
250 mM NaCl, and 1 mM DTT). The peak protein fractions
were then concentrated by using Centricon spin concentrators
[Millipore (India) Ltd.], and the buffers were exchanged by
using a PD-10 desalting column (GE Healthcare Ltd.) as per
the supplier’s protocol. The quality of the purified recom-
binant proteins was assessed in Coomassie-stained SDS-
PAGE gels at every step, and the protein concentrations were
separately estimated with a Bradford assay (reagent obtained
from BioRad Plc.) and by spectrophotometric absorption (280
nm).

Drosophila Head Extracts. Approximately 100 fly heads
were manually separated by razor blades and homogenized
in 250 µL of ice-cold high-KCl buffer [19 mM KH2PO4, 81
mM K2HPO4, 400 mM KCl, and 1 mM DTT (pH 7.4)]
containing the protease inhibitor cocktail (Roche GmbH).
A motorized plastic homogenizer and specially designed
microfuge tubes were used for this purpose (Pellet Pestle).
The homogenate was first centrifuged at 17000g for 30 min
in a refrigerated microcentrifuge (Biofuge Fresco, Heraeus
AG) to clear the tissue debris, and then the supernatant was
further centrifuged at 100000g for 1 h at 4 °C to separate
the soluble (supernatant) and membrane-associated proteins
(pellet). To extract the membrane-associated proteins, the
pellet was homogenized in 250 µL of high-KCl buffer
containing 1% Triton X-100 and once again centrifuged at
100000g. The resultant supernatant was used as the detergent-
extracted fraction of the membrane pellet for all the pull-
down experiments.

Immunoprecipitation and MT Pull-Down Studies. For the
immunoprecipitation experiment, the fly heads were extracted
in HNME buffer [20 mM HEPES (pH 7.4), 150 mM NaCl,
5 mM MgSO4, 5 mM EGTA, 0.1% Triton X-100, 1 mM
PMSF, and protease inhibitor cocktail] in the same manner
described above, and the remaining procedure was followed
as per the earlier description (14). The microtubule pull-
down method is adapted from an earlier report (2). Briefly,
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FIGURE 1: DmKAP is part of functional kinesin-2 complex in Drosophila. (A) Western blots of the soluble fly head extract separately stained with
MAbKLP64D, anti-KLP68D, and MAbDmKAP. The arrowhead indicates the ∼86 kDa KLP64D positive band, and the arrow indicates the
∼120 kDa DmKAP positive band as expected from the predicted amino acid compositions of the respective polypeptides. (B) Western blots of
immunoprecipitated products of the head extract were separately stained with KLP64D, KLP68D, and DmKAP specific antisera as marked in the
figure. An aliquot of the head extract used for the study was loaded in the rightmost lane for comparison. The purified rabbit anti-KLP68D
coprecipitated both the 86 kDa KLP64D and 120 kDa DmKAP bands, while MAbDmKAP could only precipitate DmKAP. MAbKLP64D failed
to precipitate any of the three. This indicates that MAbDmKAP disrupts the complex and the KLP64D epitope is inaccessible in the native form.
(C) MT association of the kinesin-2 subunits from the fly head extracts was tested by the standard technique as discussed in Materials and
Methods. S1, S2, and S3 are sequential supernatant fractions collected at successive stages of ultracentrifugation, while P2 and P3 are the pellet
fractions as indicated in the flowchart at the top of the panel. The supernatants and the pellets were incubated with the buffer, MT, and AMP-PNP
as indicated in the table in the middle part of the panel. An aliquot from each step was separated via SDS-PAGE and transferred to a PVDF
membrane, which was immunostained with specific antisera as indicated in the left margin at the bottom part of the panel. This revealed that the
120 kDa DmKAP along with the 105 kDa KLP68D are pulled down with the MT in the presence of 4 mM AMP-PNP, and they are partly
released from the MT in the presence of additional 10 mM ATP. A small fraction of the soluble ChAT, a known cargo of the kinesin-2 complex
in axons, was also associated with the MT along with the motor subunits. (D) Western blots of the 25 to 5% sucrose density gradient sedimentation
fractions of the wild-type Drosophila head extracts were separately immunostained with the (i) DmKAP, (ii) KLP64D, and (iii) KLP68D specific
antisera. The 120 kDa DmKAP, 86 kDa KLP64D, and 105 kDa KLP68D bands were found to cosediment in fractions 9-11. Two additional
forms of DmKAP (Mr ) 130 and 102 kDa) were found in fractions 13-15, which did not contain the motor subunits. The molecular sizes of the
immunostained bands were estimated with respect to the migration of the Rainbow Markers (Amersham Pharmacia Ltd.) in the Western blots.

2250 Biochemistry, Vol. 48, No. 10, 2009 Doodhi et al.



FIGURE 2: Identification of the DmKAP interacting domains on the kinesin-2 motor subunits. (A) The domain organization of the kinesin-2
motor subunits, KLP64D and KLP68D, with their relative amino acid lengths is shown. Positions of the predicted coiled-coil (cc) motifs
are indicated by white boxes with numerals, and key residues marking the limits of the stalk (S) domains are indicated at appropriate
positions in the figure. The tail (T) domains at the C-termini are dissimilar in length, but both contained a small stretch of conserved
residues in the middle (gray boxes; also see Figure 1 of the Supporting Information for details). The table in the bottom panel includes the
names and relative maps of the recombinant fragments used in this study. The N-termini are always oriented at the left, and the corresponding
amino acid lengths as well as the predicted pI values of the respective fragments are indicated at the right. (B) Flow diagram illustrating
the copurification and identification strategy from the cell free extracts of adult Drosophila heads. Aliquots (100 µL) of the 100000g
supernatant (sup) and the detergent-extracted fraction of the pellet (P) of the fly head homogenate were separately mixed with equal molar
amounts (∼0.4 nmol) of the purified recombinant kinesin-2 fragments and then passed through Ni-NTA beads. The proteins bound to
Ni-NTA beads were eluted with 300 mM imidazole, separated via 10% SDS-PAGE, transferred to a PVDF membrane, and stained with
MAbDmKAP. (C) MAbDmKAP staining of the Western blots shows expected size bands (arrows, i and ii) in the lanes containing fractions
eluted with His-KLP68DS and heterodimeric His-KLP68D/64DS. (iii) Coomassie-stained SDS-PAGE gel loaded like the ones used for
making the Western blots that indicate the relative levels of the recombinant proteins in each lane. His-K560GFP and His-PfPFK were used
as negative controls. (D) Ni-NTA eluates of the head extracts mixed with purified His-KLP68D/64DS were Western blotted and stained
with the MAbDmKAP (i) and MAbKLP64D (ii). These show prominent DmKAP (arrow, i) as well as His-KLP64DS (arrow, ii) bands, but
there was no endogenous KLP64D band (arrowhead, ii). (E) Ni-NTA eluate of the His-KLP64D/68DS and head extract mixture separated
on sucrose density gradient and Western blots of the fractions immunostained with MAbDmKAP (i) and MAbKLP64D (ii). (iii) An equivalent
set of SDS-PAGE gels were silver stained to reveal the positions of the His-KLP64DS (arrowhead) and KLP68D (arrow) bands. Endogenous
DmKAP (i) is found to cosediment with His-KLP64D/68DS between fractions 9 and 12. MAbKLP64D was always found to stain two
closely migrating bands of KLP64DS in the lanes containing His-KLP64D/68DS, and the arrowhead in panel ii indicates the expected
position of the His-KLP64DS band.
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1500 fly heads were extracted in 3 mL of PME [35 mM
PIPES (pH 6.9), 5 mM MgSO4, 1 mM EGTA, 0.5 mM
EDTA, 1 mM PMSF, and 1 mM DTT] containing protease
inhibitor cocktail. Then 200 µL portions of the first 100000g
supernatant (S1) were mixed either with PME (sham) or with
4 mM AMP-PNP, 20 µM Taxol (Sigma Chemical Co., St.
Louis, MO), and 1 mM GTP along with 1 mg/mL purified
goat MT, incubated at 30 °C for 30 min, and centrifuged at
22 °C for 30 min at 100000g. Each pellet (P2) was dissolved
in 200 µL of PME and assessed by immunostaining of the
Western blots along with the corresponding supernatants
(S2). For the ATP dependent release assay, a separate P2
obtained from S1 incubated with AMP-PNP and MT was
resuspended in 200 µL of PME containing 10 mM ATP, 20

µM Taxol, and 1 mM GTP and incubated at 30 °C for 30
min. It was further centrifuged at 100000g as described
previously, and the resultant pellet (P3) was again dissolved
in 200 µL of PME for assessment by Western blotting and
immunostaining along with S3.

Sucrose Density Gradient Sedimentation. Sucrose solutions
(5 and 25%) were made in high-KCl buffer [19 mM KH2PO4,
81 mM K2HPO4, 400 mM KCl, and 1 mM DTT (pH 7.4)]
containing protease inhibitor cocktail (Roche GmBH). Five
milliliters of a continuous gradient (25% at the bottom to
5% at the top) was prepared in a SW50.1 ultracentrifuge
tube (Beckman Coulter Inc.) by using a homemade gradient
maker and peristaltic pump (GE Healthcare Ltd.); 200 µL
of the soluble fly head extract was laid on the top of the
gradient and then centrifuged at 150000g for 24 h at 4 °C
by using a SW50.1 (swing bucket) rotor in an Optima LE80K
(Beckman Coulter Inc.) ultracentrifuge. Following this, 18
equal size (∼300 µL) fractions were collected by gentle
aspiration from the bottom and analyzed by immunostaining.

Affinity Copurification of NatiVe and Recombinant Droso-
phila Proteins. Aliquots (100 µL) of the soluble and
detergent-extracted fractions of the Drosophila head homo-
genates were separately mixed with fixed amounts of purified
recombinant proteins in high-KCl buffer. The mixtures
containing the His-tagged recombinant proteins were incu-
bated with 100 µL of Ni-NTA agarose beads, and those
containing GST-tagged recombinant proteins were incubated
with an equal amount of glutathione Sepharose beads for
2 h at 4 °C. Following this, the Ni-NTA beads were washed
with several changes of ice-cold high-KCl buffer containing
20 mM imidazole and the glutathione Sepharose beads with
the same buffer containing 0.1 mM glutathione. Finally, the
bound proteins were eluted by incubating the beads in 100
µL portions of high-KCl buffer containing 300 mM imida-
zole (for the Ni-NTA beads) or 1 mM glutathione (for the
glutathione Sepharose beads). For serial affinity purifications
of the recombinant proteins, 10 mL portions of bacterial cell
extracts in TMN-D containing different His- and GST-tagged
recombinant proteins were mixed together with 0.5 mL of
Ni-NTA beads and incubated for 2 h on ice. The beads were
then washed and eluted with equal bead volumes of TMN-D
containing 300 mM imidazole using the procedure described
above; 0.3 mL of the eluted fractions was further incubated
with 0.3 mL of glutathione Sepharose beads and washed and
eluted with equal bed volumes of TMN-D containing 1 mM
glutathione. The buffer conditions and salt concentrations
were kept constant throughout this process. A similar serial
purification was performed in reverse order and under the
same buffer conditions but at different salt concentrations
as indicated in Results.

Western Blots and Immunostaining Techniques. The
protein mixtures were separated via SDS-PAGE and
transferred to PVDF membrane (Hybond-P, Amersham
Biosciences Plc.) following the supplier’s protocol and
incubated in different primary antiserum solutions in 20 mM
Tris-buffered saline (TBS, pH 7.4) containing 0.1% Tween
20 according to the dilutions listed in Table 2 of the
Supporting Information. Subsequently, they were incubated
either in rabbit anti-mouse-HRP (dilution, 1:20000; Sigma
Chemical Co.) or in goat anti-rabbit-HRP (dilution, 1:20000;
Sigma Chemical Co.) in TBS-T and developed by using an
ECL chemiluminescence detection kit (GE Healthcare Ltd.).

FIGURE 3: N-Terminal part of DmKAP that binds to the endogenous
kinesin-2 motor subunits. (A) Schematic illustrating the relative
distribution of the predicted ARMs (gray boxes) in the DmKAP
sequence. Vertical arrows indicate the amino acid positions at the
start and at the ends of different recombinant fragments that were
cloned and expressed in E. coli. For each fragment, the first and
last amino acid along with their position in the endogenous DmKAP
sequence are mentioned in the appropriate margins. The pI values
of the respective DmKAP fragments are given at the right. (B) Equal
amounts (100 µL) of fly head extract were separately mixed with
∼0.4 nmol of purified His-KAPN-631, His-KAPC-397, and His-
PfPFK along with the Ni-NTA beads. After several washes, the
bead eluates were analyzed by immunostaining the Western blots
with different antisera (i-vi), and a separate set was visualized by
Coomassie staining after SDS-PAGE (vii). White arrowheads in
panel vii indicate the expected positions of recombinant His-KAPN-
631, His-KAPC-397, and His-PfPFK in the respective lanes of the
gel. (C) A similar copurification experiment was conducted with
GST-KAPN-735 and GST-KAPN-400. Western blots of the glu-
tathione Sepharose bead eluates were analyzed by immunostaining
with different antisera (i-v). Both GST-KAPN-735 and GST-
KAPN-400 could pull down KLP64D, KLP68D, and ChAT but
not KHC and tubulin. A similar set was separated via SDS-PAGE
and visualized by Coomassie staining of the gel (vi). Equal amounts
of recombinant His-Pfenolase (fine arrow, vi) were mixed with the
eluates before being loaded to assess loading variations.
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Antibodies. All the antisera and their respective dilutions
used in the course of this study are listed in Table 2 of the
Supporting Information. The custom monoclonal antibodies
specific to the KLP64D stalk (KLP64DS) and the N-terminal
fragment of DmKAP (KAPN-400) were raised by immuniz-
ing female mice with purified His-KLP68D/64DS and GST-
KAPN-735, respectively. They were produced and supplied
by BioKlone Ltd. (Chennai, India). The clones were selected
by subtractive ELISA screenings. At the first stage, the clones
that cross reacted to unrelated proteins His-PfPFK and GST
were eliminated. The remaining clones were then tested for
reactivity to purified His-KLP68D/64DS and His-KLP68DS
(for selecting the MAbKLP64D), or to GST-KAPN-400 (for
selecting the MAbDmKAP). Finally, they were confirmed
by immunostaining the Western blots of the purified antigens
as well as the adult Drosophila head extracts. The mono-
clonal antibodies selected for this study were further screened
by immunostaining the Western blots of Drosophila head
extracts. A detailed description of the generation and
characterization of these monoclonal antibodies is under
preparation, and it will be reported shortly. A polyclonal
antibody against the stalk tail fragment of KLP68D was
raised in rabbits and purified using the recombinant KLP68D
stalk tail fragment as described in ref 12.

Distant Homology Modeling of the Stalk Domains of
Kinesin-2 Motor Subunits and KAP. The sequences of
KLP64D (AAF50786) and KLP68D (AAA50008) were
obtained from the Entrez database. The coiled-coil regions
were predicted using PAIRCOIL (http://groups.csail.mit.edu/
cb/paircoil/cgi-bin/paircoil.cgi) (23) and reaffirmed through
Phyre 0.2 (http://www.sbg.bio.ic.ac.uk/phyre) (24). The
crystal structure of the pig tropomyosin homodimer (entry
1C1G) (25) was obtained from the Protein Data Bank (PDB).
A and B chains of 1C1G were simultaneously employed as
templates to build the heterodimeric stalk model of KLP64D
and KLP68D (17.6 and 18.8% identical, respectively) by
using MODELER version 8.2 (http://www.salilab.org/
modeller) (26). Subsequently, the generated model was sub-
jected to “Powell” energy minimization for 3000 iterations with
the Tripos force field using SYBYL version 7.1 (http://
www.tripos.com). The WHAT-IF (http://swift.cmbi.ru.nl/
servers) (27) and COILCHECK (http://caps.ncbs.res.in/
coilcheck) (28) servers were used to analyze the geometric
quality and interface region of the KLP64D/68DS het-
erodimer. Similar homodimeric models of the KLP64D and
KLP68D stalks were generated for comparisons. The stabi-
lization energy (∆SE) was calculated as the free energy
change (∆G) due to dimerization after the energy minimiza-
tion according to the following equation:

∆SE)ET -∑
i)1

2

Ei

where ET is the total free energy of the dimer and Ei is the
free energy of subunit i.

An identical exercise was performed with the MmKIF3A
(NP_032469) and MmKIF3B (NP_032470) sequences to
yield the MmKIF3A/BS model. The DmKAP sequence
(NP_727512) was obtained from Entrez and aligned with
other KAP sequences from different phyla by using CLUST-
AL version 2.0.8 (Figure 2 of the Supporting Information).
Fold predictions were obtained by using Phyre 0.2 and the

PURE server (http://caps.ncbs.res.in/PURE) (29). A model
structure of the DmKAP fragment between the E409 and
I883 residues was built on the basis of the template structure
of �-catenin (PDB entry 1JDH, chain ID A) as described
above. Subsequently, the generated model was subjected to
Powell energy minimization for 3000 iterations with the
Tripos force field using SYBYL version 7.1. An identical
exercise was performed with the MmKAP3A (P70188)
sequences to yield the MmKAP3A model.

Modeling the Heterotrimeric Complex. The KLP64D/
68DS model was docked to the DmKAP model by using
GRAMM 1.03 (http://vakser.bioinformatics.ku.edu/resources/
gramm/gramm1). It was particularly suitable in our case, as
it allows inputs of low-resolution structures. We used the
low-resolution generic docking with a grid step of 6.5 Å and
a grid size of 64 Å. The ligand was rotated at 10° intervals.
The energy score for repulsion was 10, and the energy score
for attraction was 0. The 20 docked structures, among the
top 1000 best score matches, were selected and analyzed
using WHATIF (http://bioportal.weizmann.ac.il/oca-bin/
lpccsu) and CSU (http://bip.weizmann.ac.il/oca-bin/lpccsu)
servers. Once again, the models were subjected to Powell
energy minimization as before by using SYBYL version
7.1, and the best docked model was selected on the basis
of the lowest calculated free energy (∆G) and the highest
numbers of probable salt bridges, hydrophobic interac-
tions, and hydrogen bonds between the subunits. The
MmKIF3A/BS and MmKAP3A models were also docked
in the same manner to yield an independent MmKAP3A-
KIF3A/BS model. To further test the specificity of the
DmKAP-KLP64D/68DS model, sets of amino acid
residues in the DmKAP sequence, predicted to interact
with KLP64D/68DS in the model, were replaced with
alanine (A), and the resultant models of the mutant
DmKAP sequences were docked to the wild-type KLP64D/
68DS model as per the procedure described above.

RESULTS

KLP64D, KLP68D, and DmKAP Sediment Together at
High Ionic Concentrations. The Drosophila kinesin-2 sub-
units were previously immunoprecipitated together with the
ChAT and AChE from the adult head extracts (14). Since
new monoclonal antibodies were generated against the
N-terminal fragment of DmKAP and the KLP64DS for this
study, we decided to reconfirm the previous results with the
new reagents. MAbKLP64D stained three bands between 86
and 70 kDa (arrowhead, Figure 1A), and MAbDmKAP
stained a prominent band at 120 kDa (arrow, Figure 1A) in
the soluble head extracts. Purified anti-KLP68D stained two
bands at 105 kDa and below 75 kDa (Figure 1A). The 86
kDa KLP64D band along with the 105 kDa KLP68D and
the 120 kDa DmKAP bands were coprecipitated with anti-
KLP68D (Figure 1B). MAbDmKAP could only precipitate
the endogenous DmKAP, while MAbKLP64D failed to
precipitate even the endogenous KLP64D (Figure 1B). All
these confirmed that MAbDmKAP and MAbKLP64D rec-
ognized the respective proteins in Western blots, and
Drosophila kinesin-2 is a heterotrimeric complex consisting
of KLP64D, KLP68D, and DmKAP as suggested by the co-
immunoprecipitation by anti-KLP68D (Figure 1B) as well
as our earlier study (14). The co-immunoprecipitation results
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also suggested that the epitopes recognized by MAbDmKAP
and the MAbKLP64D are inaccessible in the kinesin-2
complex in solution. A further MT sedimentation assay was
carried out to confirm that DmKAP is part of the functional
kinesin-2 complex. As expected, most of the DmKAP along
with the KLP68D was associated with the MT pellet in the
presence of 4 mM AMP-PNP, and they were partly released
in presence of 10 mM ATP (Figure 1C). In contrast, only a
small fraction of the soluble ChAT was associated the MT
pellet. Altogether, these results indicated that DmKAP is an
integral part of the kinesin-2 complex in Drosophila. The
ChAT pull-down data are also consistent with our previous
observation (14), and they further suggested that only a small
part of the total soluble ChAT is likely to be actively
transported by the motor.

To further test the stability of this complex at high salt
concentrations, we studied the sedimentation pattern on the
sucrose density gradient made in 400 mM KCl. This revealed
that 120 kDa DmKAP sediments together with 86 kDa
KLP64D and 105 kDa KLP68D (Figure 1D). Two other
forms of DmKAP (∼130 and 102 kDa) were found to
sediment separately behind the kinesin-2 complex (Figure
1D, i). The DmKap gene is predicted to encode five different
mRNAs and three different proteins by genome annotations.
Earlier studies also showed that tyrosine residues in the
C-terminal half of the human KAP3A are phosphorylated
by the breast tumor kinase, thereby altering the mobility of
the protein on SDS-PAGE (30). Therefore, a combination
of these could account for the other forms of DmKAP, which
sediment separately from the motor subunit. Nevertheless,
the data further helped to establish that the Drosophila
kinesin-2 is stable at high ionic concentrations and it is
composed of three unique subunits as recognized by the
antibodies.

Both Heterodimeric KLP64D/68D and the KLP68D Stalk
Fragments Pulled Down 120 kDa Endogenous DmKAP. Both
KLP64D and KLP68D are predicted to contain conserved
kinesin-like motor (M) domains at the N-termini, ∼160-
amino acid stalk (S) domains in the middle, and globular
tail (T) domains of dissimilar lengths at the C-termini (Figure
2A). The limits of the S domains are determined by proline
residues in both polypeptides (Figure 1 of the Supporting
Information). KLP64DS is predicted to have three coiled-
coil motifs [cc-1, -2, and -3 (Figure 1 of the Supporting
Information)] of nearly equal lengths interspersed with short
random coils (stutters), whereas only two such motifs were
predicted at the N- and C-terminal ends of the KLP68DS
sequence [cc-1 and -2 (Figure 1 of the Supporting Informa-
tion)] with a gap in the middle. Thus, both KLP64DS and
KLP68DS are divided into three equal parts (Figure 2A).
The KLP64DT and KLP68DT sequences are dissimilar, and
apart from a small conserved region in the middle (gray
boxes, Figure 2A), the rest of the tails are poorly conserved
(Figure 1 of the Supporting Information). In addition, the
stalk domains are predicted to have low isoelectric point (pI)
values; those for the tails are higher (Figure 2A).

To determine the DmKAP binding regions on the motor
subunits, recombinant KLP64D and KLP68D fragments
containing N-terminal His tags (Figure 2A) were expressed
in bacteria (Table 1 of the Supporting Information). Except
for His-KLP64DS, all the other His-tagged recombinant
proteins were soluble, and they were purified by using Ni-

NTA chromatography. His-KLP64DS mostly precipitated
with the high-speed pellet, although both His-KLP68D/64DS
and His-KLP64D/68DS were soluble. Therefore, we ex-
cluded His-KLP64DS from the experiment. Each of the
recombinant proteins was tested for its ability to pull down
the endogenous DmKAP from the fly head extracts by Ni-
NTA affinity chromatography. For this, approximately 0.4
nmol of the affinity-purified recombinant protein was inde-
pendently mixed with the 100000g supernatant (sup) as well
as with the detergent extract of the pellet (P) of the high-
KCl fly head extracts in separate tubes, and the mixtures
were purified by Ni-NTA affinity chromatography (Figure
2B). The presence or absence of the endogenous DmKAP
in the bead eluates was determined by immunostaining the
Western blots (Figure 2C), in accordance with the current
belief the recombinant fragments containing the tail (T)
domains were expected to retain DmKAP on the Ni-NTA
beads by this procedure.

To our surprise, only His-KLP68DS and His-KLP68D/
64DS retained the endogenous DmKAP (Figure 2C). His-
K560GFP (N-560 amino acids of rat KHC fused to GFP)
(31) and His-PfPFK (His-tagged Plasmodium falciparum
phosphofructokinase) (32), which were used to monitor
nonspecific interactions due to the His tag, failed to pull down
the endogenous protein. We also noted that the endogenous
KLP64D (Figure 2D) and ChAT (unpublished data) did not
copurify with His-KLP68D/64DS and DmKAP, indicating
that His-KLP68D/64DS does not associate with the endog-
enous motor subunits or the cargo. This may suggest a
specific interaction between DmKAP and the stalks. To
further test the solubility of the KLP64D/68DS and DmKAP
complex, the Ni-NTA eluate of the His-KLP64D/68DS
mixture was separated on a sucrose density gradient. The
affinity tag was added to KLP64DS to facilitate one-step
affinity purification of the heterodimer. Subsequently, West-
ern blots of the fractions were stained with MAbDmKAP
and the MAbKLP64D, respectively. This revealed that
DmKAP cosediments with His-KLP64D/68DS (Figure 2E),
indicating that the His-KLP64D/68DS-DmKAP is stable in
solution. Since the endogenous DmKAP was pulled down
by the stalk fragments in the presence of 400 mM KCl as
well as 1% Triton X-100, it would suggest that the accessory
subunit would associate with the stalk through different types
of nonionic interactions.

The N-Terminal Half of DmKAP Is Essential for Binding
the Motor Subunits. Sequence alignments of DmKAP ho-
mologues from different phyla identified several conserved
residues in multiple stretches [I150-R193, V262-R365,
D486-I658, A671-L731, and F743-E914 (Figure 2 of the
Supporting Information)], and fold prediction analysis indi-
cated 10 probable armadillo-like repeat motifs (ARMs) in
the M291-D868 stretch (Figure 3A and Figure 2 of the
Supporting Information). In addition, the N-terminal 631-
amino acid fragment of DmKAP (pI 9.05) is predicted to be
positively charged, while the remaining 397-amino acid
fragment (pI 4.45) at the C-terminus is predicted to be
negatively charged (Figure 3A). Interestingly, both the
KLP64D and KLP68D tail domains were predicted to be
positively charged. A similar domain specific distribution
of charges was observed in the sea urchin homologues, which
led to the proposal that the C-terminal region of SpKAP115
could interact with the respective tail domains of SpKRP85
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and SpKRP95 (2). Hence, to test the roles of the N- and
C-terminal parts of DmKAP, recombinant His-KAPN-631
and His-KAPC-397 were cloned and expressed in bacteria,
and the recombinant proteins were separately used to
copurify the endogenous motor subunits by using the
procedure described above. In addition, two more fragments
[KAPN-735 and KAPN-400 (Figure 3A)] from the middle
region of DmKAP were expressed as GST-tagged polypep-
tides and used to copurify the native motor subunits in a
similar manner.

Surprisingly though, the kinesin-2 motor subunits along
with the other known interacting partners such as ChAT and
the P150Glued were retained by His-KAPN-631 on the Ni-
NTA beads (Figure 3B), whereas His-KAPC-397 could retain
only P150Glued (Figure 3B). To further test the specificity of
these retentions, duplicate Western blots were stained with
KHC and IC74 specific antisera, and the results were negative
(Figure 3B). A similar experiment showed that both GST-
KAPN-735 and GST-KAPN-400 could also retain the
kinesin-2 motor subunits (Figure 3C). Altogether, these
established that the M94-K493 (GST-KAPN-400) region
of DmKAP is sufficient to bind the kinesin-2 motor subunits.
However, the KLP64D and KLP68D bands were qualita-
tively better stained when copurified with the longer con-
struct, indicating that the interaction between the stalk
domains and DmKAP is reinforced by certain additional
sequence elements present in KAPN-735. Xenopus P150Glued

was shown to bind to a C-terminal fragment of XKAP in a
previous report (33). Our results indicate that the binding
site is shared between the KAPN-631 and KAPC-397
fragments, and even though KAPC-397 is capable of binding
Drosophila P150Glued, it is insufficient for retaining the
kinesin-2 motor subunits. The copurification of ChAT along
with the motor subunits and P150Glued further indicates that
the recombinant KAP fragments are associated with an
otherwise native kinesin-2 complex.

Recombinant DmKAP Fragments and KLP64D/68DS
Form Stable Complexes at High Salt Concentrations in Vitro.
The pull-down of endogenous kinesin-2 subunits by the
recombinant KLP64DS, KLP68DS, and KAPN fragments
suggested a possibility of direct interaction among these
polypeptides. To test this idea, we decided to reconstitute
the KAPN-KLP64D/68DS complex in vitro by using
bacterially expressed polypeptides. The bacterial extracts
containing untagged KAPN-631 were mixed with equal
molar amounts of purified His-KLP64D/68DS, His-
KLP64DT, and His-KLP68DT and then repurified by
using Ni-NTA affinity chromatography. Immunostaining
the Western blots of the bead eluates showed that KAPN-
631 is only copurified with His-KLP64D/68DS (Figure
4A). This confirmed that the N-terminal KAP binds
directly to the stalk domains. In addition, purified GST-
KAPN-735 and GST-KAPN-400 were separately mixed
with His-KLP68D/64DS; each of these mixtures was then
purified in serial order first by using Ni-NTA affinity
chromatography, and then the eluates were further purified
with glutathione Sepharose (Figure 4B). Both GST-KAPN-
400 and GST-KAPN-735 were retained in the Ni-NTA
column in the presence of the His-KLP68DS as well as
His-KLP68D/64DS (Figure 4B). Similarly, the GST-
tagged KAP fragments retained His-KLP68DS as well as
His-KLP68D/64DS in the glutathione Sepharose column

(Figure 4B). Together, these findings confirmed that
KAPN-400 is indeed sufficient for binding the stalk
fragments and both the KAP fragments can bind to
KLP68DS in vitro. Similar serial affinity purification was
performed at different ionic concentrations with the
mixture containing GST-KAPN-735 and His-KLP64D/
68DS to further test the salt tolerance of the complex. It
revealed that the KAPN-735-KLP64D/68DS complex
could be reconstituted in vitro in the presence of 300 mM
NaCl or 150 mM KCl (Figure 4C) and emphasized that
nonionic interactions are likely to play a role in the
assembly.

A Model Describing the Interactions in the Heterotrimeric
Kinesin-2 Complex. Although the results described above
provided a domain specific interaction map between
DmKAP and the motor subunits, it was not sufficient for
describing the interactions at the residue level. Since the
structures of the kinesin-2 subunits are still unknown, we
applied the distant homology modeling and molecular
docking technique to predict the amino acid level interac-
tions between DmKAP and KLP64D/68DS. The het-
erodimer between the KLP64DS (P425-P589) and
KLP68DS (P423-P584) fragments was modeled using the
tropomyosin homodimer (PDB entry 1C1G) as a template,
and ∆SE calculations suggested that it would be relatively
stable as compared to the individual homodimers (Table 1),
which conformed to the experimental findings. Similar results
were produced with the MmKIF3A (K446-D610) and
MmKIF3B (R407-R571) stalk fragments (Table 1). The
�-catenin (PDB entry 1JDH, chain ID A) was then used to
model both the DmKAP (E409-I883) and MmKAP3A
(M139-A661) fragments, and they were docked to the
KLP64D/68DS and KIF3A/BS models, respectively. The
best docked model showed that the DmKAP-KLP64D/68DS
complex would have a calculated free energy (∆G) of
-1937.99 kcal/mol, while the ∆G for the MmKAP3A-
KIF3A/BS complex would be -1917.72 kcal/mol. In addi-
tion, the DmKAP fragment was predicted to dock at the
C-terminal halves of both KLP64DS and KLP68DS (Figure
5B,C) through predominantly hydrophobic interactions along
with some hydrogen bonds and charge interactions (Table 2
and Table 3A of the Supporting Information). A similar set
ofinteractionswaspredictedfromtheMmKAP3A-MmKIF3A/
BS model (Figure 5D-F, Table 2, and Table 3 of the
Supporting Information). Furthermore, both models indicated
multiple contacts among the subunits that were spread over
extended regions in all three fragments (Table 2 and Table
3A,B of the Supporting Information).

Although they were built on templates with low levels
of sequence identity, the models appear to be robust. First,
the predicted interactions between DmKAP and KLP64D/
68DS (Figure 5A-C and Table 3A of the Supporting
Information) were similar to those between MmKAP3A
and KIF3A/BS (Figure 5D,E and Table 3B of the
Supporting Information), though the sequences of the
Drosophila and mouse kinesin-2 subunits are quite dif-
ferent (Figure 2 of the Supporting Information). Second,
all the predictions derived from the model are consistent
with the experimental findings reported here. Our experi-
ments suggested that the KAPN-400 (M94-K493) frag-
ment is sufficient to bind the stalk domain, but the pull-
down efficiency improved with the KAPN-735 (M94-D828)
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fragment, implying that residues in the K493-D828 region
additionally reinforce the association with the stalk
domains. Although we could not model some of the
N-terminal region of DmKAP found to associate with the
stalk in our experiment, the docking exercise predicted
that several residues in the K412-Y878 region of DmKAP
could form stable contacts with KLP64DS and KLP68DS
(Table 3 of the Supporting Information). To further
validate these predictions, we altered the DmKAP se-
quences by substituting sets of the predicted interacting
residues with alanine and separately docked the substituted
DmKAP models to KLP64D/68DS (Figure 6). While one
of the substitutions was predicted to cause moderate
defects (Figure 6B), the model suggested that replacement
of the 594-NLSF-597 region with 594-AASA-597 in

DmKAP could both drastically alter the topography of
interactions and reduce its affinity for the stalks by 4-fold
(Figure 6C). In addition, multiple alanine substitutions in
the K481-N489 fragment (Figure 6D) as well as in the
E521-K526 and D559-E563 regions (Figure 6E) radi-
cally altered the pattern of interactions between the
DmKAP and stalk domains. This is consistent with our
experimental observations as all these amino acids are
included in KAPN-631 but missing from KAPC-397,
which failed to pull down the endogenous motor subunits.
This exercise also showed that certain amino acids in the
N-terminal region of DmKAP could play important roles
in determining its interactions with the stalk domains and
further validated the model. The modeling analysis also

FIGURE 4: In vitro reconstitution of the DmKAP-KLP64D/68DS complex. (A) Purified His-KLP64D/68DS, His-KLP64DT, and His-
KLP68DT (∼40 nmol) were separately mixed with equal volumes (0.5 mL) of the E. coli cell extracts expressing recombinant KAPN-631
(no tag) and 0.1 mL of Ni-NTA beads. Western blots of the bead eluates were analyzed by MAbDmKAP staining (i). The same set of
eluates was separated via 8 to 15% gradient SDS-PAGE and then silver stained to reveal the positions of the recombinant proteins (ii). The
arrows in panels i and ii indicate the expected positions of KAPN-631, and the arrowheads in panel ii indicate the positions of the His-
tagged recombinant fragments in the respective lanes. (B) Affinity-purified GST-KAPN-735 and GST-KAPN-400 were separately mixed
with His-KLP68DS as well as His-KLP68D/64DS and then purified, first by Ni-NTA affinity chromatography, and the Ni-NTA eluates
were again purified by glutathione Sepharose affinity chromatography as indicated in the figure. The bead eluates from both steps were
separated via SDS-PAGE and visualized via Coomassie staining (i and ii). The arrows and arrowheads indicate the positions of GST-
KAPN-400 and -735, respectively. (iii) The GST and His-KLP68D/64DS mixture was passed through the glutathione Sepharose beads, and
Western blots of the fractions were separately stained with anti-KLP68D and MAbKLP64D. Expectedly, His-KLP68DS and KLP64DS
were found in the flow-through and wash fractions and not in the eluates, indicating that the GST tag does not interact with the recombinant
kinesin-2 fragments. (C) Similar serial affinity purifications of the GST-KAPN-735-His-KLP64D/68DS complex were performed at varying
salt concentrations as indicated in the top panel. The mixtures were first purified with glutathione Sepharose and then through Ni-NTA
columns as indicated earlier, and the Western blots of the column eluates were immunostained with MAbDmKAP (i), anti-KLP68D (ii),
and MAbKLP64D (iii). This showed that the interaction of KAPN-735 with the heterodimeric stalk remains stable even at very high ionic
strengths.

Table 1: Molecular Interactions between the Stalk Domains of the Kinesin-2 Motor Subunits As Predicted from the Model Based on Tropomyosin
(PDB entry 1C1G, chains A and B)

KLP64D-
KLP64D

KLP68D-
KLP68D

KLP64D-
KLP68D

MmKIF3A-
MmKIF3A

MmKIF3B-
MmKIF3B

MmKIF3A-
MmKIF3B

∆SE (kJ/mol) -2604.34 -2550.19 -2680.47 -2287.3 -2363.14 -2655.99
no. of salt bridges (4 Å cutoff) 9 5 17 16 5 22
no. of favorable electrostatic interactions 175 154 200 248 184 214
no. of unfavorable electrostatic interactions 215 207 196 302 234 221
no. of hydrophobic interactions 48 36 46 58 50 42
no. of atomic bumps 39 37 37 64 12 35
no. of residues with bad torsion angles 4 7 2 0 0 0
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revealed that DmKAP is likely to occupy only one part
of the KLP64D/68DS surface. This would allow other
proteins to access the stalk. Similarly, only a part of the

DmKAP surface was occupied by the stalk, and this would
allow KAP to simultaneously bind other proteins and help
to form a greater kinesin-2 complex.

FIGURE 5: Atomic-resolution model depicting interactions in the DmKAP-KLP64D/68DS and MmKAP3A-KIF3A/BS complexes. (A)
Energy-optimized DmKAP-KLP64D/68DS heterotrimer of the DmKAP (light gray), KLP68DS (aquamarine), and KLP64DS (salmon)
fragments. The DmKAP fragment was modeled by using �-catenin (PDB entry 1JDH, chain A) and KLP64D/68DS by using tropomyosin
(PDB entry 1C1G) as templates and docked to each other. (B and C) Backbone structures of the DmKAP, KLP64DS, and KLP68DS
fragments in the DmKAP-KLP64D/68DS model. The atomic contacts between DmKAP (light gray) and KLP64DS (salmon) (B) and
between DmKAP and KLP68DS (aquamarine) (C) fragments are highlighted in different colors along the chain. Amino acid residues with
hydrophobic (pink), polar (orange), negatively charged (red), and positively charged (blue) side chains involved in the interactions are
marked with different colors (see Table 2 and Table 3A of the Supporting Information for details). These contacts are distributed along the
entire length of the protein. (D-F) Equivalent set of view for the MmKAP3A-KIF3A/BS model prepared by using an identical procedure
as described above.

Table 2: Molecular Interactions between the Heterodimeric Stalk and KAP As Observed in the Model

no. of contacts no. of contacts

type of interaction KLP64D-DmKAP KLP68D-DmKAP total MmKIF3A-MmKAP3A MmKIF3B-MmKAP3A total

hydrophobic 29 53 86 17 44 61
hydrogen bond 22 39 61 17 35 52
salt bridge (5 Å cutoff) 5 15 20 5 11 16
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DISCUSSION

In summary, the experimental data established two sig-
nificant points underlying the basis of heterotrimeric kine-
sin-2 assembly. First, the affinity purification results and
independent modeling exercise showed that DmKAP binds
to the stalk domains of the kinesin-2 motors, and it ruled
out the possibility of interaction between DmKAP and the
tail domains of the motor subunits. Second, it showed that
it is the N-terminal and not the C-terminal region of DmKAP
that binds to the stalk domain. Computational modeling
further predicted that the interactions between KAP and the
motor subunits would be spread over large stretches in each
subunit and certain key residues in DmKAP could be critical
in maintaining its affinity for the stalk domains. Altogether,
these negated an existing notion that the C-terminal part of
KAP would bind to the tail domains of the kinesin-2 motor
subunits and advanced a new interaction model. It will have
an important impact on the current understanding of the role
of the accessory protein in kinesin-2 functions. Similar
models of binding between the non-motor accessory subunits
and the motors have been reported for two other motor
proteins. The kinesin light chain (KLC) was shown to interact
with the coiled-coil stalk region of the kinesin heavy chain
(KHC) subunits to constitute a 2+2 kinesin-1 complex, and
this is proposed to enhance the stability of the motor (34).
The dimeric DLC2 binds to the predicted coiled-coil stalk
region of an alternatively spliced form of myosin Va (35),
and this is shown to enhance the coiled-coil interaction
between the two motor subunits (36). Both KLC1 and DLC2

are known to play essential roles in the respective motor
functions in vivo (35, 37).

Originally, the kinesin-2 accessory subunit (KAP) was
proposed to act as a generic cargo adapter (18). The addition
of KAP3A to the heteromeric KIF3A/B complex was
reported to have no effect in the motor activity in vitro (38).
However, as compared to the recombinant KIF3A/B het-
erodimer, the heterotrimeric kinesin-2 purified from the
chicken brain and the recombinant Cekinesin-2 were dem-
onstrated to have almost 2-fold higher motility rates in
vitro (39-41). Furthermore, genetic and cellular analysis in
Chlamydomonas, C. elegans, and Drosophila suggested that
the KAP subunit is essential for maintaining the kinesin-2
functions in vivo (13, 16, 17). The C-terminal half of KAP
is the most conserved and appeared to play a vital role in
the kinesin-2 functions in vivo (16). The role of KAP is,
thus, likely to extend beyond that of a mere cargo adapter
in the kinesin-2 complex. The results presented here indicate
that KAP would associate along the length of the coiled-
coil stalk of the motor subunits. This could further stabilize
the heterodimeric coiled-coil assembly and thus improve the
overall efficiency of movement such as run length. A detailed
future experiment would be needed to test this prediction.

The human KAP3A homologue was also shown to interact
with the adenomatosis polyposis coli (APC) (42), smgGDS
(43), and human chromosome-associated protein (HCAP)
(44) through the ARMs. In all three cases, HsKAP3A was
shown to form a supercomplex along with the HsKIF3A/B
heterodimer. These observations are consistent with our
results and the proposed model, which shows that the motor

FIGURE 6: Alanine substitutions of the key interacting amino acids in DmKAP reduced the predicted affinity of interactions with KLP64D/
68DS. The comparative computational docking models of the wild type (A) and substituted (B-E) DmKAP variants associated with KLP64D/
68DS. Only the backbones of DmKAP (light gray), KLP68DS (aquamarine), and KLP64DS (brown) are shown to illustrate the relative
positions of the subunits in the complex. The corresponding substitutions are indicated in the second row below each figure. The amino
acid residues highlighted in bold letters were substituted with alanine (A) as indicated in parentheses next to them. The corresponding ∆G
values as calculated from each model are indicated in the third row below the figures. The substitution I had a moderate effect on the
binding, while substitutions II, III, and IV altered the topography of interactions between DmKAP and KLP64D/68DS. The free energy
calculations showed that the affinity would be the lowest after substitution II.
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subunits associate with the N-terminal region of KAP while
most of the predicted ARMs are at the C-terminal half of
the protein. Certain other observations further indicate that
KAP could glue together multiple coiled-coil motifs. XKAP
was shown to interact with the P150Glued subunit of dynactin
in Xenopus melanocytes and disrupt the IC74-P150Glued

interaction (33). The region of P150Glued that binds XKAP
also contained a predicted coiled-coil motif, which is
involved in the interaction with the IC74 subunit of dynein
(45). Therefore, XKAP is likely to compete for the same
site on P150Glued as IC74. It was also shown that the P150Glued

binding does not disrupt the XKAP-XKLP3A/B complex.
Drosophila P150Glued was copurified with both the N- and
C-terminal fragments of DmKAP. A careful sequence
analysis indicated that the C-terminal part of KAPN-631 is
homologous to the 40 amino acids of the C-XKAP fragment
used in the previous study (33). Thus, the pull-down results
are consistent with the previous report, and this further
indicates that interaction between KAP and the motor
subunits as well as other proteins could occur through
exclusive regions. This is further supported by the proposed
model, which indicates that KAP could simultaneously
interact with multiple other surfaces, and this would allow
it to glue together the coiled-coil stalks of the motor subunits
with the other proteins. Altogether, these results suggest that
KAP may act as an essential adapter to condense a super-
complex with kinesin-2 that is required for the biological
activity of this motor.

The model presented here could also explain the mecha-
nism underlying regulation of the kinesin-2 supercomplex
assembly involving additional proteins. For instance, bovine
IFT20, which contains a coiled-coil motif, was shown to
interact with the predicted coiled-coil domain of KIF3B and
IFT57 (46). Both IFT20 and IFT57 are part of the IFT-B
complex (46), which is transported into the flagella by the
heterotrimeric kinesin-2 complex (5). The KIF3B-IFT20
complex is reasonably salt tolerant, similar to the nature of
interaction between DmKAP and KLP68D/64DS shown
here. According to our model, both KAP and IFT20 could
associate with the stalk domain on complementary surfaces,
and this may define the nature of their interactions with the
motor subunits. In contrast, the association of the von Hippel-
Lindau tumor suppressor protein (pVHL) and KIF3A was
shown to be disrupted by a recombinant KAP3A fragment,
and this appeared to regulate the pVHL localization in the
cell (47). Taken together with our results, this would indicate
that pVHL and KAP3A compete for the same binding site
on the stalk domains and thus regulate kinesin-2 function.
This also suggests that KAP is unlikely to be the essential
adaptor for all kinesin-2 cargoes as several proteins are
shown to bind directly to the motor subunits. It is further
supported by the observation that the synaptic nuclear
envelope protein (Syne1), which is involved in cytokinesis
in the NRK-1 cells, binds to the tail domain of KIF3B (48).
Therefore, we propose that the association of KAP with the
stalk could primarily regulate the kinesin-2 motor activity
and could also contribute to the assembly of a greater
kinesin-2 complex. This in turn could regulate the kinesin-
2-mediated transports in vivo.
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