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ABSTRACT: Neurospora crassakinesin NcKin3 belongs to a unique fungal-specific subgroup of small
Kinesin-3-related motor proteins. One of its functions appears to be the transport of mitochondria along
microtubules. Here, we present the X-ray structure of a C-terminally truncated monomeric construct of
NcKin3 comprising the motor domain and the neck linker, and a 3-D image reconstruction of this motor
domain bound to microtubules, by cryoelectron microscopy. The protein contains Mg‚ADP bound to the
active site, yet the structure resembles an ATP-bound state. By comparison with structures of the Kinesin-3
motor Kif1A in different nucleotide states (Kikkawa, M. et al. (2001)Nature (London, U.K.) 411, 439-
445), the NcKin3 structure corresponds to the AMPPCP complex of Kif1A rather than the AMPPNP
complex. NcKin3-specific differences in the coordination of the nucleotide and asymmetric interactions
between adjacent molecules in the crystal are discussed in the context of the unusual kinetics of the
dimeric wild-type motor and the monomeric construct used for crystal structure analysis. The NcKin3
motor decorates microtubules at a stoichiometry of one head perRâ-tubulin heterodimer, thereby forming
an axial periodicity of 8 nm. In spite of unusual extensions at the N-terminus and within flexible loops
L2, L8a, and L12 (corresponding to the K-loop of monomeric kinesins), the microtubule binding geometry
is similar to that of other members of the kinesin family.

Kinesins form a large superfamily that comprises mol-
ecules of different architecture and function, which have in
common a high-homology catalytic domain or head, which
is able to bind and hydrolyze ATP1 and to interact with
microtubules in a nucleotide-dependent manner (1, 2). Most
of the kinesins are motor proteins that use the energy from
ATP hydrolysis for directed transport of various cellular
cargoes. Conventional kinesin, the founding member of the
Kinesin-1 family, is a dimeric motor protein, which moves
processively along microtubules (3-5). While doing so, it
hydrolyses one molecule of ATP per step in a strictly
alternating way (6-10), suggesting that at any time, at least
one head or motor domain is firmly attached to the
microtubule. The hand-over-hand mechanism as a model of

conventional kinesins processive movement is now well-
supported by single molecule microscopy techniques with
nanometer resolution (11-15) and high-resolution EM of
microtubule-bound motor constructs (16), although it is still
a matter of debate as to how the two heads are coordinated
in detail (17).

Hand-over-hand walking is not the only mechanism used
by kinesin motors to produce directed movement. The minus
end directed C-type motor Ncd (Kinesin-14 family) seems
to use a powerstroke mechanism that involves repetitive
attachment and detachment of the motor (18-20). Keeping
on track is not a problem for Ncd since this motor normally
works in concert with many other Ncd molecules. Members
of the Unc104/Kif1A family (Kinesin-3 family) are mostly
monomeric, plus end directed motors (21, 22), but still mouse
Kif1A can move continuously along microtubules even as a
single molecule (23). Instead of a second head, Kif1A and
related motors use a family-specific, positively charged loop
(K-loop) to prevent diffusion away from the microtubule
surface by interaction with the negatively charged C-terminus
of tubulin. This results in one-dimensional, biased Brownian
diffusion along the microtubule (23). However, there is
growing evidence that high local concentrations of Kinesin-3
motors lead to dimerization, causing the motors to switch
from biased diffusion to more efficient processive hand-over-
hand walking similar to conventional kinesin (24-27). Thus,
it was surmised that dimerization is used as a means of
regulating the transport accomplished by Kinesin-3 motors.
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Neurospora crassaNcKin3 is a member of a fungal-
specific subgroup of small Kif1A-related motors (28) that
are characterized by an unusually short C-terminal part
beyond the motor domain (Figure 1A). Its normal cellular
function remains to be elucidated, but it is probably involved
in mitochondria movements. In cells defective of Nckin2,
anotherNeurosporaKinesin-3 motor that is essential for the
interaction of mitochondria with microtubules, NcKin3 is
upregulated, and mitochondria lacking NcKin2 require
NcKin3 for binding to microtubules in vitro (29). In contrast
to other Kinesin-3 members, NcKin3 forms native dimers;
hence, in this case, dimerization is not used for regulation
(30). Another surprising result from the analysis of NcKin3’s

ATPase activity is that only one subunit releases ADP in a
microtubule-dependent manner, suggesting a non-processive
powerstroke mechanism similar to Ncd.

Much of our knowledge about the mechanisms used by
kinesin motors to convert chemical free energy into directed
motion relies on atomic models derived by crystal structure
analysis, combined with high-resolution image reconstruc-
tions of motor-microtubule complexes (24, 31-38). Struc-
tures of motor domains from representatives of several
kinesin families are now available, including conventional
kinesins from various species (39-43), C-type motors such
as Ncd and Kar3 (20, 44-48), and the monomeric Kinesin-3
family member Kif1A (31, 32). The general folding being

FIGURE 1: Domain structure and sequence alignment. (A) Domain structure of NcKin3 and the construct used for structural analysis. H:
N-terminal extension of the motor domain (header) and L: neck linker. (B) Structure-based sequence alignment and secondary structure
comparison with Kif1A and Kinesin-1 heavy chains. The sequences of four motor domain constructs with structures known by crystallographic
analysis were first pre-aligned with ClustalW (71), and then the alignment was manually corrected and optimized by superpositon of the
3-D structures and rearrangement of misaligned residues according to their local conformational similarities. Residue ranges of similar
conformations in all four structures are in bold and boxed in black lines. Residues outside the boxes that are printed in bold indicate similar
conformations in only two or three structures; in most of these cases, the two Kinesin-1 and/or the two Kinesin-3 structures are similar.
White background indicates disordered regions. Secondary structure assignments were calculated with Procheck (59, 72). Naming of the
structural elements follows the convention introduced for rat Kinesin-1 heavy chain (40) with only minor modifications (e.g., the last
segment of the bulky insertion in strandâ5 is now explicitly labeled L8c). Sequences and structures used for alignment are as follows:
NcKin3: the sequence of NcKin3-434 (this work) is identical to the UniProt sequence Q9C2M3, except that the first 29 N-terminal residues
are missing (Met1 of NcKin3-434 corresponds to Met30 of Q9C2M3) and that three residues (blue letters) differ (NcKin3-434 Glu59,
Asp83, and Gly252 correspond to Lys88, Asn112, and Arg281 in Q9C2M3). The first 434 residues of NcKin3 are followed by an unrelated
sequence of 9 residues (Cys-tag, PSIVHRKCF). Molecule A was used for structural alignment and secondary structure assignments.
MmKif1A: chimeric construct of Kif1A from mouse (UniProt P33173, residues 1-355, Pro202 engineered to Ala) followed by 6 residues
of the neck linker of Kif5C and a His6-tag; alignment based on the structure of the Mg-AMPPNP complex: PDB- ID 1i6i (31). NcKHC:
N. crassaKinesin-1, UniProt P48467; structure of the ADP complex: PDB ID 1goj (43). HsKHC: Homo sapiensubiquitous Kinesin-1
heavy chain, UniProt P33176; structure of the ADP complex crystallized with Li2SO4: PDB ID 1mkj (42).
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the same in all known structures, valuable insight could be
gained by comparing structures of motor domains from
different sources and in different nucleotide binding states
(for a review, see ref49). Two switch regions surrounding
the nucleotide were identified, which are most important in
acting and reacting to nucleotide hydrolysis and in translating
and amplifying local conformational changes in the active
center into large scale effects. Depending on the nucleotide
state, switch I containing the NxxSSR motif seems to melt
and transform between a helical and a hairpin-like conforma-
tion, inducing changes in position, orientation, and length
of helix R3 at the long edge of the centralâ-sheet (32, 46).
Switch II connects via a flexible loop to the switch II helix
(R4) or switch II cluster (including surrounding elements:
loop L12, helixR5, and loop L13), which control the central
docking site of the neck linker (50) and coordinate the large
scale conformational changes required for directed motion
along the microtubule. Loop L11, which is highly flexible
according to the crystal structures (i.e., in the absence of
microtubules) is supposed to assume a rigid conformation
in the microtubule-kinesin complex (31) and thus may act
as a clutch that couples or uncouples in a microtubule-
dependent manner the nucleotide binding state to the switch
II helix (relay helix) and hence to the neck linker and neck.
This hypothesis is corroborated by a recent 9 Å resolution
cryo-EM analysis of the nucleotide-free microtubule-kinesin
complex that provided direct evidence for a microtubule-
induced rearrangement of loop L11 accompanied with an
elongation of the switch II helix (38).

Most of the structures determined by X-ray crystallography
were obtained from motor domains with ADP in the active
site. Regarding the position and orientation of the switch II
cluster, essentially two classes of conformations can be
distinguished: one with a docking site for the neck linker
between the switch II cluster and the core of the motor
domain (permissive conformation, as in human conventional
kinesin structure 1mkj (42)) and another one without such a
site, where the switch II cluster prevents docking of the neck
linker (obstructive conformation, as in human conventional
kinesin structure 1bg2 (39)). On the basis of models derived
from atomic structures of single motor domains and EM
images of microtubule-kinesin complexes, the obstructive
conformation is thought to represent the ADP-bound state,
while the permissive state is assumed to be similar to the
ATP-bound state (37). In the case of mouse Kif1A, structures
of complexes with different ATP analogues are available,
which allows modeling of the mechanochemical cycle in
more detail (31, 32). One conclusion from the comparison
of X-ray structures in different nucleotide states is that in
the absence of microtubules, the conformation is not fully
determined by the nucleotide bound in the active center (51).

The amino acid sequence of NcKin3,N. crassa’s small
version of a Kinesin-3 motor, differs from that of mouse
Kif1A not only in having a short stalk-tail domain. There
are numerous changes, mostly within the loop regions
connecting well-conserved secondary structure elements in
the motor domain (Figure 1B). The most obvious differences
in the primary structure are as follows: (i) Unlike Kif1A
and other typical N-type kinesins, the conserved motor
domain is preceded by a long extension of about 35 amino
acids. The function of the NcKin3-specific header is unclear,
and a truncated construct lacking the N-terminal extension

has unchanged microtubule-stimulated ATPase activity (30).
(ii) In Kif1A and other typical Kinesin-3 family members,
loop L12 (K-loop) contains a cluster of positively charged
lysines. In NcKin3, the corresponding loop is about twice
the size of the K-loop in Kif1A. It does not contain a cluster
of lysines but a similar number of positively charged residues
(two lysines and three arginines), which are almost equally
spaced along the loop. (iii) The sequence of amino acids
betweenâ1 andâ2 of the centralâ-sheet forms a subdomain
consisting of helixR0 and a small three-strandedâ-sheet:
â1a, -b, -c. Loop L2 betweenâ1b andâ1c varies consider-
ably in length and shape between different types of kinesin.
Kinesin-3 family members possess rather long L2 loops, in
general (nine residues in Kif1A). In NcKin3, this loop is
much expanded and consists of about 20 amino acids. Here,
we present the crystal structure of a C-terminally truncated
construct of NcKin3 that spans the N-terminal header, the
core motor domain, and the neck linker, as well as its
complex with microtubules obtained by cryoEM. Although
the header and some loop regions (including the previously
mentioned loops L2 and L12) are mostly disordered in the
crystal, comparison of the structure with other kinesins,
especially with Kif1A in different nucleotide states, revealed
unexpected details. These are discussed in the context of the
unusual kinetic behavior that NcKin3 exhibits in dimerization
and microtubule-stimulated ATPase activity (30).

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant NcKin3
Motor Domain.The cloning of the plasmid pNcKif434, a
pT7-7 derivative, is described elsewhere (30). The coded
protein comprises the conserved motor domain of NcKin3,
the following 14 amino acids, and a Cys-tag (amino acids
PSIVHRKCF (52)). The polypeptide NcKin3-434 is 434+
9 residues long and has a size of 49.5 kDa. The protein was
expressed inEscherichia colistrain BL21 STAR. Cells
grown in 6 L of LB media supplemented with 50 mg/L
ampicillin were induced atA600 ) 0.6-1.0 with 0.4 mM
isopropyl-â-D-thiogalactopyranoside (IPTG) for 16 h at
24 °C. Packed cells were resuspended in lysis buffer (50
mM PIPES, pH 6.9, 1 mM EGTA, 1 mM MgCl2, 1 mM
DTT, 50 mM NaCl, 2 mM benzamidine, and 0.5 mM
PMSF). Lysates were prepared using a French press cell.
The expressed motor protein fragment was purified by two
cation-exchange columns (phosphocellulose and MonoS)
using NaCl to elute the protein. The NcKin3 fragment
containing fractions were pooled, concentrated, and applied
to a gel filtration column (G200 Hiload 16/60). The column
was equilibrated with 50 mM phosphate, pH 7.5, 1 mM
MgCl2, 1 mM EGTA, 1 mM DTT, 150 mM NaCl, and 50
µM ATP. Peak fractions were pooled and concentrated to
about 10 mg/mL.

Crystallization and X-ray Data Collection.Crystallization
was performed by the hanging drop method. Crystals suitable
for X-ray diffraction were obtained by mixing 1.5µL of
protein solution with 0.5µL of reservoir (0.1 M HEPES,
pH 7.5, 0.2 M sodium potassium tartrate, 24% PEG3350)
and 0.2µL of 0.1 M MgCl2. X-ray data were collected at
the synchrotron beamline X13 at DESY, Hamburg, Germany.
Prior to crystal freezing for data collection, the crystals were
transferred into a buffer containing 25% PEG3350 and 5%
glycerol as the cryoprotectant. Cryoprotected crystals were
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exposed to X-rays in a stream of cold nitrogen gas. Since
no additional nucleotide was supplied during crystallization
and the nucleotide in the stock solution was hydrolyzed to
ADP due to the basal ATPase activity of the construct, the
crystals contained ADP in the active site.

Structure Determination.The crystals belonged to space
groupP21 with a ) 75.9 Å,b ) 98.4 Å,c ) 111.8 Å, and
â ) 91.9° and diffracted to about 3.25 Å resolution (Table
1). Data reduction and statistical analysis was performed with
Denzo and Scalepack (HKL data processing system V1.97.2
(53)). The averaged intensities were converted and truncated
to amplitudes using programs of the CCP4 suite (54). The
structure was solved by molecular replacement using Phaser
version 1.2 (55) with a search model derived from the
structure of the KIF1A motor domain complexed with ADP
(PDB- ID 1i5s) and assuming four NcKin3-434 molecules
per asymmetric unit (Matthews coefficient 2.11 Å3/Da). The
model was refined using the programs Refmac5 (56) and
Coot (57). Composite omit maps of partially refined models
were calculated with CNS 1.1 (58). Procheck (59) and
Whatcheck (60) were used to check the geometry of the
model. During refinement, tight positional and thermal
noncrystallographic symmetry (NCS) restraints were used.
At the beginning, a single NCS group for all four molecules
was applied. During the final stages of refinement, four NCS
groups were used to allow for some obvious differences due
to nonequivalent crystal contacts: one for the core residues

and three separate NCS groups for some surface regions
according to the similarities of their environment (see Figure
2).

3-D Analysis of Microtubule-NcKin3-434 Complexes.
Monomeric NcKin3-434 protein was incubated with pre-
formed microtubules for 2 min at room temperature (for a
protocol see, ref61). The buffers used were BRB80 (80 mM
PIPES, 100 mM NaCl, 2 mM MgCl2) supplemented with
5% DMSO and 2 mM AMPPNP (Sigma, St. Louis, MO) as
a nonhydrolyzable ATP substitute. DMSO was used to
enhance the formation of helical 15-protofilament microtu-
bules during polymerization to facilitate the structural
analysis (30 min at 37°C).

EM. Immediately after incubation of motors and micro-
tubules, the specimens were plunge-frozen in liquid ethane
(62) and imaged with a GATAN-914 cryo-holder at a
nominal magnification of 50 000x in a Tecnai-F20 field-
emission electron microscope (FEI-Company, Eindhoven,
The Netherlands). Data were recorded on Kodak SO-163 film
plates. The film plates were scanned at 2000 dots per inch
with a Nikon-Coolscan 9000ED. After initial rotations and
straightening, the data were further binned by a factor of 2
to compensate for interpolation artifacts. This resulted in a
final pixel (voxel) size on the electronic data of 0.508 nm
with respect to the actual specimen size.

Helical 3-D Analysis.Images were screened for microtu-
bules composed of 15 protofilaments that exhibited a right-
handed supertwist (see refs61 and63). Only these micro-
tubules can be used as a helical template. For a recent
introduction into helical analysis of motor-microtubule
complexes, see ref63. Briefly, for helical reconstruction, we
used the software packages PHOELIX (64) that was specif-
ically modified for this purpose and SUPRIM (65). 3-D
volumes were visualized with Volvis (SUNY, Stonybrook,
NY). Molecular docking of the X-ray map into the EM
scaffold was performed with UCSF-CHIMERA (66).

RESULTS

General Description of the NcKin3-434 Crystal Structure.
A construct consisting of residues 1-434 of the NcKin3
sequence (plus nine residues from the C-terminal Cys-tag,
PSIVHRKCF) was crystallized in the presence of magnesium
and ADP and analyzed by X-ray crystallography. The Cys-
tag consists of a fragment ofDictyosteliumactin 15 gene
(52), which is known to react with maleimide and other thiol-
reactive agents and which had been used for biotinylation
of the NcKin3 motor domain. This construct, NcKin3-434,
comprises an N-terminal header of 36 amino acids, the motor
domain (residues 37-412), and the neck linker (residues
413-434, Figure 1). The crystal contains four crystallo-
graphically independent molecules (A-D, Figure 2). The
resolution of X-ray diffraction data was only 3.25 Å, limited
by the quality of the crystals (Table 1). Despite the modest
resolution, the derived model is reliable because tight NCS
restraints for all four molecules were applied throughout
refinement. In this way, the number of free parameters could
be reduced considerably. Furthermore, the refined model
showed clear deviations from the structure that was used for
molecular replacement and exhibited unanticipated similari-
ties to another structure, ruling out a severe bias toward the
MR model and over-interpretation of the data. The header

Table 1: Data Reduction and Refinement Statisticsa

params values

space group P21

unit cell a ) 75.9 Å,b ) 98.4 Å,
c ) 111.8 Å

â ) 91.9°
Data collection

resolution (last shell) (Å) 3.25 (3.31-3.25)
no. of observations>1σ 99727
no. of unique reflns 26085
completeness, overall (last shell) (%) 100 (100)
Rsym, overall (last shell) 0.143 (0.705)
〈I〉/〈σ(I)〉, overall (last shell) 9.8 (1.9)

Refinement and modeling
resolution limits (Å) overall (last shell) 111.8-3.25

(3.334-3.250)
no. of reflns, working set (test set) 24775 (1329)
no. of non-hydrogen atoms in the model 10337
no. of NcKin3-434‚ADP‚Mg2+ complexes 4
total no. of residues 1772
total no. of residues modeled 1308
total no. of residues in NCS groups 1300
no. of NCS groups 3
NCS restraints (in all groups) tight positional,

tight thermal
Rwork, overall (last shell) 0.210 (0.256)
Rfree, overall (last shell) 0.272 (0.327)
avB factor (Å2) 76.1

rms Deviation from ideal values
bond lengths (Å) 0.018
bond angles (deg) 1.845

a Rsym ) ∑hkl∑i|Ii - 〈I〉|/∑hkl∑i〈I〉, whereIi is theith measurement of
symmetry equivalent reflection intensities, and〈I〉 is the weighted mean
of all measurementsIi. Rwork ) ∑hkl||Fobsd| - |Fcalcd||/∑hkl|Fobsd|, where
Fobsd andFcalcd are the observed and calculated structure factors, and
the summation is over the working set (95% of all reflections).Rfree is
calculated accordingly with summation over the remaining 5% of
reflections (test set) not used for refinement.
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and the C-terminus beyond residue 422 were not visible in
the structure, similarly to about 60 residues of each molecule
in loops L2, L10, L11, and L12. Because of weak electron
density for some side chains, 11 residues at the surface were
modeled as alanines. In total, the model covers about 74%
of the protein content in the crystals, and it includes four
complexes of ADP‚Mg2+ in the nucleotide binding pockets.

Conformation of the Motor Domain.Apart from minor
effects induced by different crystal contacts, the structures
of the four molecules are almost identical. As an ADP state
conformation was expected, initial phases were calculated
by molecular replacement starting from the structure of the
ADP complex of chimeric KIF1A (31), a KIF1A construct

comprising the catalytic domain, the neck linker, and a His-
tag with part of the neck linker replaced by the corresponding
part of conventional mouse kinesin (hereafter called KIF1A).
The first electron density map (Figure 3) already showed
clear differences between NcKin3-434 and the model
structure, especially within the switch regions, switch I (R3-
L9-R3a, in KIF1A) and switch II (R4-L12-R5-L13). Super-
position of the final structure with the structures of KIF1A
in complex with ADP or AMPPCP revealed that NcKin3-
434 resembles the AMPPCP complex (31) rather than the
ADP complex, although ADP is bound in the nucleotide
binding pocket. The similarity covers the important structural
elements that are directly involved in the mechanism of

FIGURE 2: CR trace of NcKin3-434 (stereoview). (A) Overview of molecule A in the standard orientation, with main structural elements
labeled, viewed from the microtubule surface onto the microtubule binding surface of the motor domain. In this orientation, the microtubule
plus end would point to the bottom of the page. The nucleotide is indicated near L11 in the upper part of the structure, and the switch II
cluster (helixR4 and surrounding structural elements) is located in the middle. Note that the C-terminal linker is docked onto the body of
the motor domain (bottom right). Helices are shown in red,â-strands in blue, and loops in cyan; missing loops are indicated by dotted lines.
(B) Contents of the asymmetric unit with four independent molecules. Molecules A and C and molecules B and D form pairs with 2-fold
rotational pseudo-symmetry. The two pairs can be superimposed by translation and rotation of one pair by about 37° around its pseudo-
symmetry axis. However, the superposition is not perfect, indicating significant variations at the surface regions. Noncrystallographic symmetry
groups used at the end of the refinement are indicated by different colors: blue: 237 residues (per molecule) mostly in the core of the
structure that are considered equivalent in all four molecules; green: 88 residues that are considered equivalent in A and C, but different
to B and D; and yellow: a similar set of residues considered to be equivalent in B and D but different to A and C. Eight residues in total,
mostly at the termini or in flexible loops, were not subjected to NCS restraints (red). Figure was prepared with Pymol (73).
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kinesin’s motile activity: the switch I region (helixR3 and
the sequence leading toâ6, in its entirety called loop L9 in
the following, irrespective of its special conformation), the
switch II cluster, and the neck linker.

Switch I Region.In most of the ADP containing structures,
loop L9 is partially helical, and the helical part usually
overlaps with the switch I motif NxxSSR (for a review, see
ref 49). Although there is considerable conformational
variability between the different types of kinesin motor
domains, the ADP complex of Kif1A is still predominantly
helical in loop L9 and roughly similar to conventional kinesin
in this region (Figure 4). In the AMPPCP containing structure
of Kif1A, the loop adopts a hairpin-like conformation. The
transition from the ADP-bound to the AMPPCP-bound
conformation induces a slight rotation of helixR3. In the
ADP-bound structure of NcKin3-434, the switch I region is
most similar to that of the Kif1A‚AMPPCP complex, both
in the hairpin-like conformation of loop L9 and in the
position of helixR3. The latter is remarkable because the
position of helix R3 is obviously not affected by its
interaction with the neighboring molecule (Figure 5; there
is no such interaction between the molecules in the Kif1A
crystal). The structures are not only similar in the folding of
the backbone but also in side chain conformations, especially
within the switch I motif. The orientation of serine S266/
215 (NcKin3/Kif1A), for instance, which plays an important
role in ATP hydrolysis, is equivalent in both structures (see
Discussion).

Switch II Cluster.By definition, the switch II cluster
extends from helixR4 to loop L13 at the N-terminus of helix

R6 and includes loop L12 betweenR4 and heavily distorted
helix R5. NcKin3 differs from other members of the
Kinesin-3 family by an ample loop L12 (∼25 residues),
which is almost twice as long as the K-loop (L12) in Kif1A.
Furthermore, it does not contain the characteristic cluster of
six lysine residues, which is thought to interact with the
negatively charged surface of microtubules and might be
important for the processive movement of single headed
kinesins (67); however, L12 does contain a similar number
of five basic residues spread out evenly that might fulfill
the same function. As in Kif1A, this loop is almost com-
pletely disordered. The remaining part of the switch II cluster
(R4, R5, and L13) has very much the same conformation
and position in NcKin3-434 and in the AMPPCP complex
of Kif1A (Figure 6C). Thus, the core of the switch II cluster
is not much affected by the presence or absence of a long
insert betweenR4 andR5, at least in the crystal environment,
lacking the interaction with the microtubule surface.

Neck Linker.Comparing the available structures of kinesin
motor domains (49), the switch II cluster toggles between
two conformational states (“up” and “down”). In the up
conformation (Figure 6C), a binding groove is opened
between the switch II cluster and the centralâ-sheet (â1),
which allows the neck linker to dock to the core motor
domain (permissive conformation). This conformation is
expected for the ATP state (37). The down or obstructive
conformation (Figure 6D) prevents docking of the neck linker
and is considered to be the generic conformation of the ADP
state, although exceptions from this rule exist (e.g., rat and
human KHC structures 2kin and 1mkj (40, 42)). In the

FIGURE 3: Electron density maps of the switch regions. Stereoviews of NCS averaged electron density maps around (A) helixR4 and (B)
helix R3 and loop L9. The stereo pairs at the left side show the initial unrefined map after MR phasing using a truncated model derived
from the structure of the Kif1A complex with ADP (PDB ID 1i5s (31)). The unrefined map clearly indicates that the conformation of the
NcKin3 structure differs from that of Kif1A‚ADP in both switch regions. The CR traces in green show the position and conformation of the
switch elements in the Kif1A‚ADP structure (not included in the search model). The stereo pairs at the right side show the NCS average
of the final map, in overlay with the refined structure of NcKin3 in stick representation (A) and as a CR trace (B) to avoid overcrowding.
The refined structure closely resembles the Kif1A complex with AMPPCP (PDB- ID 1i6i (31)) both in the switch I and the switch II
region (see Figures 4 and 6). From the comparison of the two maps at the left and the right side, it is obvious that this unexpected similarity
is not due to a bias toward the search model. Figure was prepared with Pymol (73).
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structure of the NcKin3-434‚ADP complex, switch II is in
the up position, corresponding to the ATP state, and the neck
linker is docked. Similar to other ATP-like structures (50),
isoleucine I413 at the beginning ofâ9 plays a central role
in the docking interaction (Figure 6D): its side group points
to the interior and fits into a hydrophobic pocket formed by
residues of the switch II cluster (I333, L336, and L380), the
central â-sheet (V40 and F141), and the end of helixR6
(A410).

In molecules A and C of the NcKin3-434 structure, the
linker is further stabilized in the docked conformation by
arginine R414. With its long side chain, R414 binds to a
sharp bend formed by the N-terminal extension of the motor
domain. Docking of the neck linker, however, does not
depend on this interaction since the neck linker in molecules
B and D has a similar conformation without such reinforce-

ment. The neck linker is almost completely docked and aligns
roughly parallel to the edge of the coreâ-sheet, approaching
â7 at the tip of the motor domain, while in the Kif1A
structure with AMPPCP the neck linker is only semi-
docked: the C-terminal part beyondâ9 is mostly disordered.
(Note that the Kif1A construct used as a comparison was a
chimera and that the neck linker sequence was partially
replaced by the corresponding sequence of mouse KHC (31).)

Nucleotide Binding.The P-loop residues and nucleotides
of the NcKin3 structure fit very well to those of the other
structures, except that the adenine base in the NcKin3
structure was rotated by about 20° relative to the adenine
plane of the other molecules (Figure 4). This can be explained
by an unusual alanine (A48) in the NcKin3 sequence, which
replaces the highly conserved proline of the adenine binding
motif RxRP (Figure 4B). As a consequence of the rotation,

FIGURE 4: Switch I region and nucleotide binding. (A) Stereoview showing the nucleotide binding site (P-loop) and the switch I region
(helix R3 and loop L9) of the NcKin3 structure in superposition with those of MmKif1A in complex with AMPPCP or ADP (PDB IDs 1i6i
and 1i5s (31)) and human KHC with ADP (PDB- ID 1mkj (42)). Serine S266 of NcKin3 is highlighted as a marker for the position of the
switch I motif (NxxSSR) at the end of loop L9. The overlay was calculated by least-squares fitting of the P-loop region (using residues
I140-M154 in NcKin3 and the corresponding residues of the other structures). There is a striking similarity in the position ofR3 and the
fold of loop L9 between NcKin3 (red) and the structure of mouse Kif1A when complexed with the ATP analogue AMPPCP (pink), although
the NcKin3 structure has ADP bound in the nucleotide binding pocket. By contrast, theR3 helices of the ADP containing structures of
Kif1A and HsKHC are slightly tilted (in opposite directions) from the position in NcKin3, while the conformation of loop L9 of Kif1A‚
ADP seems intermediate to Kif1A‚AMPPCP/NcKin3‚ADP on the one side and HsKHC‚ADP on the other side. (B) Close-up view of the
nucleotide binding site with the adenine moiety shown in the center; overlay of NcKin3 (yellow carbon atoms) with MmKif1A in complex
with AMPPCP (gray carbon atoms). Proline P14 (MmKif1A) in the highly conserved RxRP binding motif is replaced by an alanine (A48)
in NcKin3. This exchange allows the adenine moiety to move up, toward the alanine, which results in disruption of a hydrogen bond with
the side group of Y114 and in weakening of the stacking interaction between adenine ring system and Y152. Figure was prepared with
Pymol (73).
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tyrosine Y114 (in the loop preceding helixR1) is not within
hydrogen-bonding distance to the adenine base as the
corresponding Y67 in the Kif1A structures, and the stacking
interaction between the adenine ring system and the tyrosine
Y152 is weakened.

Interactions between Molecules.In the crystal, molecules
A and C interact strongly and 180° symmetrically with each
other, and so do molecules B and D (Figure 5). The pairing
is mainly due to close packing of the switch I regions (helices
R3 and the following loop L9) at the center of the contact
region. Two other regions contribute to this symmetric
interaction: (i) Loop L5, a short insert of six amino acids in
the middle of helix R2, interacts with loop L9 of the
companion molecule and (ii) the enlarged loop L8a of the
L8-â5a,b lobe interacts with its counterpart in the other
molecule. The two pseudo-symmetric pairs (A, C) and (B,
D) are almost equivalent. The rms distance of the CR atoms
after least-squares superposition of the two pairs is 1.1 Å
(as compared to∼0.1 Å between individual molecules of
the same pair and∼0.5 Å between molecules of different
pairs). The slightly elevated rms value between the pairs is
due to a scissor-like relative movement of the molecules.

There is another type of strong interaction between pairs
of molecules in the crystal. The asymmetric pairs [B, C] and
[D, A ′] (squared brackets indicate that the order matters) are
also very similar to each other, even more so than the
symmetric pairs: the rms difference of CR atoms after
superposition of the asymmetric pairs is only 0.27 Å.
Remarkably, the [B, C] type pairing involves a relative
rotation of 144° bringing the neck linkers of both molecules
in close contact with each other (Figure 6). The neck linkers
run almost perpendicular to each other and meet close to
their C-terminal ends, so that the main chain oxygen of Q421
in B can form a hydrogen bond with the backbone nitrogen
of V419 in C. Since dimerization of full-length NcKin3sas
in the case of conventional kinesin (41)sis based on a coiled-
coil interaction of the neck helices (30), the neck linkers of
the two protomers have to converge to form a dimer. Thus,
the asymmetric pairs of molecules in the crystal structure
could serve as a plausible model for the contacts that are
formed in the true NcKin3 dimer between the two heads.
This is even more suggestive if one considers the funda-
mental asymmetry of dimeric NcKin3, which can hardly be
explained by coiled-coil interactions alone (see Discussion).

FIGURE 5: Pseudo-symmetric interaction of the switch I region. Stereoview of the interacting zones of molecules A (green) and C (salmon)
with surrounding structural elements shown as ribbons, ADP and magnesium as spheres, and side groups of residues with intermolecular
distances below 4 Å assticks. (A) HelicesR3 are in antiparallel orientation and staggered, such that glycines Gly252 at the ends of the
helices (yellow patches of the helical ribbon) are at a short distance to each other (CR-CR distance is 4.7 Å). Because of the stagger, helix
R3 of one molecule is mostly interacting with loop L9, the C-terminal extension ofR3, of the other molecule. In addition, L9 of one
molecule also interacts with helixR2b and theR2 insert L5 of the other molecule. The nucleotides are in close proximity to each other, and
the minimal distance between the 2′-oxygens is 8.7 Å. Remarkably, the 3′-OH groups of the ribose moieties are at a hydrogen bonding
distance to the carboxyl groups of Asp159 of the interacting molecule. (B) View after rotation by 180°. The mostly hydrophobic, proline-
rich loop L8a, which is enlarged by 4-5 residues as compared to Kif1A and human KHC, associates with its counterpart by alignment of
their LAPVVP segments (residues 205-210).
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However, the NcKin3 construct that was crystallized is too
short for dimerization in solution (30), and the residues
beyond D423 (B) and V422 (C) are disordered in the crystal
structure. Thus, the relevance of the asymmetric pairing in
the crystal remains somewhat speculative.

NcKin3-Microtubule Complex.Helical 3-D reconstruction
of NcKin3-434-microtubule complexes was performed in the
presence of AMPPNP (Figure 7A,B). A total of 20 inde-
pendent data sets (near and far sides of 10 intact microtubules
varying in length between∼300 and 900 nm) corresponding
to about 20 000 asymmetric units was averaged. Fourier
diffraction of unprocessed images and an averaged dataset
of 15-protofilament microtubules (Figure 7A) revealed
layerline ratios that indicate a close to stoichiometric motor-
tubulin dimer decoration (data not shown); hence, most of
the motor-binding positions on microtubules are filled so that
the 3-D map reproduces an accurate shape of the motor head
domains and their attachment to tubulin subunits. Phase-
amplitude plots of selected layerlines (e.g., see ref63) show
reliable data to approximately 2.5 nm resolution (see
Supporting Information figure). Docking the X-ray structure
of NcKin3-434 and the electron crystallographic structure
of Râ-tubulin (68) revealed the interface between motor head
and tubulin dimer in high molecular detail (Figure 8). The
major mass of the kinesin head is superimposed onâ-tubulin,
but as kinesin is more extended than a tubulin subunit (∼6
nm, as compared with tubulin’s 4 nm), it overlaps with the
R-tubulin subunits on the minus end side along the tubulin
protofilament. Although between the docked structures there
is a wide gap between the minus end directed part of the
kinesin head and the underlyingR-tubulin surface (Figure
8B), the EM density between these elements suggests that it
may host parts of the extended loop 2 (Figure 8B), which is
not visible in the X-ray structure. There are also free densities
at the predicted locations of loops 11 and 12 (Figure 8A).
Structural details are further analyzed in the Discussion.

DISCUSSION

Nucleotide State and OVerall Conformation.The NcKin3-
434 construct was crystallized without additional nucleotides
from the protein of a 10 mg/mL stock solution (∼200 µM)
that contained the motor-bound nucleotide and a small
amount of ATP (50µM), which is hydrolyzed to ADP due
to the basal activity of the construct (0.004 s-1 (30)).
Accordingly, crystal structure analysis revealed clear electron
density for ADP, indicating that the majority of the molecules
had ADP bound at the nucleotide binding site. Nevertheless,
the structure exhibited features typical for an ATP-like
nucleotide state. As compared to the structures of mouse
Kif1A, another motor of the Kinesin-3 family, in various
nucleotide states (31, 32), the similarity is most pronounced
with the AMPPCP-bound structure.

According to ref32, the Kif1A structure with AMPPCP
represents the collision complex or pre-isomerization state,
by contrast to the AMPPNP complex, which corresponds to
the pre-hydrolysis state. In transition to the presumed pre-
hydrolysis state, the highly conserved serine S215 at the end
of loop L9 flips toward the nucleotide, so that it can interact
with theγ-phosphate. At the same time, loop L9, which has
a hairpin-like structure in the KIF1A‚AMPPCP complex
(Figure 4), melts and becomes partially disordered. Consider-

FIGURE 6: Interactions of the neck linker. Stereoviews of the neck
linker and its interaction with surrounding structures. (A) Ribbon
diagram of two molecules (red: B and blue: C) that interact by
direct contact of their neck linkers. The linkers (as far as modeled)
and the preceding helicesR6 are drawn in saturated colors. N-
and C-termini of the modeled part of the structure are labeled. In
both molecules, the N-terminal extension of the motor domain is
missing due to disorder. The model of molecule B starts with
Ala38 at the beginning of strandâ1. The model of molecule C
comprises four more residues N-terminally toâ1; these residues
form a sharp bend, approaching helixR2a and loop L6 of
molecule B. The neck linker (â9 up to the C-terminus of the visible
structure) runs from the end of helixR6 toward loop L10 at the tip
of the molecule, which is partially disordered. The line in yellow
and blue indicates 25 missing residues of loop L12 betweenR4
andR5. (B) Stick model of molecule C in the same orientation as
in panels A, C, and D; enlarged view of the region aroundâ9
(Ile413-Arg414-Thr415). Lys411 marks the end of helixR6. The
molecule except helixR6 and the neck linker is shown within
a transparent envelope. The linker fits into a groove formed by
R4, R5, â8, and â1 (docked conformation). The side chain of
Arg414 hooks into the bend formed by the residues at the
N-terminus. (C and D) Overlays of molecule C with the structures
of mouse KIF1A with Mg-AMPPCP (C, PDB- ID 1i6i) and Mg-
ADP (D, PDB- ID 1i5s). The conformation of linker and docking
groove of NcKin3 (with Mg-ADP) is virtually identical to that of
KIF1A complexed with the ATP analogue. Figure was prepared
with Pymol (73).

1856 Biochemistry, Vol. 47, No. 7, 2008 Marx et al.



ing the structural similarity between Kif1A‚AMPPCP and
NcKin3‚ADPswith regard to both the overall fold and the
conformation of loop L9 and especially of S266/S215
(NcKin3/Kif1A)sit appears that the pre-isomerization or
collision state (32) does not require the presence of the
γ-phosphate. In this context, it is notable that the AMPPCP-
like conformation had also been observed in the absence of
AMPPCP (31). This provides an explanation as to why the
NcKin3 motor domain can adopt the same conformation with
ADP at the nucleotide binding side.

Nucleotide Binding Site.When one compares the se-
quences of kinesins, one observes a highly conserved motif
(RxRP) that is involved in the binding of the nucleotide. It
is notable that in NcKin3, the conserved proline is replaced
by alanine (A48). Replacement of the bulky proline side
group by a methyl group allows the adenine moiety to rotate
out of its usual plane while ribose and phosphates stay in
their normal places. This rotation weakens the stacking
interaction with Y152 and leads to the loss of interactions
between the adenine base and the loop L3. This should result
in a reduced nucleotide binding affinity as compared to other
kinesins with a canonical RxRP motif such as Kif1A and
conventional kinesin (cf. Figure 1).

The solvent exposed structural elements surrounding the
binding site of the adenine moiety, helixR0 and the loops
L3 and L5, are among the regions of NcKin3 that deviate
most from all known structures of Kif1A. Loop L3 and helix
R0 are both displaced by about 4 Å, as compared to Kif1A‚
L5, and the insert loop in helixR2 is two amino acids shorter

than in most other kinesins. These alterations are obviously
caused by differences on the level of the primary structure
rather than by artificial crystal contacts: as to the loop L3,
a proline that is present in Kif1A (P62) but absent in the
NcKin3 sequence, seems to be responsible for the rearrange-
ment of the CR trace. Relocation of helixR0 is mainly caused
by loop L14 betweenâ8 andR6. This tight loop of typically
five amino acids is further shortened to three amino acids in
NcKin3, resulting in modified H-bonding withR0.

Helix R0 and loop L14 are both adjacent to the N-terminal
lobe (i.e., strandsâ1a, -b, -c and the interconnecting loops).
The size and conformation of theâ1b-L2-â1c region vary
considerably between different types of kinesin. In NcKin3,
loop L2 has a long insert as compared to conventional
kinesins and Kif1A (Figure 1B). This insert is mostly
disordered in the crystal structure. CryoEM of microtubules
decorated with NcKin3-434 (Figure 8B) places the flexible
end of loop L2 at the lower side of the motor domain
(pointing to the minus end), a distance of about 1.5-2 nm
above the surface ofR-tubulin (see Figure 8B). This distance
can easily be covered by the stretch of 15 amino acids that
is not resolved by crystal structure analysis. Also, the
presence of four arginines makes this missing stretch of loop
L2 a potential candidate for tubulin binding. The image
reconstruction shows enough electron density between L2
and the microtubule wall to accommodate the flexible loops
L2 and L11. Because of its vicinity to helixR0 and the
nucleotide binding site at one end, and the microtubule
surface on the other end, loop L2 in NcKin3 could serve as

FIGURE 7: Helical reconstruction of NcKin3-434 complexed to microtubules in the presence of AMPPNP. (A) Raw-data image and (B)
Fourier-filtered image of a complex between the motor domain and a 15-protofilament microtubule. (C) Large scale side-view and (D)
end-on view of the helical 3-D map. The kinesin motor domain and theRâ-tubulin structure are docked into one position. The microtubule
polarity is indicated in panels B, C, and D. Scale bars are equivalent in panels A and B and in panels C and D.
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an additional communication pathway between the nucleotide
pocket and the microtubule binding site.

Fundamental Asymmetry of the Wild-Type Dimeric Motor.
Kinetic dissection of the mechanochemical cycle revealed
that wild-type dimeric NcKin3 moves in a non-processive
manner with one head active and the other one permanently
passive (30). Although not directly involved in ATP hy-
drolysis, the passive head is essential for detachment from
the microtubule surface after hydrolysis. The structural basis
for this asymmetry is unclear. Characterization of C-
terminally truncated constructs showed that NcKin3 mol-
ecules dimerize via the interaction of a predicted coiled-coil
region (residues∼434-513) that follows the neck linker,

similar to conventional kinesin; the sequence of the coiled-
coil, however, is much different from that of human HsKif5B
(30). Remarkably, the last three heptads at the distal end of
this region are required for dimerization.

Thus, wild-type NcKin3 is a dimeric motor that exhibits
a fundamental asymmetry: there is an active head and a
passive head, and the two heads do not exchange their roles
over a long period of time. Such behavior of a dimer
consisting of two identical protomers can be explained either
by permanent structural asymmetry or by dynamic perpetu-
ation of the initial roles the motor domains chose at the time
they attached to a microtubule. In the latter case, the
mechanochemical pathway must be narrow, such that role
swapping does not occur. Conventional kinesin can probably
serve as an example for the dynamic type of asymmetry:
the essential interaction responsible for dimerization is the
formation of a symmetric coiled-coil by the neck helices,
yet there is growing evidence that conventional kinesin uses
an asymmetric hand-over-hand mechanism (11-14, 36). This
asymmetry, however, is less fundamental than that of NcKin3
insofar as both motor domains are active and force producing,
and only the details of the kinetic pathways followed by each
head may be different.

Another example is the minus end directed motor Ncd,
where high-resolution structures of symmetric and asym-
metric conformations are available (PDB- IDs 1cz7, 2ncd,
and 1n6 m (20, 44, 45)). As in conventional kinesin, the
permanent interactions responsible for stable dimer formation
are those within the symmetric coiled-coil of the neck-stalk
helices. In contrast to conventional kinesin, however, Ncd
proceeds in a nonprocessive manner using a powerstroke
mechanism (18-20). This involves complete detachment
once per cycle and allows the two heads to behave
equivalently on average.

In the case of wild-type NcKin3, there is no indication
that the second head ever contributes directly to microtubule-
stimulated ATP hydrolysis, although NcKin3slike Ncds
most likely uses a power stroke mechanism (30). Hence, the
asymmetric behavior of the protomers is probably not caused
by a narrow kinetic pathway but rather due to a permanent
structural asymmetry. The predicted coiled-coil domain
(residues 435-513) must play an important role since
C-terminally truncated constructs that contain the entire
coiled-coil domain are dimeric, while shorter constructs are
monomeric in solution (30). This region is certainly required
for stabilization of the dimer. However, it is less obvious as
to whether it is also responsible for the fundamental
asymmetry of the dimer. Theoretically, the coiled-coil
formation of homodimers should be less favorable for
asymmetric conformations because of the inevitable mis-
match at the ends: coiled-coils are usually blunt ended (69).
Thus, it seems that the head/neck-linker domain also con-
tributes to the fundamental asymmetry of NcKin3, possibly
by triggering an asymmetric dimerization of the coiled-coil.

Asymmetric Interactions of the Motor Domains.There are
only two types of tight intermolecular contacts in the crystal
that potentially could be representative for the interactions
under physiological conditions: a symmetric interaction of
the (A, C) type and an asymmetric interaction of the [B, C]
type. In the asymmetric arrangement represented by [B, C],
the two motor domains approach each other in a way that is
reminiscent of the dimers known from conventional kinesin

FIGURE 8: Docking of the NcKin3-434 X-ray structure into the
EM-derived 3-D map. (A) End-on view of the microtubule-motor
complex with the minus end oriented to the observer. HelixR4 is
highlighed in yellow. The pink molecule at the bottom of tubulin
is taxol (68, 74). (B) Slightly tilted sideview of the motor-dimer
complex with the microtubule plus end at the top. HelixR4 is
located very close to the gap betweenR- andâ-tubulin. Loops L2,
L10, L11, and L12 are all invisible in the X-ray structure, but there
seems to be enough room within the EM density to accommodate
them. Loop L12 appears to play a crucial role in the interaction
with the â-tubulin C-terminal end. The nucleotide shown in the
motor molecule is that of the crystal structure (ADP), whereas
AMPPNP was used for EM reconstruction of the microtubule-motor
complex. The X-ray structure can be docked to the EM-derived
electron density map as it corresponds to an ATP-like state, although
ADP is bound in the active center. Small conformational changes
in the motor molecule induced by microtubule binding cannot be
excluded due to the limited resolution of the EM reconstruction.
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(41). In this arrangement, the neck linkers converge, so that
their ends are in close contact with each other forming
hydrogen bonds between Q421 of molecule B (backbone and
side chain) and the backbone of A417 and V419 in molecule
C. Such an arrangement would be consistent with dimeriza-
tion via the interaction of the predicted coiled-coil sequence
that follows the neck linker. Remarkably, the contacts
between the neck linkers are out-of-register. This could result
in an asymmetric association of the neck helices. This view
is somewhat speculative, as the real structure of a dimeric
NcKin3 construct is unknown. However, the possibility that
the trigger sequence responsible for the asymmetric associa-
tion of the neck helices could reside in the head/neck-linker
domain adds plausibility to this hypothesis.

In the crystal structure of NcKin3-434, the asymmetric
interaction between molecules B and C is tightened by the
N-terminal extension of molecule C (Figure 6A). Most of
the extension is invisible, but four residues immediately
preceding the motor domain touch the other molecule (B),
forming a kind of a hook where the side chain of R414 in
the neck linker of the same molecule can bind. Thus, the
N-terminal extension in one molecule appears to contribute
to the association of the heads and at the same time secures
the neck linker of that molecule in a docked conformation.
However, docking of the neck linker is not strictly dependent
on the intramolecular interaction between R414 and the
N-terminal extension because this type of interaction does
not exist in the other molecule. Furthermore, measurements
of the microtubule-stimulated steady-state ATPase rate and
activation constant suggest that a construct lacking the
N-terminal extension has similar kinetic properties as NcKin3
constructs that are not truncated at the N-terminus (30). The
function of the N-terminal extension is not yet known.
Although the kinetic experiments show that the N-terminal
extension is not required for the formation of NcKin3 dimers
under normal conditions, it could still have a role in
stabilizing the dimer.

Microtubule Binding Geometry.The 3-D EM map revealed
a motor head structure that shows most of the characteristic
features known from other kinesins (Figure 7C,D). The
overall head structure has the typical wider but flatter shape
toward the minus end and a higher but narrower appearance
around loop L10, pointing toward the plus end. A structural
feature that is more pronounced than in other reconstructions
(e.g., see NcKIN-355 (43, 70) and rKIN-354 (34)) is the
separation of the overall head structure into two distinct
lobes. At first glance, their presence might indicate a slightly
flexible microtubule-binding conformation (e.g., see ref34).
However, the lobes match the shape of the X-ray structure
very tightly (see Figure 8). Hence, this feature seems real.
As compared to Kinesin-1, the head appears to be slightly
tilted to the right (clockwise) with respect to the protofilament
axis when pointing upward to the plus end. This orientation
corresponds well with the rotation seen for KIF1A-ADP (31),
but the conformation seems opposite to the rotation that has
been observed for rK354-AMPPNP (34) with respect to its
nucleotide-free conformation. Note that the NcKin3-434-
microtubule complex has been obtained in the presence of
AMPPNP, an ATP analogue, and that the crystal structure
of the NcKin3-434‚ADP complex resembles an ATP-bound
rather than an ADP-bound conformation. Thus, it seems
allowed to dock the NcKin3-434 crystal structure into the

electron density of the microtubule complex, although a
microtubule-induced rearrangement of key structural ele-
ments cannot be excluded.

Switch II helixR4 is located close to theR-â intra-dimer
tubulin interface but seems to maintain most of its contact
with helix 12 ofâ-tubulin (Figure 8B). While theR-tubulin
C-terminal end is too far from the kinesin head domain, the
(invisible) â-tubulin C-terminus (co-located with the L12
label in Figure 8B) appears to play a crucial role with
possible interactions to NcKin3R4, R5 and loop L12. Region
â5a,b-L8 touches the microtubule surface near the loop
betweenâ-tubulin helices H11 and H12 (Figure 8B). The
EM map shows ample density at the region where loops L2,
L11, and L12 would be expected to touch the outer tubulin
surface. Loop L2 could well fill the apparent gap between
the atomic structures of NcKin3-434 and tubulin. There is
sufficient EM density present to accommodate that loop,
which, with four arginines, may be a good candidate for
making contact withR-tubulin helices H11 and H12 of
R-tubulin at that location. However, it should be kept in mind
that protein-ligand interactions can cause substantial rear-
rangements in the individual components. Thus, at the limited
resolution of the EM reconstruction, it cannot be excluded
that relocation of other parts of the motor-tubulin complex
can account for the unassigned electron density.

Role of the PassiVe Head.Kinetic analysis suggested that
NcKin3 uses a power stroke mechanism similar to Ncd. In
the case of Ncd, the neck linker is part of a continuous and
rigid coiled-coil, whereas in NcKin3, the neck linker seems
to be flexible as in other N-type kinesin motors. Assuming
a power stroke mechanism with the coiled-coil region as a
lever arm then requires that the neck linker be locked in a
rigid conformation, most likely by interaction with the
passive head. Thus, the passive head in combination with
the neck linker(s) could serve as a force- or torque-
transducing mechanical element.

According to the findings by Adio et al. (30), the last three
heptads of the coiled-coil are required for dimerization. At
first glance, this argues that the distal end of the coiled-coil
harbors essential interactions that are responsible for the
particular form of kinetic asymmetry of NcKin3. Alterna-
tively, an asymmetric interaction of the motor domains
similar to the [B, C] interaction observed in the crystal could
trigger dimerization in a way that leads to an asymmetric,
sticky ended coiled-coil. Since sticky ends are energetically
unfavorable, the requirement of the last three heptads could
simply mean that a shorter coiled-coil would not suffice for
stable and irreversible dimerization. In conclusion, the
fundamental asymmetry of the wild-type NcKin3 motor and
its kinetic properties seems to be the consequence of a
cooperative phenomenon that relies on a trigger signal for
dimerization by asymmetric head-neck contacts as well as
an extended coiled-coil interaction for stabilization.
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SUPPORTING INFORMATION AVAILABLE

Figure showing phase-amplitude plots of selected layer-
lines of the helically reconstructed HcKIN-434 microtubule
complex. This material is available free of charge via the
Internet at http://pubs.acs.org.
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