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a b s t r a c t
Kar3Cik1 is a heterodimeric kinesin-14 from Saccharomyces cerevisiae involved in spindle formation
during mitosis and karyogamy in mating cells. Kar3 represents a canonical kinesin motor domain that
interacts with microtubules under the control of ATP-hydrolysis. In vivo, the localization and function
of Kar3 is differentially regulated by its interacting stoichiometrically with either Cik1 or Vik1, two
closely related motor homology domains that lack the nucleotide-binding site. Indeed, Vik1 structurally
resembles the core of a kinesin head. Despite being closely related, Kar3Cik1 and Kar3Vik1 are each
responsible for a distinct set of functions in vivo and also display different biochemical behavior
in vitro. To determine a structural basis for their distinct functional abilities, we used cryo-electron
microscopy and helical reconstruction to investigate the 3-D structure of Kar3Cik1 complexed to microtubules in various nucleotide states and compared our 3-D data of Kar3Cik1 with that of Kar3Vik1 and the
homodimeric kinesin-14 Ncd from Drosophila melanogaster. Due to the lack of an X-ray crystal structure
of the Cik1 motor homology domain, we predicted the structure of this Cik1 domain based on sequence
similarity to its relatives Vik1, Kar3 and Ncd. By molecular docking into our 3-D maps, we produced a
detailed near-atomic model of Kar3Cik1 complexed to microtubules in two distinct nucleotide states, a
nucleotide-free state and an ATP-bound state. Our data show that despite their functional differences,
heterodimeric Kar3Cik1 and Kar3Vik1 and homodimeric Ncd, all share striking structural similarities
at distinct nucleotide states indicating a common mechanistic theme within the kinesin-14 family.
Ó 2013 Elsevier Inc. All rights reserved.

1. Introduction
Microtubule-based molecular motors of the kinesin superfamily
are classiﬁed into fourteen different classes (Lawrence et al., 2004).
Here we focus on the members of the kinesin-14 family, which,
according to current knowledge are the only kinesins that are
minus-end directed and form their motor domain at the C-terminal
end of the polypeptide chain (Ncd: McDonald and Goldstein, 1990;
Kar3Vik1: Endow et al., 1994; XCTK2: Walczak et al., 1997; HSET:
Mountain et al., 1999). All of the kinesin-14’s that have been studied so far were found to be non-processive retrograde directed motors (Walker et al., 1990; Case et al., 1997; de Castro et al., 2000;
Foster and Gilbert, 2000; Fink et al., 2009). Kinesin-14s contribute
to an inward directed force towards the minus-end of the microtubules (Saunders and Hoyt, 1992; Sharp et al., 1999). The most
extensively studied kinesin-14 is Ncd from Drosophila melanogaster
(McDonald et al., 1990; Endow et al., 1990, for structure–function
⇑ Corresponding author.
E-mail address: hoenger@colorado.edu (A. Hoenger).
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investigations see: Hoenger et al., 1995; Sosa et al., 1997; Sablin
et al., 1998; Wendt et al., 2002; Endres et al., 2006; Fink et al.,
2009). Ncd is required for proper chromosome distribution in meiosis and early mitosis and has been implicated in having roles in
bipolar spindle assembly and its maintenance as well as spindle
pole formation (Endow et al., 1994; Oladipo et al., 2007). Ncd uses
its C-terminal motor domains and N-terminal non-motor microtubule binding domains (Karabay and Walker, 1999; Wendt et al.,
2003) to crosslink antiparallel microtubules within the spindle
midzone and parallel microtubules at the spindle poles.
Of the six kinesins found in Saccharomyces cerevisiae, one of
them, Kar3, belongs to the kinesin-14 family. Kar3, like all other
kinesin-14s contains a C-terminal motor-head domain. In combination with an N-terminal non-motor microtubule binding site it
crosslinks microtubules during karyogamy and mitosis (Meluh
and Rose, 1990; Rose, 1996). Kar3 is essential for yeast nuclear fusion during mating, but it is apparently not essential for mitotic
growth (Meluh and Rose, 1990; reviewed in: Winey and Bloom,
2012). The structure of the monomeric Kar3 motor domain has
been solved to atomic detail by X-ray crystallography (Gulick
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et al., 1998) and shares most structural elements with other kinesin motor domains.
Kar3 function in vivo is regulated by its capacity to selectively
heterodimerize with either of two motor-homology domains
called Vik1 and Cik1 (Manning et al., 1999). While Vik1 and Cik1
have a relatively high level of sequence similarity (24% identity,
37% homology: Manning et al., 1999), their localization during
the yeast life cycle and genetic analysis demonstrated that Kar3Vik1 and Kar3Cik1 exhibit remarkably different properties and
are responsible for carrying out distinct sets of functions (Manning
et al., 1999). Kar3Vik1 is only expressed during mitosis where it
localizes predominantly to the poles of the mitotic spindle and
likely contributes to spindle stabilization by crosslinking and
focusing the minus-ends of parallel microtubules as proposed for
other kinein-14 motors (Manning et al., 1999; Allingham et al.,
2007). An EM structure (Cope et al., 2010, 2013), as well as an
X-ray crystal structure (Rank et al., 2012) of a truncated heterodimeric Kar3Vik1 were published recently. In contrast to Kar3Vik1,
Kar3Cik1 crosslinks anti-parallel interpolar MTs in the overlap
zone, providing stabilization and controlling the spindle midregion geometry (Gardner et al., 2008). Upon pheromone treatment,
Kar3Cik1 localizes to cytoplasmic microtubules (Page et al., 1994)
to facilitate karyogamy by shortening microtubules, pulling the
two nuclei together for nuclear fusion (Page and Snyder, 1992;
Page et al., 1994; Maddox et al., 2003). In support of this, Kar3Cik1
has been shown to have robust depolymerizing activity in vitro
predominantly from microtubule plus-ends (Sproul et al., 2005).
Conversely, Kar3Vik1 only gradually and non-speciﬁcally depolymerizes MTs from both the plus and minus ends in vitro, similar
to the weak depolymerizing activity reported for Ncd (Sproul
et al., 2005; Allingham et al., 2007). Though Cik1 is not essential
for mitotic growth (Page et al., 1994; Manning et al., 1999), Kar3Cik1 localizes predominantly to the interpolar MTs at the midzone
of the mitotic spindle where it is thought to crosslink antiparallel
microtubules and provide an inward force during spindle assembly
(Meluh and Rose, 1990; Page et al., 1994; Gardner et al., 2008).
The functional differences between Kar3Vik1 and Kar3Cik1 despite being closely related, prompted us to investigate the microtubule-bound structure of Kar3Cik1, particularly in comparison with
Kar3Vik1 in an attempt to obtain insight into how these two complexes are uniquely suited to carry out their respective functions.
Here we have used electron microscopy to study the conformation
of a heterodimeric Kar3Cik1 motor domain construct in the presence of ADP and AMPPNP (mimicking an ATP state), as well as after
apyrase treatment to generate the nucleotide-free state. We also
report an intermediate resolution 3-D structure of Kar3Cik1 complexed to microtubules in the nucleotide-free and ATP states. Our
3-D structures were obtained by cryo-electron microscopy (cryoEM) and 3-D image reconstruction based on the helical symmetry
of microtubules composed of 15 protoﬁlaments (Arnal et al., 1996;
reviewed in Hoenger and Gross, 2008). Our results show that Kar3Cik1’s coiled-coil stalk rotates 65° upon uptake of AMPPNP representing the powerstroke that Kar3Cik1 uses to move toward the
microtubule minus-end. By comparing the structures of Kar3Cik1,
Kar3Vik1, and homodimeric Ncd (Hirose et al., 1996; Sosa et al.,
1997; Wendt et al., 2002) we found that all these kinesin-14 motors, whether heterodimeric or homodimeric in nature, show almost identical 3-D microtubule-bound conformations in both the
nucleotide-free and ATP-states. Hence, despite some differences
between the densities of the Vik1 and Cik1 domains, both complexes show a common theme for a powerstroke mechanism,
highly reminiscent of that described for Ncd (Wendt et al., 2002;
Endres et al., 2006). However, while movements of the structural
elements of Kar3Cik1 and Kar3Vik1 are similar, here we also provide evidence that their microtubule-binding patterns differ in that
Kar3Vik1 binds to microtubules in a highly cooperative manner

while Kar3Cik1 binds stochastically. While the basis for cooperative binding by Kar3Vik1 is not yet known, this difference may partially explain how Kar3Cik1 has adapted to its role as a
microtubule depolymerizing factor where other motors in close
proximity may be a hindrance for MT shortening while Kar3Vik1
works in concert by recruiting additional motors to the spindle
poles to facilitate spindle assembly and stabilization.

2. Results
2.1. High-afﬁnity Kar3Cik1 motor-microtubule binding conformations
We have analyzed the 3-D microtubule-binding conformation
of Kar3Cik1 by cryo-EM, helical 3-D image reconstruction, and
molecular docking (see Figs. 1, 2 and 4). Micrographs of frozenhydrated motor-microtubule complexes were screened for fully
decorated 15 protoﬁlament microtubules that were then reconstructed in 3-D by the PHOELIX/SUPRIM image-processing package
(Whittaker et al., 1995; Schroeter and Bretaudiere, 1996). Polymerized, taxol-stabilized microtubules were mixed at a molar ratio of
1:6 ab-tubulin to Kar3Cik1 heterodimers and incubated with
either ADP (see Fig. 3), apyrase to generate the nucleotide-free
state, or AMPPNP, a non-hydrolyzable ATP analog to generate an
ATP-bound state (Fig. 1A and B). Excess ADP (1 mM) generates a
weak microtubule afﬁnity in Kar3Cik1, which at our experimental
conditions produced only sparsely decorated microtubules unsuitable for helical 3-D analysis. Instead, the ADP state was further
analyzed by high-resolution surface metal shadowing (see Fig. 3)
discussed below. All other nucleotide states produced high-afﬁnity
binding. Nucleotide-free conditions, or the presence of excess
AMPPNP (1 mM) revealed fully decorated microtubules with a
binding stoichiometry of one Kar3Cik1 heterodimer on each tubulin dimer. The degree of decoration was estimated from diffraction
patterns and the power of the characteristic 8 nm and 4 nm layerlines (Fig. 1C–E). On raw-data images as shown in Fig. 1A and B,
structural differences between the two nucleotide states are essentially invisible due to the inherently low signal to noise ratio of
cryo-micrographs (Fig. 1A and B), though the micrographs can be
enhanced with Fourier-ﬁltering to reveal distinct conformational
changes (left panels in Fig. 1C–E). After 3-D reconstruction and
averaging, density differences appear clearly on 5 nm thick slices
through the reconstructed 3-D density maps (see Fig. 1G and H,
and Fig. 6) as well as on surface rendered volumes (iso-surface
maps: Figs. 2, 4 and 7).
The iso-surface representations of our 3-D reconstructions enclose roughly 90–95% of the actual protein mass, to cancel out excess noise-related densities. Iso-surfaces do not reveal any inner
density variations as shown in cross-sections through the maps
(Figs. 1F–H and 6), but they provide a comprehensive overview
of the entire structure and nicely illustrate large conformational
changes. In both, the nucleotide-free and AMPPNP states we ﬁnd
one domain of the Kar3Cik1 heterodimer to contact the microtubule surface, while the second domain protrudes outwards without
touching the microtubule surface. The shapes of the domains and
their 3-D conﬁguration are very similar to Kar3Vik1 (inner density
in Fig. 7) and only the plus-end oriented region of the Cik1 density
shows some variation to Vik1 (yellow volume in Fig. 7). In addition,
the predicted high-resolution structure of the Cik1 motor homology domain (Fig. 4E) strongly resembles that of Vik1 (Fig. 4D;
Allingham et al., 2007; Rank et al., 2012) while both are quite
different from the Kar3 motor domain (Fig. 4C; Gulick et al.,
1998; Rank et al., 2012). In our previous Kar3Vik1-microtubule
reconstructions the two domains were unambiguously identiﬁed
by site-directed maleimide-gold labeling (Cope et al., 2013). Hence,
based on structural similarities, especially in the Kar3 domain we
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Fig. 1. 3-D helical reconstruction of decorated and undecorated microtubules. Microtubule/Kar3Cik1 solutions were incubated with apyrase (A) or AMPPNP (B) to generate
the nucleotide-free and ATP states respectively. In both states, Kar3Cik1 heterodimers can be seen decorating the microtubules although structural differences between the
states cannot be detected. (C) 3D helical reconstruction of a plain microtubule. The same result was obtained by incubating Kar3Cik1 motors with ADP prior to addition to
microtubules, but where no decoration was detected. A Fourier transform reveals only the 4 nm layer line, which corresponds to the tubulin repeats, illustrating only sparse
decoration with motor complexes. (D) Reconstruction of a Kar3Cik1 decorated microtubule in the nucleotide-free state. Two distinct densities are visible at each motor
subunit corresponding to Kar3 and Cik1. The Fourier transform reveals a strong 4 nm layer line (tubulin repeats) as well as an 8 nm layer line that corresponds to the motor
repeat every 8 nm along the microtubule. (E) Reconstruction of the ATP state using the non-hydrolyzable ATP analog AMPPNP. The microtubule is fully decorated with
Kar3Cik1 as in (D) illustrated by the strong 4 and 8 nm layer lines. Corresponding cross-sectional views of the reconstructed microtubules are shown in (F) undecorated
microtubule, (G) nucleotide-free state, and (H) AMPPNP state. On the right half of each image, contour lines are shown depicting densities observed from tubulin and
Kar3Cik1. Circles corresponding to the position of tubulin (blue), Kar3 (purple), and Cik1 (orange) are shown as well as red circles identifying differences in density between
the nucleotide-free and AMPPNP states.

can safely state that analogous to Kar3Vik1 it is again the Kar3 motor domain of Kar3Cik1 that maintains contact with the microtubule surface while the Cik1 motor homology domain protrudes
outwards (Fig. 1G and H, Figs. 2 and 4).
Reminiscent of dimeric Ncd (Wendt et al., 2002; Endres et al.,
2006) and Kar3Vik1 (Fig. 7; Rank et al., 2012; Cope et al., 2013),
a most striking conformational change occurs upon AMPPNP uptake into the empty nucleotide pocket of the Kar3 motor domain.
During the transition from the nucleotide-free to AMPPNP-bound
state, the overall microtubule-binding geometry of Kar3 remains
unchanged. However, the Cik1 head domain rotates substantially
(Fig. 2B and C). This rotation consists of a 65-degree swing of Kar3Cik1’s truncated heterodimeric stalk (Fig. 2B, C, E and F) that is held
together by an engineered GCN4 dimerization motif (see: Rank
et al., 2012). The stalk region that stabilizes the heterodimer can
be seen as a relatively weak, but nevertheless well deﬁned elongated density which is pointing toward the plus end of the microtubule. The cross-sectional views shown in Figs. 1 and 6 allow us to
study in great detail the inner density distributions in the 3-D data
and how Kar3Cik1 interacts with the tubulin subunits of the microtubule. The binding geometry of Kar3 motor head to tubulin is very
similar to monomeric kinesins constructs studied with this method
(e.g. see Sosa et al., 1997 (Ncd) Hoenger et al., 2000 (kinesin-1);
Hirose et al., 2006 (Kar3)). The Cik1 motor homology domain

adopts a very similar conformation as the second motor heads in
dimeric Ncd constructs (Sosa et al., 1997; Wendt et al., 2002; Endres et al., 2006) and Kar3Vik1 constructs (Cope et al., 2010, 2013;
Rank et al., 2012). It is tethered to the Kar3 motor domain, protrudes outwards and does not touch the microtubule surface.
2.2. Low-afﬁnity Kar3Cik1-microtubule binding patterns
As for most kinesin motor domains, ADP-bound Kar3 motor domains maintain a low microtubule-afﬁnity. Complete microtubule
decoration would be required for a quantitative analysis by helical
averaging but this is often very difﬁcult to achieve. 3-D image analysis of frozen-hydrated complexes are usually not conclusive and
tomographic reconstructions, unless volume averaging could be
applied are typically too noisy (see Cope et al., 2010) for quantitative image analysis. Nevertheless, ADP reveals sparse decoration of
Kar3Cik1 complexes that is easily detectable with high-resolution,
unidirectional surface metal shadowing (Fig. 3A). The power of this
method is its focus on surface structures through an almost complete elimination of inner density contributions, which dominate
cryo-EM projections (e.g. see Fig. 1A and B, and Fig. 6). Fig. 3 compares the surface-binding patterns of ADP–Kar3Cik1 (Fig. 3A) with
that of ADP-Ncd (Fig. 3B), which both show striking similarities to
ADP-Kar3Vik1 (Rank et al., 2012). In all three cases it appears as if
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Fig. 2. Isosurface rendering of density maps obtained by helical reconstruction. (A) Isosurface of a naked 15-protoﬁlament microtubule showing the orientation of tubulin
(turquoise). (B) The nucleotide-free Kar3Cik1 is in complex with the microtubule. It appears that Kar3 (grey/black rings) is in contact with the microtubule while Cik1
(orange/red rings) is oriented away from the microtubule. The coiled coil stalk (light blue/blue rings) connecting Kar3 and Cik1 is pointed toward the microtubule plus end.
(C) In the ATP state Kar3Cik1 is also in complex with the microtubule with Kar3 in contact with the microtubule and Cik1 oriented away. Interestingly, there is a change in
Kar3Cik1’s conformation showing a 65° rotation of the stalk that causes it to point toward the minus end of the microtubule (black arrows). Other subtle differences can be
seen when comparing the orange globular region corresponding to Cik1 (red rings). A cross-sectional view of (D) a naked microtubule, (E) the nucleotide-free, and (F) ATP
states shows how Kar3Cik1 (grey and orange) is in contact with tubulin (turquoise).

Fig. 3. High-resolution surface metal shadowing of kinesin motors. Kinesin motors bound to ADP were incubated with microtubules at sub-stoichiometric levels and
shadowed with tantalum/tungsten. Dimeric motor constructs are identiﬁed by a yellow arrow pairs in (A) Kar3Cik1, (B) dimeric Ncd, and (C) dimeric Eg5 (a kinesin-5). The
kinesin-14 motors appear to bind sparsely along the microtubules and span adjacent protoﬁlaments (red relative to yellow arrows in A and B) while dimeric kinesin-5s
appear to bind to adjacent tubulin subunits along the same protoﬁlament (red relative to yellow arrows in C).
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Fig. 4. Docking of near-atomic structures into cryo-EM derived isosurfaces. (A) In the nucleotide-free state, the structure of tubulin (turquoise, PDB: 1JFF) is shown and the
Kar3 structure (grey, PDB: 3KAR) is positioned in the globular region in contact with b-tubulin. Kar3’s helix a-4 (red) is at the interface of where Kar3 contacts the
microtubule. As there is currently no known structure for Cik1, a predicted structure was obtained using Phyre 2 (Kelley and Sternberg, 2009). This predicted Cik1 structure
(orange) is positioned in the globular region oriented away from the microtubule. The structure of the GCN4 leucine zipper (light blue, PDB: 2ZTA) is docked into the stalk
region. In the nucleotide-free state the stalk is pointing toward the plus end of the microtubule. (B) In the ATP state, there is a conformational change in Kar3Cik1 that leads to
a 65° rotation resulting in the stalk pointing toward the minus end of the microtubule. Phyre2 used structural information from (C) Kar3, (D) Vik1, and other proteins to
generate the predicted model of (E) Cik1.

all of these kinesin-14 dimers adopt a dimeric binding conﬁguration that spans two adjacent protoﬁlaments. While this conﬁguration is not always obvious, it becomes clear that this binding
conﬁguration is very different from motors such as dimeric kinesin-1 (Hoenger et al., 2000) or kinesin-5 (Fig. 3C; see Krzysiak
et al., 2006) that bind predominantly with both motors to two
adjacent tubulin dimers along the same protoﬁlament (Fig. 3C).
Within the same context we observed very little microtubule

binding afﬁnity of both monomeric Cik1 (this work) and Vik1 constructs (see Cope et al., 2013)
2.3. Prediction of the Cik1 domain fold
Currently there are two independent atomic X-ray structures
available for Vik1 from crystals made of a monomeric construct
(Allingham et al., 2007) as well as the heterodimeric complex of

Fig. 5. Kar3Vik1/Kar3Cik1 binding cooperativity. Kar3Vik1 appears to bind more cooperatively than Kar3Cik1. (A) Kar3Vik1 exhibits high cooperativity. Microtubules that are
completely decorated, partially decorated, and undecorated can be seen in the same image area (see also: Cope et al., 2010). (B) In contrast, Kar3Cik1 exhibits a more
stochastic pattern, illustrated by scattered motor binding with numerous gaps appearing in between the motors. The difference in the Kar3Vik1 and Kar3Cik1 binding
patterns is most easily visualized along the sidewalls of the microtubule projections (insets in A and B).
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Kar3Vik1 (Rank et al., 2012). However, so far no such structure is
available for Cik1, though our EM results strongly suggest that
the overall globular shape is very similar to that of Vik1. To improve the accuracy of our Kar3Cik1 dimer-docking attempts
(Fig. 4A and B) and to determine whether Cik1 would adopt similar
secondary structure elements as Vik1 (Fig. 4D) we predicted the
Cik1 structure (Fig. 4E) with the help of the protein structure prediction software Phyre2 (Kelley and Sternberg, 2009). This algorithm generates a 3-D tertiary structure model based on protein
sequence, fold recognition, and by comparisons to 3-D structures
of similar proteins. In our attempts Vik1 (25% sequence identity
to Cik1) (Allingham et al., 2007; PBD: 2O0A) and Ncd (Sablin
et al., 1998; PDB: 2NCD) were the most important contributors
to the predicted Cik1 structure. The predicted model (Fig. 4E) is
composed of residues Asn344–Asp594, which includes part of
Cik1’s neck-helix that dimerizes with Kar3 (Fig. 4C). The resulting
structure shows many similarities with Vik1 (Fig. 4D) and some
of the folding patterns observed in kinesin motor domains that
have been discussed in detail by Allingham et al. (2007). These
are in particular the conserved arrangement of three inner b-sheets
and most of the surrounding helices. Overall the predicted Cik1
structure and folding pattern strongly resembles that of Vik1,
and at a resolution of 2.5 nm as in the EM maps, the differences
are marginal.
2.4. Docking X-ray crystal structures into the 3-D EM scaffold
Despite numerous attempts, so far no kinesin-motor domain
has been crystalized in complex with the ab-tubulin dimer and
solved to near-atomic resolution. Hence, the structure of the
motor-tubulin interface has been modeled by docking the atomic-resolution X-ray crystal structures of various kinesin motor
domains and the electron crystal structures of the ab-tubulin
dimer (Nogales et al., 1998; Löwe et. al., 2001; PDB: 1JFF) into
cryo-EM maps of motor-microtubule complexes (for monomeric
Kar3 see: Hirose et al., 2006; Kar3Vik1: Rank et al., 2012 and
Cope et al., in press; Ncd: Sosa et al., 1997; Wendt et al.,
2002; Endres et al., 2006).
Fig. 4A and B show the docking of X-ray crystal structures of
monomeric Kar3 (grey; Gulick et al., 1998; PDB: 3KAR) together
with our predicted model of Cik1 (orange in Fig. 4A and B; see also
Fig. 4E). In Fig. 4A, the near-atomic resolution structures of abtubulin, Kar3, Cik1 and the stalk including the GCN4 leucine zipper
sequence used to initialize dimerization (O’Shea et al., 1991; PDB:
1ZTA; colored light blue in Fig. 4), were docked into the nucleotidefree state. The reﬁned tubulin dimer structure (Löwe et. al., 2001)
was docked into the density corresponding to the microtubule.
The structure of Kar3 (Gulick et al., 1998) was docked into the
globular region that is in contact with the microtubule (see also
Hirose et al., 2006). Helix a-4 of Kar3 (shown in red) forms part
of the motor’s so-called switch-II region (Vale and Milligan,
2000) and was positioned according to Hirose et al. (2006) in contact with the highly negatively charged C-terminal helix-12 and
tail region of b-tubulin.
In both the nucleotide-free and ATP states, the predicted Cik1
structure ﬁts the EM structure with remarkable precision
(Fig. 4A and B). As discussed above (Fig. 2), there are signiﬁcant
rearrangements from the nucleotide-free conﬁguration that occur upon AMPPNP uptake. Most importantly, the AMPPNP-bound
conformation has the stalk pointing toward the minus end of the
microtubule. This result shows that Kar3Cik1 uses a stalk rotation for minus-end directed movement whose angle and timing
in the nucleotide-hydrolysis cycle strongly resemble the powerstroke shown for Kar3Vik1 (Rank et al., 2012; Cope et al.,
2013) as well as that of homodimeric Ncd (Wendt et al., 2002;
Endres et al., 2006). Fig. 4A and B shows stereo pairs of the

two distinct conformations that allow the docked structures to
be viewed in 3-D. The powerstroke that occurs between the
nucleotide-free and AMPPNP states (Figs. 2 and 4) implies that
the Cik1 motor homology domain undergoes a 65 degree rotation around a pivot point near the C-terminus of the stalk dimerization motif, at the end of the neck. The stalk region has to
rotate as shown to ﬁt into the density map, but also to avoid
steric clashes between the Kar3 and Cik1 domains.

2.5. Structural Comparisons between the nucleotide-dependent 3-D
conformations of Kar3Cik1 and Kar3Vik1
Vik1 and Cik1 are both motor homology domains in S. cerevisiae that lack nucleotide-binding sites, but serve to regulate
Kar3’s localization and function by differentially pairing with
Kar3 to form a functional kinesin-14 complex. Detailed biochemical studies have been carried out on both heterodimeric complexes (Allingham et al., 2007; Chen et al., 2012 (both:
Kar3Vik1); Chen et al., 2011 (Kar3Cik1)), but to date no direct
structural comparisons are available. In our hands, the microtubule binding properties of both motor complexes with regard to
nucleotide state have been rather similar. Both complexes show
weak microtubule binding afﬁnity in the presence of ADP, but
very strong binding afﬁnity in the absence of nucleotide and in
the presence of AMPPNP. In both strong binding afﬁnity conditions, Kar3Vik1 binds to microtubules with a striking cooperative
behavior (Fig. 5A; Cope et al., 2010), very much like Ncd (see
Fig. 2 in Wendt et al., 2002). However, for Kar3Cik1 this cooperative binding pattern is much less pronounced (Fig. 5B). Microtubule binding is more stochastic and resembles that of
monomeric Kar3 (Sproul et al., 2005; Allingham et al., 2007;
Cope et al., 2013) or other kinesins such as dimeric kinesin-1
(Hoenger et al., 2000) or kinesin-5 (Eg5: Krzysiak et al., 2006;
see also Fig. 3C). The cooperative binding of Kar3Vik1 is best
seen on projections of the outer microtubule walls, which are
sometimes fully decorated and sometimes completely empty (inset and arrows in Fig. 5A). Some microtubules appear to be fully
decorated while others are almost entirely free of motors. In
contrast, the outer walls of microtubules decorated with Kar3Cik1 show scattered densities with numerous empty spots between the motors (inset and arrows in Fig. 5B), and decoration
is much less clustered than with Kar3Vik1.
A thorough comparison between the reconstructions of Kar3Cik1 (this paper) and Kar3Vik1 (Cope et al., 2013) in both the
nucleotide-free (Figs. 6 and 7A and B) as well as the AMPPNP states
(Figs. 6 and 7C and D) revealed many similarities. For the most
part, their iso-surfaces are almost identical (Fig. 7) featuring only
minor differences that are best seen on cross-sections through
the 3-D densities (Fig. 6). Horizontal comparisons marked with colored rings highlight the most notable differences between Kar3Cik1 (Fig. 6A and C) and Kar3Vik1 (Fig. 6B and D). Vertical
comparisons (white rings) show differences within each complex
caused by the nucleotide state. The side-by-side comparison in
Fig. 6 reveals some positional shifts within the outermost domains
that are formed by Cik1 and Vik1 respectively (arrows in Fig. 6).
The conformational differences between Kar3Vik1 and Kar3Cik1
have been analyzed by statistical difference mapping (Fig. 7) based
on a Student’s t-test (Milligan and Flicker, 1987). The wireframe
volume in Fig. 7 represents Kar3Vik1, the red/green/blue densities
are Kar3Cik1, and the solid yellow density marks the location of a
difference volume representing a range of 99% signiﬁcance. Despite
the apparent low resolution of 2.5 nm in these maps the positioning of mass centers with respect to each other between two aligned
and normalized 3-D datasets can be assessed with sub-nanometer
precision, resulting in difference maps as shown in Fig. 7.
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3. Discussion
Within the kinesin superfamily (for a uniﬁed nomenclature see:
Lawrence et al., 2004), kinesin-14 members have distinct structural and functional properties that render them quite different
from other kinesin families. These unique properties include their
direction of movement towards the minus-end of microtubules,
and their reversed building plan that places the motor domain at
the C-terminal end of the polypeptide chain (Walker et al., 1990;
McDonald et al., 1990; Endow et al., 1994; Mountain et al.,
1999). In addition, all kinesin-14’s studied thus far are non-processive motors (Case et al., 1997; de Castro et al., 2000; Foster and
Gilbert, 2000; Fink et al., 2009), and for all of them the cargobinding site interacts with a second microtubule, but in a
non-motor like fashion and without the control of nucleotide state
(Karabay and Walker, 1999; Wendt et al., 2003). Hence, unlike
kinesin-1 members or other highly processive kinesins,
kinesin-14s would be very ineffective motors for long-distance
transport. Instead, kinesin-14’s act in the densely packed microtubule arrangement of a bipolar spindle where they maintain the
spindle arrangement and dynamics (Fink et al., 2009; reviewed
in Peterman and Scholey, 2009).
The close relationship between the budding yeast (S. cerevisiae)
Kar3Cik1 and Kar3Vik1 (recently reviewed in: Winey and Bloom,
2012), invites a careful exploration into the structural and functional differences between these two related heterodimers. How
are the two alternating conﬁgurations able to perform their distinct set of functions and how do they compare to homodimeric
kinesin-14’s such as Ncd? Here we tried to answer these questions
by investigating in detail the microtubule-binding properties of
Kar3Cik1 in the presence of ADP, AMPPNP, and the absence of
nucleotide. Our data presented here are discussed with respect to
recent structural studies on Kar3Vik1 (Rank et al., 2012; Cope
et al., 2013) as well as to previous EM data on homodimeric Ncd
(Sosa et al., 1997; Wendt et al., 2002; Endres et al., 2006) a kinesin-14 from D. melanogaster (McDonald et al., 1990; Walker
et al., 1990).
Excess ADP signiﬁcantly lowered the microtubule-binding
afﬁnity of Kar3Cik1 in our experiments, which is reminiscent of
both Kar3Vik1 (Rank et al., 2012; Cope et al., 2013) and dimeric
Ncd (Sosa et al., 1997; Wendt et al., 2002). However, microtubule
binding increased greatly in the absence of nucleotides or in the
presence of AMPPNP. At high microtubule-afﬁnity conditions the
overall structural conﬁgurations of the three kinesin-14’s domains
are very similar (see Figs. 6 and 7, and for Ncd: Hirose et al., 1996;
Sosa et al., 1997; Wendt et al., 2002; Endres et al., 2006), suggesting a common mechanism for the kinesin-14 powerstroke within
this kinesin family. Homodimeric Ncd has been shown to bind with
only one of its motor domains to the microtubule surface while the
second one protrudes outwards. This matches the domain conﬁguration of the heterodimeric complexes where the Kar3 motor domain maintains contact to the microtubule surface while the
Cik1 (wireframe in Fig. 7) or Vik1 motor homology domains (solid
volume in Fig. 7) extend away from the microtubule. In the case of
the Ncd homodimer, it has been argued that having two identical
motor domains increases the chance of ﬁnding a microtubule binding site and that prior to binding both motors may have the same
probability to become the microtubule-binding domain (Wendt
et al., 2002; Liu et al., 2012). On the other hand, Foster et al.
(2001) reported about asymmetry in dimeric Ncd in solution
where one head held ADP tightly and the other weakly, which
would enhance its probability for microtubule binding over the
other one. In any case, upon binding, the motor adopts an asymmetric conﬁguration where the microtubule-bound domain diverts
its task to regular motor function, and the tethered domain adopts
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a helper function perhaps aiding the stalk rotation. Kar3Cik1 and
Kar3Vik1, on the other hand, do not have the advantage of a dimeric motor domain, but instead maintain a distinct variability
in their function by selectively forming heterodimers depending
on the circumstances (reviewed in: Winey and Bloom, 2012). The
initial process of ﬁnding a microtubule-binding site appears to be
aided by the motor-homology domains (Allingham et al., 2007;
Duan et al., 2012; Chen et al., 2012), but during the powerstroke
Kar3 takes over and remains bound to the microtubule while
Cik1 or Vik1 rotate together with the motor’s coiled-coil stalk in response to nucleotide uptake into Kar3’s active site.
Despite their strong structural similarities upon microtubule
binding (see Figs. 6 and 7), there are small but distinct differences
between the 3-D maps of microtubule-bound Kar3Cik1 and

Fig. 6. Structural Comparison of Kar3Cik1 and Kar3Vik1. By comparing the density
map of a single 3.8 nm slice of (A) Kar3Cik1 and (B) Kar3Vik1 in the nucleotide-free
state, a difference in the density of the motors is detected (green circles). Cik1
appears to have less density present than Vik1, which may suggest that Cik1 is more
mobile than Vik1. The same observation is seen when comparing (C) Kar3Cik1 and
(D) Kar3Vik1 in the ATP state. Cik1 again seems to have less density (and thus
perhaps more ﬂexibility) than Vik1 (orange circles). White circles show differences
in Kar3Cik1 and Kar3Vik1 between their own nucleotide-free and ATP states. Since
these 15-protoﬁlament microtubules exhibit a dominant 2-start short-pitched helix
(Bessel order-2), a thin slice (4 nm) of a half cross-section, as shown here,
represents the complete density distribution of a single motor from these maps.

342

M.A. Gonzalez et al. / Journal of Structural Biology 184 (2013) 335–344

Fig. 7. 3-D structural comparison of Kar3Cik1 and Kar3Vik1. The 3-D electron density map of Kar3Cik1 was docked into the isosurface mesh representation of the 3-D
electron density map of Kar3Vik1. Longitudinal, (A) and cross-sectional (B) views of the nucleotide-free state show that Kar3Cik1 docks into the Kar3Vik1 map extremely well
demonstrating that Kar3Cik1 adopts the same pre-powerstroke conﬁguration as Kar3Vik1. Similarly, longitudinal (C) and cross-sectional (D) views of the AMPPNP state
conﬁrm that Kar3Cik1 ﬁts excellently into the Kar3Vik1 structure showing a nearly identical post-powerstroke position following uptake of ATP. Difference mapping (yellow)
reveals locations of density differences between Kar3Vik1 and Kar3Cik1 with a signiﬁcance of >95%. Interestingly, these results show that overall, Kar3Cik1 and Kar3Vik1
appear structurally identical at this resolution, and it seems that they utilize the same mechanism of movement to perform different functions in the cell. Wire mesh:
Kar3Vik1; red/green/blue diffuse density: Kar3Cik1; solid yellow density: difference map at >95% signiﬁcance.

Kar3Vik1 for both the nucleotide-free and ATP binding states (see
Fig. 6; circles and arrows). Most of these differences are between
the tethered Cik1 (Fig. 7A and C) and Vik1 domains (Fig. 7B and
D) while the tubulin and Kar3 domains are essentially identical
(Figs. 6 and 7). Given their distinct functional capabilities, this result suggests that subtle structural differences between the two
complexes, such as the increased ﬂexibility seen in Kar3Cik1 over
Kar3Vik1 (Fig. 6) may still result in crucial differences in motor
function. Kinesin heads of various families show very little variations between each other. However, ATP binding sometimes induces a slight rotation of the bound kinesin head with respect to
the tubulin protoﬁlament (Kikkawa et al., 2001; Skiniotis et al.,
2003; Hirose et al., 2006). Therefore, the variations observed between Cik1 and Vik1 may be indicative of their different cellular
tasks.
Yet another notable difference between Kar3Cik1 and Kar3Vik1
are their microtubule decoration properties in both high-afﬁnity
states (AMPPNP and absence of nucleotides). Kar3Vik1 shows a
very distinct, highly cooperative binding mechanism, very similar
to Ncd (see Fig. 2 in Wendt et al., 2002). At sub-stoichiometric
incubation conditions (Fig. 5) Kar3Vik1 completely ﬁlls individual
protoﬁlaments but may leave most of the microtubule surface free
(Fig. 5A). Kar3Cik1 complexes, however, bind in a more stochastic
fashion, randomly ﬁlling the microtubule surface but leaving
numerous gaps in-between (Fig. 5B). The data shown in Fig. 5 have
been acquired in the presence of AMPPNP but the differences between Kar3Cik1 and Kar3Vik1 with regard to cooperative binding
are also prevalent in the absence of nucleotide. Hence, though
small, structural and functional differences are apparent and are
indicative for different tasks: Kar3Cik1 promotes microtubuledepolymerization (Page and Snyder 1992; Sproul et al., 2005),
while Kar3Vik1, like Ncd, maintains the mitotic spindle and adds
stability to the system, possibly achieved by the cooperative binding property (Manning et al., 1999; reviewed in: Winey and Bloom,
2012). Unlike with other microtubule-depolymerizing kinesins we
have never observed any type of kinesin-tubulin protoﬁlament
curls as previously found with kinesin-13 (see Moores et al.,
2006; Mulder et al., 2009). Curls neither appeared with Kar3Cik1,
Kar3Vik1 nor Ncd, conﬁrming earlier data that the depolymerizing
mechanism of Kar3Cik1 must be different from kinesin-13 (see
Sproul et al., 2005).

4. Conclusions
While we have shown that the 3-D structural conﬁgurations of
microtubule binding and minus-end directed movement are very
similar between all three kinesin-14s compared here (and very different to other kinesins), the key to the speciﬁc cellular functions of
Kar3Cik1 versus Kar3Vik1 and Ncd, may be inﬂuenced by slight
conformational variations, and a difference in cooperative binding.
Strong cooperative binding may be disruptive to Kar3Cik1’s function as a microtubule-depolymerizing factor, while the enhanced
cooperativity observed with Kar3Vik1 and Ncd could beneﬁt their
modes of action by rapidly recruiting multiple motors to a particular site of interest, thereby facilitating spindle stabilization and
compensating for the inherent lack of processivity, and overcome
a situation where an isolated motor complex would be rather
ineffective.
Neither this work nor the one on Kar3Vik1 (Cope et al., 2013)
revealed any cryo-EM 3-D data that showed stoichiometric binding
of monomeric Vik1 or Cik1 constructs (not in complex with Kar3)
to the microtubule at any nucleotide condition, suggesting no to
little microtubule binding afﬁnity of these domains. Furthermore,
only the shadowed images of kinesin-14’s in the presence of ADP
indicate a cross-protoﬁlament binding conﬁguration of Kar3Cik1,
Ncd (Fig. 3A and B) and Kar3Vik1 (Rank et al., 2012). These results
are in stark contrast to the microtubule co-sedimentation studies
that show that microtubule binding by either Cik1 or Vik1 is quite
strong in the presence of ADP based on the assumption that the
Kar3ADP head interacts weakly with the microtubule (Allingham
et al., 2007; Duan et al., 2012; Chen et al., 2012). The reason for this
discrepancy most certainly lies in the different experimental designs which may favor capture of transient intermediates by solution equilibrium binding studies yet not by cryo-EM. The same
discrepancy between EM imaging and kinetic measurements has
also been found for the ADP-Ncd microtubule complex, despite
the presence of two regular motor domains in this homodimer
(Foster et al., 2001; Liu et al., 2012).
These results suggest that the initial microtubule collision by
Cik1 or Vik1 under some conditions is transient and is followed
immediately by Kar3ADP microtubule association resulting in
ADP release and destabilization of the Cik1 or Vik1 microtubule
interaction (Allingham et al., 2007; Rank et al. 2012; Duan et al.,
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2012; Chen et al., 2012). This model explains why Cik1 and Vik1,
while showing high microtubule binding afﬁnity by them do not
stall the motor. These observations emphasize the need for allosteric interactions between the motor domain and Cik1 or Vik1 to
overcome their lack of an ATP site that would otherwise regulate
the microtubule binding afﬁnity and on–off rate as seen in regular
kinesin motor domains.
5. Material and methods
5.1. Microtubule polymerization
Microtubules were polymerized under conditions that favor the
formation of 15-protoﬁlament microtubules as described (Beuron
and Hoenger, 2001). Brieﬂy: Polymerized microtubules were made
in vitro using 45 lM bovine brain tubulin (Cytoskeleton, Inc., Denver, CO), BRB80 (80 mM PIPES, pH 6.8, 1 mM MgCl2, 1 mM EGTA),
1 mM GTP, 10 lM paclitaxel (Sigma, St. Louis, MO) and 15% (v/v)
DMSO that has been found to enhance the fraction of 15-protoﬁlament microtubules. They were incubated at 37 °C for 30 min
and stored at room temperature overnight which we found to reduce open tubulin sheets and increase the amount of stable closed
tubes.
5.2. Expression and puriﬁcation of WT GCN4–Kar3Cik1
GCN4–Kar3Cik1 was expressed and puriﬁed similarly to previously reported methods (Sproul et al., 2005; Allingham et al.,
2007). GCN4–Kar3Cik1 is a truncation of the full-length Kar3Cik1
containing residues Lys353–Lys729 of Kar3, and Asn344–Asp594
of Cik1. This construct comprises of the complete C-terminal globular domains of Kar3 and Cik1 plus part of native coiled-coil stalk
through which Kar3 and Cik1 heterodimerize. Furthermore, to initialize the correct hetero-dimerization between Kar3 and Cik1 a
GCN4 leucine zipper sequence (O’Shea et al., 1991) was added to
the N-terminus of the truncated Kar3Cik1 construct, as recently
described for Kar3Vik1 (Rank et al., 2012).
5.3. Vitriﬁcation of WT GCN4–Kar3Cik1–MT complexes for cryo-EM
Vitriﬁcation of protein complexes and data recording by cryoEM warrants the best possible structure preservation (e.g. see
Dubochet, 2007). Cryo-EM GCN4–Kar3Cik1–MT complexes were
assembled directly on holey carbon C-ﬂat grids (Protochips, Inc.,
Raleigh, NC). Polymerized MTs were diluted to 2.25 lM with
BRB80. 5 ll of diluted MTs were allowed to adsorb to a holey carbon grid for 30s and excess liquid was blotted away. 13.55 lM
GCN4–Kar3Cik1 in ATPase buffer (for nucleotide-free conditions:
20 mM HEPES pH 7.2, 5 mM magnesium acetate, 50 mM potassium
acetate, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT; for AMPPNP conditions; BRB80) was added to the MTs for approximately 2 min,
blotted with a Whatman #1 ﬁlter paper and subsequently plunge
frozen in liquid ethane at liquid-nitrogen temperature (Dubochet
et al., 1988).
5.4. Unidirectional metal shadowing of Kar3Cik1–MT complexes
Kar3Cik1 at 4.5 lM in ATPase buffer and 1 mM ADP was added
to 3.75 lM MTs and incubated for 90–120 s. Kar3Cik1–MT complexes were adsorbed to regular 200-mesh copper EM-grids,
coated with a single carbon-ﬁlm and vitriﬁed by plunging the grids
into liquid ethane. Frozen grids were either stored under liquid
nitrogen or subsequently transferred into the so-called Midilab
freeze-drying/shadowing unit, freeze-dried for approximately
2 h at –90C and a pressure of 10 7 bar. Then the grids were

343

unidirectionally shadowed with a 0.3 nm thick layer of tantalum/tungsten, transferred under cryo-vacuum conditions directly
into the microscope and mounted onto a modiﬁed Gatan-626
cryo-holder (Hoenger et al., 2000).
5.5. ADP state
GCN4–Kar3Cik1 at a ﬁnal concentration of 13.55 lM in ATPase
buffer, 5% sucrose and 1 mM ADP was incubated at room temperature for 10 min. MTs at a ﬁnal concentration of 2.25 lM were
added to the GCN4–Kar3Cik1–ADP solution and incubated for another 15 min. GCN4–Kar3Cik1–ADP–MT complexes were applied
to a holey carbon grid and vitriﬁed as described above. ADP motor–MT complexes were also prepared for shadowing experiments,
described above.
5.6. Nucleotide-free state
Incubation of motors with the ATP/ADP hydrolyzing enzyme
apyrase (Sigma, St. Louis, MO) generated the nucleotide-free state.
GCN4–Kar3Cik1 was diluted to 13.55 lM with ATPase buffer and 1
unit of apyrase. The kinesin-apyrase mixture was incubated on ice
for 30–45 min and vitriﬁed for cryo-EM imaging with MT on holey
carbon grids as described above.
5.7. ATP state
To generate a stable ATP state, ATP hydrolysis in GCN4–Kar3Cik1–MT complexes had to be prevented. This is routinely achieved
by substitution of ATP with the non-hydrolyzable ATP analog adenylyl imidodiphosphate tetralithium salt (AMPPNP: see Shimizu
et al., 1993) (Sigma, St. Louis, MO). GCN4–Kar3Cik1 at a ﬁnal concentration 13.55 lM in ATPase buffer was incubated with 2.2 mM
AMPPNP on ice for 20–30 min and frozen with MT on holey carbon
grids as described above.
5.8. Cryo-EM data collection and data processing
Vitriﬁed samples were transferred to a Gatan-626 cryo-holder
(Gatan, Inc, Pleasanton, CA). Cryo-EM data was collected on an
FEI Tecnai F20 FEG transmission EM (FEI-Company, Hillsboro, OR,
and Eindhoven, The Netherlands) operating at 200 kV. Single frame
images were collected at a nominal magniﬁcation of 29,000 and a
defocus value of –2.5 lm with an electron dose of 20 e /Å2. Images
were recorded without binning on a 4 K  4 K Gatan Ultrascan 895
CCD camera (Gatan, Inc, Pleasanton, CA) which, at 29,000 created
a pixel size of 3.8 Å with respect to the specimen. Due to the nature
of helical 3-D reconstruction tilting the specimen was not necessary. Images were screened for 15-protoﬁlament MTs and processed with helical 3-D reconstruction using the software
packages PHOELIX (Whittaker et al., 1995) and SUPRIM (Schroeter
and Bretaudiere, 1996). For the docking attempts shown here we
were using Chimera (Pettersen et al., 2004), and we docked the
tubulin high-resolution structure according to Nogales et al.
(1999).
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