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Partial Characterization of an Interaction between
Kinesin Associated Protein 3 (Kap3) of Kinesin-2 and the
Actin Cytoskeleton
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Department of Biology and Chemistry, Azusa Pacific Kinesin-2 is a plus-end directed microtubule based motor involved in the
University, USA transport of diverse intracellular cargoes. It has been specifically shown to
*Corresponding author: Berezuk MA, Department of function in systems that help define sub cellular structures and cell morphology
Biology and Chemistry, Azusa Pacific University, 675 E in general. The non-motor accessory subunit of kinesin-2, KAP3, is proposed to
Foothill Blvd, Azusa, CA 91702, USA act as a multifunctional linker between the motor subunits and an assortment

of target cargoes. Human KAP3 contains an array of eleven armadillo repeats,
a well characterized motif common to various protein-protein interactions.
Previous work showed that native kinesin-2 and bacterially expressed KAP3
armadillo repeat bearing fragments can co-cycle with actin filaments in
vitro. However, these studies left the putative KAP3-actin interaction poorly
characterized and did not address what in vivo significance, if any, a KAP3-
actin interaction might have. Here we report that KAP3 associates with actin
polymers exclusively through its central core of armadillo repeats. Conversely,
KAP3 appears incapable of binding to monomeric, globular actin in solution.
Co-localization of over expressed GFP-tagged full length KAP3 with phalloidin
stained actin filaments in cell culture substantiates an in vivo consequence to
our biochemical description. This work helps to refine our understanding of
the KAP3-actin interaction in vitro and expands it to a cellular context. Thus,
providing further insight into how KAP3 facilitates kinesin-2 transport activities,
specifically those related to the formation and maintenance of specific cellular
processes and cell shape.
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Introduction Structurally, KAP3 contains a central grouping of armadillo
repeats [8,14,30], a common protein interaction motif often found in
proteins that associate with the actin cytoskeleton [31-36]. Previous
work using His-tagged KAP3 fragments identified an association
generated from ATP hydrolysis into mechanical force for intracellular  petween the armadillo repeats of KAP3 and actin [27]. This novel
transport [1-6]. While all kinesins share nearly identical motor  finding provided us with a model for kinesin-2 recognizing a specific
domains, their non-motor components and accessory subunits cargo in the context of a known functional interaction [22,37]. Here
are quite varied [4,7-11]. Kinesin-2 is one of the plus-end directed  we report studies which confirm that the armadillo repeat regions of
members of the kinesin super family and is essential for metazoan  KAP3 are capable of co-cycling with actin filaments in vitro. However,
life [9,12]. Tt is unique amongst kinesin motors in that it consists of ~ we are unable to detect any direct interaction between these same
two configurations of heterologous motor subunits (kinesin-2 A/B  fragments and globular actin. To address the cellular significance
or A/C) and a non-motor, accessory protein, KAP3 [13-15]. The  of the observed biochemical interaction, we cloned a Green
kinesin-2 holoenzyme has been shown to function in the intracellular ~ Fluorescent Protein (GFP) fusion construct of full length human
transport of organelles, viruses and RNAs as well as having roles KAP3 into a mammalian expression vector. Transient transfection
in the regulation of cell polarity, cell-cell adhesion, mitosis, neurite and overexpression in COS-7 cell culture coupled with fluorescence

extension, intraflagellar transport and cilium assembly/maintenance ~ Staining of actin filaments revealed specific co-localization between
GFP-KAP3 and filamentous actin. Our continued characterization of

this novel interaction furthers our understanding of how these distinct
cytoskeletal systems can communicate and potentially regulate one
another in performing a variety of cellular functions.

Kinesins are a class of predominantly plus-end directed,
microtubule-based motors capable of transforming the energy

[9,16-18]. However, the exact mechanisms of these activities and how
kinesin-2 associates with the myriad of cargoes involved is poorly
understood. Most studies implicate the KAP3 subunit of kinesin-2
as the likely mediator of target molecule/organelle recognition and
attachment to the motor subunits [2,19-29]. While promising, these ~ Materials and Methods
reports have only identified a small proportion of the potentially His-tagged protein expression and purification
large number of cargo associating molecules present for KAP3 and

Kinesin-2 to bind within the cell. KAP3 fragment constructs cloned into the His-tagged pRSET
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Figure 1: Schematic of full length human KAP3 protein (FL) and cloned
fragments used. Amino acid numbers defining the sequence for each
construct are as labelled. Amino terminus (N), carboxyl terminus (C) and
armadillo repeats (numbered 1 — 11) within the sequence are as shown.

B bacterially expression vector [27] were a generous gift from
T.A. Schroer. The coding region for KAP3 included in each clone
corresponds to the N-terminus [KAP3 N; a.a. 1-161], armadillo
repeats 1-3 (KAP3 A1-3; a.a 162-333), 4-8 (KAP3 A4-8; aa. 334-534),
9-11 (KAP3 A9-11; aa. 535 -662) and the C terminus (KAP3 C; aa.
663-772) of human KAP3 (Figure 1). Plasmids were transformed
into Rosetta (DE3) competent cells (EMD Millipore, Billerica, MA).
Cultures were grown and protein expression induced with 0.1 pM
IPTG for 16 hours at 37 C. Cells were lysed by sonication and sterile
filtrate loaded onto a HiTrap™ Chelating HP column (GE Healthcare,
Marlborough, MA) for binding (binding buffer; 20 mM Tris-HCI pH
7.5,500 mM NaCl, 10 mM imidazole) and elution (0 to 100% gradient
of elution buffer; 20 mM Tris-HCI pH 7.5, 500 mM NaCl, 500 mM
imidazole) using an AKTA® purifier FPLC system (GE Healthcare,
Marlborough, MA).
Actin co-cycling

Actin co-cycling experiments were performed as previously
described [27]. Briefly, human platelet actin (Cytoskeleton Inc.,
Denver, CO) and His-tagged KAP3 fragment samples were made
to 1 mg/ml and 0.25 mg/ml, respectively, in G-buffer (5 mM Tris-
Cl pH 8.0, 0.2 mM NacCl, 0.2 mM ATP, 0.5 mM DTT). Actin was
polymerized by addition of 10 X F-buffer (final concentration: 5
mM Tris-Cl pH 8.0, 2 mM MgCI2, 5 mM NaCl, 1 mM ATP, 0.5 mM
DTT) and incubated for 4 hours at 30 °C. Polymerized F-actin was
incubated with His-tagged KAP3 (final ratio 30:1 m/m) for 30 minutes
at 30 °C. Samples were centrifuged at 150,000 g for 90 minutes at 30
OC. Supernatants were saved. Pellets were resuspended in G-buffer
and incubated overnight on ice. Samples were spun at 150,000 g
for 90 minutes at 4 °C. Supernatants were removed, supplemented
with 10X F-buffer and incubated for actin polymerization as before.
Pellets were resuspended in G-buffer and saved. Samples were spun at
150,000 g for 90 minutes at 30 °C, supernatants were saved and pellets
resuspended in G-buffer.

Actin affinity pulls down

A 50 pl suspension of BioMag Streptavadin (Qiagen, Inc.,
Valencia, CA) was incubated with 10 pg biotinylated actin protein
(Cytoskeleton, Inc., Denver, CO) in 500 pl G-buffer for 1 hour at
room temperature. Beads were separated using a Qiagen 12-tube

(25ug each, supplemented with 25 g bovine serum albumin (Sigma-
Aldrich, St. Louis, MO) carrier protein) in 500 pl binding buffer were
added and incubated overnight at 4 °C. Beads were separated and
washed with binding buffer. Beads were resuspended in 1X SDS-
PAGE sample buffer for analysis.

SDS-PAGE, Coomassie staining and immunoblotting

SDS-PAGE was performed as described [38]. Coomassie staining
of SDS-PAGE gels was performed with Coomassie Brilliant Blue
G-250 (Bio-Rad Laboratories Inc., Hercules, CA). Western transfer
and immunoblotting were performed according to the Mini Trans-
Blot and Clarity Western ECL detection kit protocols (Bio-Rad
Laboratories Inc., Hercules, CA). Blots were visualized using a
ChemiDoc XRS+ imaging system (Bio-Rad Laboratories, Hercules,
CA). Primary antibody used was anti-Xpress™ mAb (Invitrogen,
Carlsbad, CA) Secondary antibody used was HRP conjugated goat
anti-mouse IgG (Life Technologies, Carlsbad, CA).

Cloning of GFP-tagged Full Length KAP3 Construct

Full-length human KAP3 DNA (coding region a.a. 1-772, (Figure
1)) was obtained from restriction digest of the KAP3 pRSET B vector
clone previously described [27] using Xhol and EcoRI cut sites.
Gel purified restriction fragment was ligated into the pAcGFP1-C2
mammalian expression vector (Clonetech Laboratories Inc.,
Mountain View, CA) and transformed into JM109 competent cells
(Promega Corporation, Madison, WTI) for selection. Purified plasmid
construct (GFP-KAP3 FL) was confirmed by restriction digest and
DNA sequencing.

Cell Culture, Transfection and Cytochemistry

COS-7 cells were grown on sterile glass coverslips (Neuvitro
Corporation, El Monte, CA) and maintained in Dubellco’s Modified
Eagles Media (DMEM) (Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA).
Transfection was performed per manufacturer’s protocol using
Polyfect® reagent (Qiagen, Valencia, CA) [39]. Filamentous actin
staining was performed 48 hours post-transfection according to
protocol with rhodamine-Phallacidin (Sigma-Aldrich, St. Louis,
MO). Cover slips were mounted in ProLong Diamond Antifade
Mountant with DAPI (Life Technologies, Carlsbad, CA).

Microscopy

Cells were observed by fluorescent microscopy using a Zeiss LSM
700 confocal microscope (Carl Zeiss Inc., Thornwood, NY). Still
frame images in the fluorescent green (GFP) red (Alexa Fluor 568)
and blue (DAPI) channels were imaged and overlayed using Zeiss-
ZEN software (Carl Zeiss Inc., Thornwood, NY).

Results and Discussion

To date, most interactions identified between kinesin-2 and
putative cargoes have involved its non-motor accessory protein,
KAP3 [9,19-28,40]. Sequence analysis of KAP3 across a variety of
species reveals a central stretch of armadillo repeats [13,14]. The
armadillo repeat itself is a common motif employed in a variety of
protein-protein associations [31,32]. Many armadillo repeat proteins,
including the canonical Armadillo protein, are known to associate
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Figure 2: SDS-PAGE with Coomassie staining (actin) or immunoblotting
(KAP3 fragments) of samples from actin co-cycling assays. Supernatant (S)
and pellet (P) fractions from each round (1-3) of centrifugation are labeled S1/
P1 (polymerized F-actin), S2/P2 (depolymerized, monomeric G-actin), and
S3/P3 (cycled F-actin) respectively. KAP3 fragment proteins are identified
to the left of each immunoblot. Immunoblotting was performed using anti-
Xpress™ mAb (Invitrogen, Carlsbad, CA).
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Figure 3: Actin affinity pulls down assay. A. SDS-PAGE with Coomassie
staining of actin affinity pulls down assay for profilin. Mw Marker (M) (Sizes
in kDa to left), actin coated beads (A), pre-incubation test protein load (L),
post-incubation unbound test protein (U), pooled washes (W) and beads
with bound protein (B) fractions are as labelled. Major bands correspond to
actin (~43 kDa), profilin (~18 kDa) and BSA (~66 kDa). B. SDS-PAGE with
Coomassie staining of actin affinity pulldown assays for KAP3 fragments.
Samples loaded are consistent with those above in A. KAP3 fragment proteins
are identified to the left of each gel. C. SDS-PAGE and immunoblotting of
actin affinity pull down assay for KAP3 A4-8 fragment. Immunoblotting was
performed using anti-Xpress™ mAb (Invitrogen, Carlsbad, CA).

with the actin cytoskeleton [31-36]. Taken together, these particulars
make it logical to infer that KAP3 may be an actin binding protein.

Previous work indicated that the native kinesin-2 holoenzyme
and bacterially expressed fragments of KAP3 containing the armadillo
repeats could co-cycle with actin filaments in vitro [27]. Our continued
work into this putative association confirms and further substantiates
the ability of KAP3 to complex with filamentous actin (F-actin)

Figure 4: GFP-KAP3 FL/actin co-localization in COS-7 cell culture. A.
Localization of GFP-tagged full length human KAP3 overexpressed in COS-
7 cells. B. Actin filaments stained using rhodamine-Phallacidin (Sigma-
Aldrich, St. Louis, MO). C. Co-localization (merged images from A and B)
of overexpressed GFP-KAP3 FL (green) and rhodamine-Phallacidin stained
actin filaments (red) in COS-7 cell culture with DAPI (blue) counterstain.
Arrows indicate representative areas of co-localization.

through its armadillo repeats (Figure 2). For each of the three KAP3
armadillo repeat fragments tested, we observed co-fractionation with
filamentous actin (P1, Figure 2). Neither of the non-armadillo repeat
fragments of KAP3 used showed an ability to bind F-actin in this assay.
Resuspension of the F-actin pellets with bound protein in G-buffer
followed by a second round of centrifugation released the actin and
bound protein into the soluble fraction (S2, Figure 2). None of the
KAP3 fragments pelleted non-specifically (P2, Figure 2). Addition of
F-buffer to the S2 fractions allowed for the actin to re-polymerize and
be pelleted again during a third round of centrifugation. Once again,
the KAP3 armadillo repeat protein present in S2 fractionated into the
pellet with F-actin (P3, Figure 2).

At the molar ratios of actin: KAP3 fragment used (between 20:1
and 10:1) all detectable protein from the KAP3 A 4-8 and KAP3 A
9-11 samples pelleted initially (P1) and after cycling (P3) of the actin
(Figure 2). The KAP3 A 1-3 samples did not show as complete an
ability to co-cycle. We consistently observed a detectable proportion
of KAP3 A 1-3 not binding to F-actin during the initial centrifugation
(P1) and after cycling (P3) (Figure 2). This outcome would seem to
support a model in which this segment of KAP3 does not have as high
an affinity for F-actin as the other two fragments tested. A possible
explanation for this is a disruption in armadillo repeat sequence
found near the middle of repeat 2, in an area previously shown to
associate with the actin binding protein fodrin [20].

One of the major limitations of the actin co-cycling assay is that
it does not directly assess whether or not our KAP3 fragments can
interact with G-actin. To address this issue, we developed an in vitro
actin affinity pull down assay in which biotinylated actin monomers
were immobilized on sepharose beads (Figure 3A). Results from
these assays indicate that none of our KAP3 fragments are capable
of binding to immobilized, monomeric G actin (Figure 3B & C)
while the majority of the known G-actin binding protein, profilin,
did [41,42] (Figure 3A). This result appears to be in opposition to
what was previously observed by far western [27]. However, the
technical constraints of a far western necessitate validation by an
appropriate solution based experiment [43]. Our assay does just that.
Additionally, parallel work in which the His-tagged KAP3 fragments
were immobilized on nickel beads and used to attempt pull down of
G-actin from solution were similarly unable to detect any interaction
(data not shown). Further substantiating our conclusion that the
KAP3 armadillo repeat fragments that co-cycle with F-actin are
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incapable of associating with G-actin.

Finally, we aimed to validate the in vivo significance of the
characterized biochemical interaction. To do so, we cloned the
full length human KAP3 DNA sequence into a GFP-tagged
mammalian expression vector and transfected it into COS-7 cells.
Over expression of GFP-KAP3FL in COS-7 cell culture showed a
cortical staining pattern consistent with the expected morphology
of the actin cytoskeleton (Figure 4A). Staining of F-actin with
rhodamine-Phallacidin (Figure 4B) indicated that the observed
GFP-KAP3FL expression pattern indeed overlapped with actin
filaments (Figure 4C). Co-localization was most apparent cortically.
Not as pronounced, though frequently observed, was GFP-KAP3FL
fluorescence coinciding along the length of larger cytoplasmic actin
assemblies.

Conclusion

By following an optimized actin co-cycling protocol, we show
that, in agreement with the previous report, bacterially expressed
KAP3 armadillo repeat fragments co-cycle with actin, while two non-
armadillo repeat fragments corresponding to the N and C-terminus
of KAP3 do not. Furthermore, the development of an in vitro G-actin
binding assay allows us to conclude that none of our KAP3 fragments
are capable of binding to G-actin in solution. Lastly, while there is still
more analysis to be done on the characterization of the KAP3-actin
interaction in vivo, our initial observations confirm that the results
from our solution binding studies may have a functional significance
in living systems.
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