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SUMMARY

In long-range transport of cargo, prototypical kine-
sin-1 steps along a single protofilament on themicro-
tubule, an astonishing behavior given the number of
theoretically available binding sites on adjacent pro-
tofilaments. Using a laser trap assay, we analyzed
the trajectories of several representatives from the
kinesin-2 class on freely suspended microtubules.
In stark contrast to kinesin-1, these motors display
awide range of left-handed spiraling aroundmicrotu-
bules and thus generate torque during cargo trans-
port. We provide direct evidence that kinesin’s
neck region determines the torque-generating prop-
erties. A model system based on kinesin-1 corrobo-
rates this result: disrupting the stability of the neck
by inserting flexible peptide stretches resulted in
pronounced left-handed spiraling. Mimicking neck
stability by crosslinking significantly reduced the
spiraling of the motor up to the point of protofilament
tracking. Finally, we present a model that explains
the physical basis of kinesin’s spiraling around the
microtubule.

INTRODUCTION

To ensure an efficient intracellular transport of cargo, eukaryotic

cells developed mechanisms of directed transport. One of these

mechanisms involves processive molecular motors, whichmove

along the cytoskeletal filaments over long distances by coupling

the ATP hydrolysis to mechanical work. Once attached, proces-

sive motors can thus take multiple ‘‘steps’’ on their respective

filaments without detaching; conversely, unprocessive motors

detach from their filaments after one ‘‘step.’’ Directed transport

by molecular motors plays essential roles in diverse cellular

processes, e.g., ciliary transport, transport of membrane-bound

vesicles in the cytoplasm, or chromosome segregation during

mitosis.

Numerous members of the myosin, kinesin, and dynein fami-

lies unidirectionally translocate along their filamentous tracks

actin and microtubules. Based on this ability, they are termed

linear motors. However, these molecules do not always follow

a strict linear path along their track; they are capable of
producing force perpendicular to their direction of motion as

well. The first molecular motor discovered to generate torque

was the single-headed dynein purified from Tetrahymena cilia.

In in vitro motility assays, surface-attached dynein motors

rotated the microtubules around their axis while translocating

them in a linear fashion (Vale and Toyoshima, 1988). Such

torsional force in addition to axial force generation was subse-

quently displayed by representatives from all three superfamilies

of molecular motors (Nishizaka et al., 1993; Walker et al., 1990;

Yajima and Cross, 2005; Yajima et al., 2008).

Within the kinesin superfamily, different behaviors are

observed with respect to torque generating properties. Proces-

sive kinesin-1, for example, tracks precisely a single protofila-

ment while stepping along a microtubule (Ray et al., 1993).

This means that on a microtubule composed of 13 protofila-

ments where the protofilament axis is aligned with the microtu-

bule axis, tracking results in a perfectly straight motion. In

contrast, the weakly processive mitotic kinesin Eg5 (Valentine

et al., 2006) follows a left-handed helical path with a pitch of

�2 mm (i.e., it rotates counter-clockwise, as observed with

respect to its walking direction), which coincides neither with

a possible supertwist of protofilaments nor with any of the

helices of the tubulin lattice (Yajima et al., 2008). Lastly, unpro-

cessive kinesins such as dimeric Ncd or artificially single-headed

kinesin-1 or kinesin-5 constructs produce a pronounced left-

handed microtubule rotation with a pitch of 0.3 mm (Walker

et al., 1990; Yajima and Cross, 2005; Yajima et al., 2008). These

findings have led to the proposal that the degree of torque gener-

ation might serve as a measure for processivity or lack thereof

(Yajima et al., 2008).

The latest addition to the list of torque-generating kinesins is

the heteromeric kinesin (kinesin-2 family) of C. elegans (Pan

et al., 2010). Heteromeric kinesins are unique among double-

headed motors in that they combine two distinct catalytic

subunits to generate a functional motor. This heterodimeric

motor associates C-terminally with the nonmotor subunit KAP

(Kinesin Associated Protein) to form a heterotrimer (Vukajlovic

et al., 2011; Wedaman et al., 1996; Yamazaki et al., 1996). Inter-

estingly, the kinesin-2 from C. elegans pairs an unprocessive

subunit, KLP11, with a processive one, KLP20, to constitute

a processive motor (Brunnbauer et al., 2010). In apparent agree-

ment with the aforementioned hypothesis (Yajima et al., 2008),

the unprocessive subunit KLP11, but not the processive

KLP20 subunit, produced torque (Pan et al., 2010). Currently,

nomolecular mechanism exists to explain how kinesins generate

torsional in addition to axial force. Is the propensity to generate
Molecular Cell 46, 147–158, April 27, 2012 ª2012 Elsevier Inc. 147

mailto:zoekten@ph.tum.de
http://dx.doi.org/10.1016/j.molcel.2012.04.005


Molecular Cell

Molecular Basis of Torque Generation by Kinesins
torsional force indeed an indicator of processivity, and is there-

fore torque generation indeed only observed with unprocessive

or weakly processive kinesins? And above all, how is torque

produced mechanistically?

So far, all results obtained on kinesin’s torque-generating

properties are inferred from observations of sliding microtubules

on surface-attached motors (Nitzsche et al., 2008; Pan et al.,

2010; Ray et al., 1993; Walker et al., 1990; Yajima and Cross,

2005; Yajima et al., 2008). Here, we have employed a laser

trap assay (Ali et al., 2002, 2004) that allows the tracking of kine-

sin motion on suspended microtubules between two trapped

beads in solution. This experimental geometry is not only a closer

mimic of cargo transport but also provides a direct read-out on

the motor’s torsional pitch. We applied this assay to a range of

heterodimeric kinesin-2 motors involved in distinct transport

processes in the cytoplasm as well as in cilia. Unexpectedly,

we found that heterodimeric kinesin-2 of diverse organisms

display an astonishingly broad range of pitches along their paths

on microtubules. Thus, torque generation is not confined to

mostly artificial, unprocessive, or weakly processive members

of the kinesin family but seems to be a prevalent feature for

natural kinesin motors involved in diverse transport processes.

To identify the domain(s) that determine such behavior, we

generated a series of chimeric constructs using the processive

kinesin-2 motors from C. elegans and mouse (Brunnbauer

et al., 2010; Muthukrishnan et al., 2009). Our dissection reveals

that the neck, but not the neck linker or the head domains,

dictates the spiraling behavior of a motor. Unequivocal support

for this finding comes from experiments where a crosslink

between the neck linker and the neck of processive kinesin-1

acts as a molecular switch: tampering with the neck stability

by introducing flexible residues leads to strong torque genera-

tion; mimicking neck stability by crosslinking constrains the

motor’s path up to the point of single protofilament tracking. In

an equivalent approach, we introduced reactive cysteines into

the neck region of the kinesin-2 motor from sea urchin that

displays the strongest spiraling around the microtubule. The

subsequent crosslinking, which again mimics a stable neck,

significantly reduced the motor’s propensity to generate torque.

Based on the structure of the kinesin-1 motor available at atomic

resolution (Kozielski et al., 1997; Sindelar et al., 2002; Sindelar

and Downing, 2007), we provide a simple mechanistic model

that accommodates the correlation between the structure of

the neck and the propensity to generate torque in kinesin-1.

RESULTS

Probing the Three-Dimensional Trajectories of Kinesin
Motors along Suspended Microtubules
We used a multiple-beam optical tweezers setup to study the

path of kinesin motors in an unconstrained geometry that allows

the motors to access the entire microtubule surface (Ali et al.,

2002, 2004). Individual biotinylated and fluorescently labeled

microtubules were suspended between two streptavidin-coated

‘‘pillar’’ beads with 3 mm in diameter, which were trapped

approximately 20 mm apart. A third trapping potential was used

to capture a smaller ‘‘cargo’’ bead with 1 mm in diameter that

was coated with motor molecules. The third trap was used to
148 Molecular Cell 46, 147–158, April 27, 2012 ª2012 Elsevier Inc.
steer the cargo bead and establish contact with the suspended

microtubule. As soon as the motors started walking along the

microtubule, the cargo bead was released, and its motion

along themicrotubule wasmonitored via bright-field microscopy

(Figure 1A). Specifics of the experimental geometry and the

data analysis are discussed in the Supplemental Information

(Figure S1).

In the first set of experiments, we established the robustness

of our experimental geometry using kinesin-1 from

D. melanogaster (DmKHC) (Figure 1B), which is known to track

a single protofilament on the microtubule surface (Nitzsche

et al., 2008). When we tested the movement of DmKHC-coated

beads on different suspended microtubules, we mainly

observed a left-handed spiraling motion of the beads around

the microtubule with a mean pitch of 5.7 ± 1.1 mm (mean ± SD,

17 beads tested on 7 different microtubules) (Figures 1C and

1D and Movie S1). This value matches closely the predicted

protofilament supertwist of amicrotubule composed of 14 proto-

filaments according to the lattice rotation model (Chrétien and

Wade, 1991; Ray et al., 1993). Furthermore, we occasionally

detected straight movement or a right-handed spiraling (pitch

�4 mm), which correspond to microtubules built from 13 or 12

protofilaments, respectively (Figure 1D). Taken together, our

results are consistent with DmKHC tracking individual protofila-

ments as demonstrated previously and show that, as expected

for the polymerization conditions used here, 14-protofilament

microtubules constitute the majority (Ray et al., 1993).

Heterodimeric Kinesin-2 of Diverse Organisms Display
an Astonishing Variability in Their Trajectories on
Microtubules
Heteromeric kinesins coevolved with the cilia to work on micro-

tubule doublets and were later adapted for cytoplasmic trans-

port on singlet microtubules (Mitchell, 2007; Scholey, 2003).

The neuronal transporter MmKIF3a/3b (Yamazaki et al., 1995)

and the melanosome transporter XlKLP3a/3b (Tuma et al.,

1998) are the prominent representatives of kinesin-2 motors

involved in cytoplasmic transport. Processive movement along

microtubules was demonstrated with MmKIF3a/3b, XlKLP3a/

3b, and CeKLP11/20 (Brunnbauer et al., 2010; Kural et al.,

2007; Muthukrishnan et al., 2009), whereas SpKRP85/95 was

reported to be a nonprocessive motor (Pierce et al., 1999).

We probed the transport paths of the aforementioned

full-length heterodimeric kinesin-2 motors in our setup. Because

the wild-type CeKLP11/20 is an autoinhibited motor, we intro-

duced the corresponding deinhibiting mutations in the con-

served region within the stalk (see Supplemental Information

and Figure S2A) of all the kinesin-2 motors to circumvent poten-

tial experimental problems caused by inhibited motors (Brunn-

bauer et al., 2010; Imanishi et al., 2006). The trajectories of these

different kinesin-2 constructs along suspended microtubules

revealed a tremendous variability in their spiraling behavior.

Except forMmKIF3a/3b, all heterodimers exhibited a character-

istic left-handed spiraling (Figure 2 and Movie S2). Equivalent

results were obtained with all constructs containing the wild-

type stalk, demonstrating that the deinhibiting mutations do

not interfere with the propensity of themotors to generate torque

(Figures S2B and S2C). SpKRP85/95 displayed the tightest pitch



Figure 1. Probing the Trajectories of Kine-

sins along Suspended Microtubules

(A) Schematic representation of the experimental

geometry (not to scale). A microtubule (gray) is

suspended between two 3 mm ‘‘pillar beads’’ (blue)

trapped in two laser foci (yellow). The third laser

focus used to place the 1 mm ‘‘cargo bead’’ on the

microtubule is not shown. The motion of the cargo

bead coated with multiple motor molecules

(green) is monitored via bright-field microscopy

(bright-field images represent a view from top).

Typical distances are indicated. Right: the height

of the cargo bead relative to the focal plane

(dashed line) can be qualitatively determined by its

appearance. Images are taken at z = �1, �0.5,

0, +0.5, and +1 mm.

(B) Domain organization of double-headed kinesin

motors. The neck linker links the catalytic head

domains to the rest of the protein, which we refer

to as the neck-stalk-tail (NST) domains throughout

the text. The stalk domain contains the conserved

autoinhibitory kink, which allows the tail domain to

fold back onto the head domains if themotor is not

bound to its cargo.

(C) Motion of a DmKHC-coated bead along a

suspended microtubule. The fluorescence image

of the microtubule has been superimposed onto

the bright-field image for illustration purposes.

Sketches on the right represent the position of the

bead relative to the microtubule as deduced from

the appearance of the cargo bead (A), revealing

the left-handedness of the spiraling motion. The

bottom image represents a superposition of

consecutive bright-field images (frame rate 40 ms)

demonstrating the complete path of the bead

along with the x-y tracking data of the bead posi-

tion (rainbow colored line). Scale bar: 2 mm.

(D) Top: depending on the number of protofila-

ments that build up the wall of the tube-like

microtubule structure, the protofilament axis runs

parallel to the microtubule axis (13 pf, blue) or describes a shallow left- (14 pf, red) or right-handed (12 pf, brown) helical path on the microtubule surface. Bottom:

measured pitches for individual DmKHC-coated beads (circles) on different microtubules (dashed lines). Colored lines indicate expected supertwists for

microtubules composed of 12, 13, and 14 protofilaments.
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among the heterodimeric kinesins, followed by the processive

CeKLP11/20 and XlKLP3a/3b motors (see Supplemental Infor-

mation for a detailed discussion on the superimpositions of the

motor’s pitch with the microtubule’s supertwist [Figures S2C

and S2D]). The processive MmKIF3a/3b heterodimer from

mouse was in fact the only kinesin-2 motor in our study that dis-

played close protofilament tracking as observed with the kine-

sin-1. Taken together, the ability to spiral around the microtubule

does not originate from the presence of two distinct heads, nor

does it unequivocally correlate with the motor’s processivity.

For example, the heterodimeric motors from C. elegans and

mouse are similarly processive (Brunnbauer et al., 2010; Mu-

thukrishnan et al., 2009); however, the former displays consider-

able torque while the latter moves torque-free.

The analysis of CeKLP11/20 and its previously characterized

chimeras (Brunnbauer et al., 2010) is consistent with the conclu-

sions drawn from the spiraling behavior of diverse representa-

tives of the kinesin-2 class: the processive CeKLP11/20 displays
an equivalent spiraling compared with the unprocessive KLP11/

11 and the processive KLP20/20 ‘‘homodimeric’’ chimeras (Fig-

ure 3, Figure S3, andMovie S3). The spiraling of theCeKLP11/20

and its chimeric KLP20/20 homodimer are in apparent discrep-

ancy with previously published results in which no spiraling of

the constructs was observed with surface-attached motors

(Pan et al., 2010). This might be due to the differences in the

sensitivity of the readout (rotating microtubule versus spiraling

cargo bead) between the respective experimental setups.

Our attempts to determine the pitch of single-motor molecules

were hampered due to the 4- to 5-fold decrease in run length

displayed by kinesin-2 motors compared to kinesin-1 (Brunnba-

uer et al., 2010; Muthukrishnan et al., 2009). As a consequence,

the probability of observing a run length of merely 2 mm with

single MmKIF3a/3b or CeKLP11/20 dimers is below 1%.

However, previous experiments with kinesin-1 showed no influ-

ence of the motor density on the torque generation properties

(Ray et al., 1993).
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Figure 2. Heterodimeric Kinesin-2 Motors

Display a High Variability in Their Path along

Microtubules

(A) Representative x-y traces of different kinesin-2

motors. Upper panel: the kinesin-1 DmKHC dis-

plays no or shallow spiraling around microtubules,

reflecting the supertwist of protofilaments in the

microtubule (top trace, 13 pf; bottom trace, 14 pf).

Lower panel: heterodimeric kinesin-2 motors from

diverse organisms differ considerably in their

spiraling behavior around the microtubule.

(B) Observed pitches for left-handed spiraling (p)

given as mean ± SD for the different kinesins.

MmKIF3a/3b: p = 6.9 ± 1.7 mm, n = 14, N = 5;

XlKLP3a/3b: p = 2.6 ± 0.9 mm, n = 30, N = 12;

CeKLP11/20: p = 1.5 ± 0.4 mm, n = 28, N = 14;

SpKRP85/95: p = 0.7 ± 0.3 mm, n = 38, N = 16

(n, number of beads; N, number of microtubules).

Velocities of the respective motors are given as

mean ± SD.
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Neither the Head Domain nor the Neck Linker Control
Torque Generation in Kinesin-2
In an attempt to identify the domain(s) that dictate the spiraling

behavior of kinesins, we generated a series of chimeric con-

structs using the processive kinesin-2 motors CeKLP11/20 and

MmKIF3a/3b from C. elegans and mouse, respectively. The

former displays a left-handed pitch of 1.4 mm, while the latter

tracks the supertwist of the microtubule (Figure 2). Specifically,

we screened the individual contributions of the head domain,

the neck linker (nl), and the remaining nonmotor domains

(neck, stalk, and tail, or NST, Figure 1B) to the torque-generating

behavior in the kinesin motor. Figure 4 shows the splice sites

used to generate the respective constructs.

Replacing the neck linker and the NST ofMmKIF3a/3b with the

corresponding domains of CeKLP11/20 results in left-handed

spiralingof themotor (Figure4B,first trace, FigureS4A,andMovie

S4, first panel). This indicates that not the head domains but the

neck linker and/or the NST determine the torque production of

themotormolecule. Resubstitution of the KIF3a/3bNST domains

reduces torque generation dramatically, indicating that the

spiraling of themotor is induced by domains located C-terminally

to theneck linker (Figure 4B, second trace, FigureS4A, andMovie

S4, second panel). Indeed, solely replacing the NST domains of

MmKIF3a/3b with CeKLP11/20 generates a spiraling behavior

equivalent to CeKLP11/20 (Figure 4B, third trace, Figure S4A,

and Movie S4, third panel). Taken together, this indicates that

the functional determinants of torque generation are not located

in the catalytic heads or the neck linker, but in the NST domains.
150 Molecular Cell 46, 147–158, April 27, 2012 ª2012 Elsevier Inc.
Our efforts to cross-check this finding

by determining the torque generation

properties of an inverse heterodimeric

chimera with the head domains from

the C. elegans kinesin-2 and NST

domains from mouse kinesin-2 were

impeded by the lack of expression of

the chimeric subunit KLP20(head+nl)-

KIF3a(NST). However, we succeeded in
generating a chimeric motor, in which the head domain and

neck linker of the KIF3b subunit ofMmKIF3a/3bwere substituted

by the corresponding elements of KLP11 (Figure S4B). This

chimera combines catalytic domains of two distinct kinesin-2

motors with equal processivity but different spiraling behavior.

The spiraling behavior of this construct was experimentally indis-

tinguishable from the construct KIF-KLP(nl) (Figure 4B, second

trace, Figure S4B, andMovie S4, fourth panel). Thus, introducing

a catalytic head (KLP11) displaying a strong propensity to

generate torque in its wild-type context does not impose

spiraling to the protofilament-tracking motor MmKIF3a/3b, in

line with our previous results.

Our mechanistic dissection consistently identifies the region

C-terminal to the neck linker to contain the torque generating

element. To further narrow down the region responsible for

torque generation in kinesin-2, we have swapped the polypep-

tide stretches between the MmKIF3a/3b and CeKLP11/20

heterodimers using the experimentally confirmed splice sites

marking the end of the neck linker (Brunnbauer et al., 2010; Mu-

thukrishnan et al., 2009) and the universally conserved kink

region containing the flexible glycine residues. The resulting

MmKIF3a/3b chimeric construct containing the extended neck

region of the CeKLP11/20 heterodimer displayed pronounced

spiraling around the microtubule, equivalent to the CeKLP11/

20 heterodimer (Figure 4B, fourth trace, Figure S4A, and Movie

S4, fifth panel). We therefore conclude that the structural

element responsible for torque generation in kinesin-2 is situated

C-terminal to the neck linker and N-terminal to the kink.



Figure 3. Torque Generation in Kinesin-2 Is Not the Result of

Combination of the Two Distinct Head Domains

(A) x-y traces for heterodimeric kinesin CeKLP11/20 and its chimeric

constructs. The design of the chimeric constructs with identical or swapped

head domains is shown on the right.

(B) Measured pitches for left-handed spiraling (p) are given as mean ± SD

(black bars).CeKLP11/20: p = 1.5 ± 0.4 mm, n = 28, N = 14; KLP11/11: p = 1.7 ±

0.3 mm, n = 11, N = 3; KLP20/20: p = 1.6 ± 0.5 mm, n = 12, N = 2; KLP20/11SW:

p = 1.5 ± 0.2 mm, n = 10, N = 2 (n, number of beads; N, number ofmicrotubules).

Velocities in y-direction are given as mean ± SD (white bars).
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The Neck Dictates the Torque-Generating Properties
of Double-Headed Kinesins
As we narrowed down the location of the torque-conferring

element to be between the neck linker and the kink, we hypoth-

esized that the neck is a likely candidate region for the motor’s

capability to switch protofilaments and thus spiral around the

microtubule. Our working hypothesis states that an unstable

neck region increases the reach of the two kinesin head domains
and thus allows the motor to switch protofilaments and spiral

around the microtubule. Conversely, constraining the reach of

the head domains should coerce the motor to follow the

protofilament.

To test this hypothesis, we analyzed a functionally character-

ized human kinesin-1 cysteine-light construct and a mutant

derived from it that contains flexible glycine-serine (GS) exten-

sions between the neck linker and neck (Rice et al., 1999; Yildiz

et al., 2008). To reversibly control the reach of the two head

domains, we engineered a reactive cysteine (KKCK) between

the neck linker and the flexible GS motif (Figure 5A) (Okten

et al., 2004; Rice, 2001). Specific crosslinking of the introduced

cysteines mimics a stable neck region and was accomplished

by a bis-functional cysteine-reactive crosslinker. A control kine-

sin-1 dimer where the reactive cysteine is replaced with a glycine

residue (KKGK) was subjected to the same procedure and

confirmed that the cysteine crosslinking is specific (Figure 5B).

As predicted, the crosslinking of the cysteine residues acted

as a molecular switch for the motor’s torque-generating ability

(Figures 5C and 5D). The tracking of one protofilament by kine-

sin-1 containing thewild-type neck (Figure 5C, upper traces, Fig-

ure S5, left panel, and Movie S5, first and second panels)

switched to a pronounced left-handed spiraling when a flexible

insert disrupted the stability of thewild-type neck coiled coil (Fig-

ure 5C, middle trace, Figure S5, middle panel, and Movie S5,

third panel). Remarkably, restraining the reach of the head

domains by cysteine crosslinking, thereby mimicking neck

stability, dramatically reduced the spiraling behavior around

microtubules, up to thepoint of protofilament tracking (Figure 5C,

bottom traces, Figure S5, right panel, andMovie S5, fourth panel).

It is important to note that the crosslinking reaction is highly effi-

cient but not complete (Figure 5B). Uncrosslinked motors are

thus involved in bead transport as well, which might account for

the residual degree of torque generation in some trajectories (Fig-

ure 5D, left panel, Movie S5, fifth panel). In contrast, the homoge-

nous population of the uncrosslinked construct never showed

examples of protofilament tracking and only displayed narrowly

distributed tight pitches (Figure 5D, left panel). Consistent with

previous observations (Yildiz et al., 2008), crosslinking also

rescues the velocities close to wild-type levels (Figure 5D, right

panel). We conclude that the stability of the neck region specifies

the torque generation properties of kinesin-1 motors.

We wondered if the neck stability also influences the

torque-generating properties in kinesin-2 motors. Because no

cysteine-light mutant is available for the kinesin-2 motors, we

introduced the highly reactive cysteine (KKCK) into the kinesin-2

with the least amount of wild-type cysteines, SpKRP85/95. The

engineered reactive cysteines are each located four residues

after the conserved splice sitesmarking the end of the respective

neck linkers (Figure 6A). To achieve specific crosslinking, we had

to decrease the pH to 6.5 during crosslinking to render the wild-

type cysteines less reactive relative to the engineered cysteines

that are embedded in a patch of basic lysine residues (Figure 6B).

Constraining the neck region of SpKRP85/95 via crosslinking

significantly increased the pitch of the spiraling motor, whereas

the uncrosslinked construct behaved as the wild-type

SpKRP85/95 (Figures 6C and 6D and Movie S6). The molecular

switch introduced into the neck region of kinesin-2 controls the
Molecular Cell 46, 147–158, April 27, 2012 ª2012 Elsevier Inc. 151



Figure 4. The Region C-Terminal to the

Neck Linker and N-Terminal to the Kink

Determines the Propensity to Generate Tor-

que in Heterodimeric Kinesin-2

(A) Design of the chimeric constructs assembled

with the ‘‘straight’’ walking MmKIF3a/3b and

the spiraling CeKLP11/20 motors, respectively.

The splice sites before and after the neck linker

for the corresponding subunits (KIF3a/KLP20 and

KIF3b/KLP11) are indicated by gray shades.

(B) x-y traces of the KIF/KLP chimeras. The arrow

indicates the splice site at the kink position used to

create the KIF-KLP-KIF chimera (bottom panel).

The splice site after the neck linker is as shown in

(A), top panel. Measured pitches for left-handed

spiraling (p) are given as mean ± SD (black bars).

KIF-KLP(nl+NST): p = 1.4 ± 0.4 mm, n = 22, N = 8;

KIF-KLP(nl): p = 4.8 ± 1.5 mm, n = 27, N = 9; KIF-

KLP(NST): p = 1.4 ± 0.4 mm, n = 22, N = 6; KIF-

KLP-KIF: p = 2.0 ± 0.6 mm, n = 11, N = 9 (n, number

of beads; N, number ofmicrotubules). The average

pitches of the CeKLP11/20 and MmKIF3a/3b

motors are indicated by dashed lines (±SD, gray

shading).
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spiraling behavior as demonstrated with kinesin-1 (Figure 5). The

crosslinking of the sea urchin kinesin-2 after the neck linker is

notably the least artificial construct that tests our hypothesis:

this construct contains only four introduced amino acids (per

polypeptide, as compared to the wild-type motor protein) to

serve as a molecular switch in the motor’s neck region. We

therefore conclude that our hypothesis can explain the torque

generation properties of kinesin-1 as well as kinesin-2 motors.

A Simple Mechanistic Model for Kinesin’s Left-Handed
Spiraling
Intriguingly, molecular motors in general display an intrinsic

preference in handedness. So far, all spiraling plus-end-directed

motors, kinesins and myosins alike, consistently show a left-

handed spiraling around their filaments (Ali et al., 2002; Pan

et al., 2010; Yajima and Cross, 2005; Yajima et al., 2008).

However, the molecular origin for this intrinsic handedness

remains elusive.

While our results so far have identified the stability of the neck

region as the key determinant for spiraling versus protofilament

tracking, the extended reach of the head domains alone cannot

explain why spiraling exclusively occurs in a left-handed direc-

tion. The bias in the direction of torque generation must reside

entirely in the properties of the head domain. The flexible

connection between the two head domains in the processive

double-headed motor then acts as a switch deciding whether

the intrinsic left-handed bias of a single-head domain leads to

binding to off-axis binding sites or whether the rebinding head

is restrained to the protofilament as it moves on. Based on these
152 Molecular Cell 46, 147–158, April 27, 2012 ª2012 Elsevier Inc.
considerations, we propose a simple

mechanistic model that explains the

observed left-handed spiraling of kine-

sin-1 with a flexible neck (see Supple-

mental Information for details).
Our starting point for the mechanistic model is the commonly

accepted stepping model, in which the forward step is

produced by the docking of the neck linker to the leading

head. Docking brings the trailing head to the front, followed

by a diffusive search for the next binding site (Carter and Cross,

2005; Rice et al., 1999). Our model takes into account that

docking of the neck linker (1) shortens the flexible connection

of the two heads by the length of the docked portion and (2)

shifts the starting point for the diffusive search in the plus end

direction of the microtubule. Additionally, we assume a left-

handed bias of the starting point, as the power stroke of

single-headed kinesin-1 displays a left-handed torque compo-

nent (Yajima and Cross, 2005). Based on these considerations,

we predict the probabilities for reaching potential binding sites

on the microtubule lattice by calculating the elastic energy

needed to stretch the flexible extension between the two-

headed domains.

For kinesin-1, the model predicts consistent protofilament

tracking, as shown in Figure 7A. In contrast, for amotor with flex-

ible KKCK(GS)7 inserts, there exist finite probabilities to reach

binding sites on neighboring protofilaments, in agreement with

the experimentally observed step size distribution (Yildiz et al.,

2008) (Figure 7B, left panel). Monte-Carlo simulations of a

motor’s path using the obtained probabilities reproduce a left-

handed spiraling motion around a microtubule (Figure 7B, right

panel). The calculated net probability for left-handed sidestep-

ping of 13% results in an estimated pitch of approximately

0.8 mm, which is in good agreement with the measured pitch of

this motor (0.71 ± 0.33 mm).



Figure 5. Engineering a Molecular Switch for Spiraling into Human Kinesin-1

(A) Design of the human kinesin-1 constructs with flexible necks. The neck linker is shown in cyan; flexible poly-GS inserts are shown in red.

(B) SDS-PAGE analysis of the efficiency and the specificity of the cysteine-cysteine crosslinking reaction with the bis-functional BM(PEG)2 crosslinker.

(�, no crosslinker; +, with crosslinker).

(C) x-y traces of the HsKHC, hCys-14GS, and the hCys-14GS-X constructs.

(D) Left: histogram of the observed pitches (mean ± SD) for the kinesin-1 constructs. HsKHC: p = 5.3 ± 0.8 mm, n = 18, N = 8; hCys-14GS: p = 0.7 ± 0.4 mm,

n = 28, N = 9; hCys-14GS-X: p = 3.5 ± 1.2 mm, n = 14, N = 6 (n, number of beads; N, number of microtubules). Right: histogram of velocities in the

y direction.
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In addition, the model predicts a slightly increased tendency

for sidestepping of the double-headed motor, including four

lysine residues preceding the crosslinking site (Figure 7C). In

fact, if this additional flexibility provided by these lysine residues

is taken into account, a spiraling with a pitch of 3 mm is predicted

on a 14 protofilament microtubule, which closely matches the

motor’s observed pitch of 3.5 ± 1.2 mm.

DISCUSSION

The prototypical long-range molecular cargo transporter is the

processive kinesin-1 motor. The cargo transport in vivo takes

place on microtubules composed of mostly 13 laterally associ-

ated protofilaments (Tilney et al., 1973). Despite moving on the

surface of a microtubule with many theoretically accessible
binding sites, the path of kinesin-1 was shown be restricted to

one protofilament (Nitzsche et al., 2008; Ray et al., 1993; Yajima

and Cross, 2005). In stark contrast, surface-attached natural or

engineered unprocessive kinesins generated pronounced

microtubule rotation in in vitro assays (Nitzsche et al., 2008;

Ray et al., 1993;Walker et al., 1990; Yajima and Cross, 2005; Ya-

jima et al., 2008). The intermediate rate of rotation displayed

recently by a weakly processive kinesin thus intuitively sug-

gested causality between a motor’s processivity and its tor-

que-generation properties (Yajima et al., 2008). However, our

understanding of torque generation in addition to translational

movement by kinesins is so far limited to a few examples. We

have set out to mechanistically understand the source of torque

generation by kinesins and examine its previously suggested

correlation to processivity.
Molecular Cell 46, 147–158, April 27, 2012 ª2012 Elsevier Inc. 153



Figure 6. Manipulating the Spiraling Behavior of SpKRP85/95

(A) Design of the hCys-SpKRP85/95 constructs to mimic a stable neck via chemical crosslinking. The reactive cysteines are shown in orange.

(B) SDS-PAGE analysis of the efficiency and the specificity of the crosslinking reaction of the hCys-SpKRP85/95 construct containing the reactive cysteines

(left panel: �/+ crosslinker) and the SpKRP85/95 control (right panel: �/+ crosslinker), respectively. As expected, the hCys-SpKRP85/95 construct displays

a nearly complete crosslinking of the two polypeptide chains (black arrow), whereas the SpKRP85/95 containing only the wild-type cysteines is nearly inert to

crosslinking (open arrowheads). The control reaction with the bis-functional BM(PEG)2 crosslinker yields a weak band that results from unspecific crosslinking of

the native cysteines (filled arrowhead). This unspecific crosslinking, however, is abolished in the presence of the engineered, reactive cysteines. The presence of

both subunits in the crosslinked band of hCys-SpKRP85/95 was confirmed via mass spectrometry analysis (LC-MS/MS).

(C) x-y traces of the hCys-SpKRP85/95 constructs. The top panel shows traces of the hCys-SpKRP85/95 prior to the crosslinking. Bottom traces show the

increased pitch of the construct after the crosslinking reaction.

(D) Measured pitches of the hCys-SpKRP85/95 constructs on different microtubules (dashed vertical lines). The respective supertwists of the filaments are

indicated in red (14 pf), in blue (13 pf), and in brown (12 pf). Black circles represent the spiraling behavior of beads coated with the uncrosslinked hCys-SpKRP85/

95motor, and the green circles represent the spiraling behavior of the crosslinked hCys-SpKRP85/95-X. hCys-SpKRP85/95: p = 0.9 ± 0.4 mm, n = 7, N = 4; hCys-

SpKRP85/95-X: p = 2.8 ± 1.3 mm, n = 10, N = 4 (n, number of beads; N, number of microtubules; values represent mean ± SD). As expected, the crosslinking after

the neck linker inSpKRP85/95 kinesin-2 increased the pitch of themotor. Note that in the crosslinked fraction, uncrosslinkedmotors are evidently still present and

interfere with the movement of the bead (green circles displaying pitches equivalent to the uncrosslinked hCys-SpKRP85/95 construct shown in black circles).
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In our laser trap assay, kinesin motors can move freely on sus-

pended microtubules, mimicking cargo transport as accurately

as possible. In this setup, heterodimeric kinesin-2 motors from

diverse organisms displayed an astounding range of rotational

pitches, expanding the list of torque-generating kinesins to

include processive representatives of the kinesin-2 family. This

immediately raises the question of the mechanistic differences

within this family of conserved motors and the molecular origin

of force generation by kinesins in general.
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Dimerization Properties of Kinesins and Protofilament
Switching
Why does the neck-stalk-tail (NST) of the mouse kinesin-2 and

kinesin-1 prevent switching protofilaments whereas the NST of

X. laevis andC. elegans kinesin-2 do not? The dimerization prop-

erties of the kinesin motors offer the first clues. In a double-

headed kinesin, the two catalytic head domains are thought to

be joined by a neck via coiled-coil interactions. This has been

convincingly demonstrated for the dimeric kinesin-1 from rat at



Figure 7. Mechanistic Model for Kinesin

Spiraling

Diffusive search for the next binding site ofHsKHC

(L = 10.2 nm) (A), hCys-14GS (L = 23 nm) (B), and

hCys-14GS-X (L = 11.7 nm) (C). L: contour length

of the flexible connection of the heads. The flexi-

bility of the connection between the head domains

influences the probabilities to reach off-axis

binding sites (left panels, black markers). The

panels on the right illustrate the simulated path of

a motor, taking the calculated probabilities into

account (plus and minus ends of the microtubule

are indicated).
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atomic resolution, which revealed a coiled-coil structure immedi-

ately following the neck linker (Kozielski et al., 1997). Indeed,

extending the head domains of kinesin-1 from human and

D. melanogaster just by the neck region (�30–40 residues) is

sufficient to purify a stable homodimeric motor (Huang et al.,

1994; Morii et al., 1997; Tripet et al., 1997). Incidentally, kine-

sin-1 from human and D. melanogaster and the kinesin-2 from

mouse all follow one protofilament of the microtubule, as

demonstrated in our assay (Figures 1, 2, and 5) and by others

(Nitzsche et al., 2008), implicating a stable neck formation in

the mouse kinesin-2 as well (Chana et al., 2005). In contrast,

X. laevis and C. elegans kinesin-2 do not form stable dimers

autonomously in the neck region, as both require the distal

C-terminal part of the stalk to initiate heterodimer formation

(De Marco et al., 2001; Vukajlovic et al., 2011). A dimerization

‘‘seed’’ located at the end of the C-terminal stalk is necessary

for dimer formation, suggesting a less stable N-terminal neck.

Our recent work on the heterodimerization properties of the

C. elegans kinesin-2 indicates that the N-terminal part of the

stalk is indeed less stable than the C-terminal part (Vukajlovic

et al., 2011). Interestingly, both kinesin-2 motors spiral around

the suspended microtubule. Taken together, neck coil stability

seems to determine if a motor is capable of bridging the distance

between the protofilaments, which in turn is a prerequisite to

spiral around the microtubule. Similarly, flexible elements joining

two catalytic heads in the dynein motor were shown to produce

side-stepping on the microtubule (Reck-Peterson et al., 2006).
Molecular Cell 46, 147–1
Kinesin’s Neck Stability Controls
Protofilament Switching
We have provided direct evidence for the

suggestion that neck stability dictates

the path of kinesin motors along microtu-

bules by reversibly manipulating the

properties of the neck of the human kine-

sin-1 and the heterodimeric kinesin-2

SpKRP85/95 from sea urchin. The neck

region of kinesin-1 was shown to form

a stable coiled coil in solution (Huang

et al., 1994; Morii et al., 1997; Tripet

et al., 1997), and, as predicted, we found

this motor to track one protofilament. A

construct derived from this kinesin-1 con-

taining flexible extensions introduced
immediately after its neck linker indeed displayed pronounced

left-handed spiraling around the microtubule. The final and

most stringent test was to revoke the introduced flexibility by

crosslinking that significantly reduced the motor’s pitch up to

the point of protofilament tracking, as predicted (Figure 5C,

bottom traces). Similarly, the heterodimeric SpKRP85/95 dis-

played a significantly reduced propensity to generate torque

after introducing a chemical crosslink following its neck linker

(Figure 6C). Because crosslinking right after the neck linker

mimics a stable neck formation in double-headed kinesin

motors, our data provide strong evidence that the propensity

to generate torque is dictated by the structural integrity of the

coiled coil in the neck region.

Kinesin’s Processivity versus Torque Generation
Earlier studies have suggested that the spiraling behavior of

kinesins is directly linked to their processivity (Yajima et al.,

2008). Yildiz et al. showed that human kinesin-1 constructs

with and without the flexible extensions are both equally proces-

sive (Yildiz et al., 2008). Nevertheless, in our assays we detect

single protofilament tracking with the kinesin-1 construct con-

taining the wild-type neck, whereas the construct containing

the flexible extensions displayed a pronounced left-handed

spiraling around a suspended microtubule despite being simi-

larly processive. Likewise, CeKLP11/20 and MmKIF3a/3b are

similarly processive (Brunnbauer et al., 2010; Muthukrishnan

et al., 2009), though the former generates considerable torque
58, April 27, 2012 ª2012 Elsevier Inc. 155



Table 1. Heterodimeric Kinesin-2 Constructs from Mouse,

X. laevis, and Sea Urchin

Subunit Tail Mutations

MmKIF3a G484E/G485E

MmKIF3b G477E/G478E

XlKLP3a G482E/G483E

XlKLP3b G477E/G478E

SpKRP85 G480E/G481E

SpKRP95 G474E/G475E
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whereas the latter moves torque-free along one protofilament.

Finally, the processive CeKLP11/20 kinesin-2 from C. elegans

and its unprocessive counterpart KLP11/11 both displayed an

equivalent pitch. Apparently, a direct correlation between proc-

essivity and torque generation cannot be established. Instead,

our findings point to neck stability as the decisive factor for

controlling the torque generation and protofilament switching.

Support for this view comes from earlier studies where kinesin-1

constructs with neck extensions were shown to reach off-axis

binding sites on the microtubule (Yildiz et al., 2008).

Tuning Kinesin’s Path on the Microtubule for Cellular
Transport
So far, the examples of torque-generating kinesins were limited

predominantly to (natural or artificial) unprocessive kinesins (Pan

et al., 2010; Walker et al., 1990; Yajima and Cross, 2005; Yajima

et al., 2008). The present work uncovers that numerous proces-

sive kinesins involved in cargo transport generate torque, too. In

stark contrast to the processive kinesin-1, which strictly tracks

one protofilament on the microtubule, these motors display an

intrinsic and characteristic propensity to take side steps while

they move on their filament.

In fact, spiraling movement of kinesin motors appears to be

the rule rather than the exception: from the kinesin-2 motors

tested, only the kinesin-2 from mouse was capable of tracking

a single protofilament as does kinesin-1. Our findings thus

extend the current understanding of force generation by kinesin

motors and demonstrate that the torque-free cargo transport

by kinesin-1 is a remarkable exception. This point is highlighted

by our construct hCys-14GS-X. The flexibility introduced by

the two additional lysine residues preceding the crosslinking

site interferes with the ability of the motor to track just one

protofilament.

What might the implications of this fundamental mechanistic

property of side stepping be? Inside cells the surface of microtu-

bules is crowded with associated proteins that are thought to

hamper the unobstructed transport bymolecular motors (Stamer

et al., 2002). Intuitively, one might argue that the ability to take

side steps has its advantages, as it may endow the motor mole-

cules with the flexibility to evade macromolecular obstacles

encountered in the linear path. However, very little is known

about effects of molecular crowding on microtubules in vivo.

Moreover, conflicting results have been reported for the behavior

of kinesin-1 at ‘‘roadblocks’’ in vitro and in vivo (Cai et al., 2007;

Seitz and Surrey, 2006; Telley et al., 2009). Future work will have

to determine the significance of the propensity of molecular
156 Molecular Cell 46, 147–158, April 27, 2012 ª2012 Elsevier Inc.
transporters to side step—or not to side step—during cargo

transport.

EXPERIMENTAL PROCEDURES

DNA Constructs and Design

The following constructs were all cloned into the pFastBac1 vector (Invitrogen)

using SpeI and NotI sites for the Baculovirus Expression System (Invitrogen).

Constructs were made with a C-terminal Flag tag (F) or a 6X-Histidine tag

(H) to facilitate protein purification.

Kinesin-2 Constructs

The design of the C. elegans kinesin-2 and its chimeric constructs are

described elsewhere (Brunnbauer et al., 2010). The heterodimeric kinesin-2

constructs from mouse (MmKIF3a-H, MmKIF3b-F), sea urchin (SpKRP85-F,

SpKRP95-H), and X. laevis (XlKLP3a-F, XlKLP3b-H) were custom synthesized

by GenScript USA containing the glutamate point mutations in their tail

domains as described (Brunnbauer et al., 2010) (Table 1).

Mouse/C. elegans Chimeric Constructs

To create the chimeric construct containing the mouse head and neck linker

domains fused to the C. elegans kinesin-2 NST, the following splice sites

were used (Figure 4A):

L359 (MmKIF3a)/L346 (CeKLP20)

L354 (MmKIF3b)/L358 (CeKLP11)

To create the chimeric construct containing the mouse head domain fused

to the C. elegans kinesin-2 neck linker and NST domains, the following splice

sites were used (Figure 4A):

I345 (MmKIF3a)/Q332 (CeKLP20)

I340 (MmKIF3b)/K344 (CeKLP11)

The following residues were swapped to exchange the neck linker of

C. elegans kinesin-2 onto the mouse kinesin-2 (Figure 4):

K346 N K A R I N E D P K D A L (MmKIF3a) exchanged with:

Q332 N V A K I N E D P K D A Q (CeKLP20)

K341 N K P R V N E D P K D A L (MmKIF3b) exchanged with:

K344 N Q P K I N E D P K D A L (CeKLP11)

To ensure that no secondarymutationswere introduced during the course of

the cloning procedure, all three constructs were subjected to DNA

sequencing.

Human Kinesin-1, KIF-KLP-KIF, and hCys-SpKRP85/95 Kinesin-2

Constructs

The cysteine-light human kinesin-1, hCys-SpKRP85/95, and KIF-KLP-KIF

constructs were custom synthesized by GenScript USA after Rice et al.

(1999) and Yildiz et al. (2008), with alterations as highlighted in Figure 5A for

kinesin-1, in Figure 6A for kinesin-2, and in Figure 4 for KIF-KLP-KIF.

Protein Expression, Purification, and Crosslinking

All proteins were expressed and purified using the Baculovirus Expression

System (Invitrogen) in insect cells (Spodoptera frugiperda [Sf9]) using the

ANTI-FLAG M2 Affinity Agarose Gel (Sigma) against the C-terminal Flag-tag

of the constructs as described (Brunnbauer et al., 2010). For the heterodimeric

kinesin-2 constructs, protein purification using the ANTI-FLAG M2 Affinity

Agarose Gel against the C-terminal Flag-tag of one subunit was sufficient to

copurify its heterodimeric partner in a 1:1 ratio in all cases.

The following alterations in the purification protocol were made to enable

cysteine-cysteine crosslinking in the kinesin-1 and kinesin-2 constructs

containing the reactive cysteine residues (along with the respective control

constructs) using the bis-functionalized cysteine-specific crosslinker

BM(PEG)2 (Thermo Scientific, Product-Number 22336): DTT in the wash and

elution buffer was replaced with 0.5 mM TCEP. Proteins were reacted with

the crosslinker in 1:1molar ratio for 45min at room temperature. The crosslink-

ing reactions were quenched with 25 mM DTT, flash-frozen in liquid nitrogen

immediately, and stored at �80�C. The specificity and efficiency of the reac-

tion was assessed by SDS-PAGE.
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Optical Tweezers Setup and Sample Preparation

The setup of the optical tweezers is described (Brunnbauer et al., 2010; Geb-

hardt et al., 2010). The trapping laser is split in two beams with orthogonal

polarization. One of the beams was passed through an AOD. The position

control of the AOD by a DSP-board allowed rapid timesharing of this beam

between two positions to generate the two steerable trapping potentials

used to capture the pillar beads. The beads were monitored using a

custom-built, integrated, inverted microscope. Bright-field images of the

beads were recorded at a frame rate of 40 ms.

Preparation of Motor-Bead Complexes

Desired amounts of protein were incubated with 1 mm diameter Polybead

Carboxylate Microspheres (2.6%) or Polybead Polystyrene Microspheres

(2.6%) as follows: 10 ml of preblocking buffer (80 mM PIPES [pH 6.9], 2 mM

MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mg/ml casein, 0.1 mg/ml cytochrome

c,1 mM ATP) was mixed with 10 ml microspheres that was 5-fold diluted in

80 mM PIPES (pH 6.9), 2 mM MgCl2, 1 mM EGTA, 1 mM DTT and incubated

for 5 min on ice. Ten microliters of a protein dilution in 80 mM PIPES (pH

6.9), 2 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mg/ml casein was added to

the preblocked beads and further incubated on ice for 5 min.

Preparation of Motor-Antibody-Bead Complexes

Polybead amino microspheres (1 mm, 2.6%) were functionalized with

glutaraldehyde as instructed by the manufacturer (Polysciences, Inc.). The

microspheres were first coupled to excess Protein G, washed in PBS,

and finally coupled to excess monoclonal anti-Flag antibody (Sigma). The

final wash was done in 80 mM PIPES (pH 6.9), 2 mM MgCl2, 1 mM

EGTA, 1 mM DTT. Ten microliters of a protein dilution in 80 mM PIPES

(pH 6.9), 2 mM MgCl2, 1 mM EGTA, 1 mM DTT, 0.1 mg/ml casein was incu-

bated with 10 ml of the anti-Flag antibody-functionalized microspheres on

ice for 5 min.

Preparation of the Flow Chambers

Ten microliters of the buffer (80 mM PIPES [pH 6.9], 2 mM MgCl2, 1 mM

EGTA, 1 mM DTT, 1 mg/ml BSA) was used to preblock the surface of the

flow chamber. Desired amounts of Atto-488-labeled and biotinylated microtu-

bules, 3 mm neutravidin-coated microspheres (Bangs Laboratories, Inc), and

protein-coated 1 mm microspheres were added to 50 ml of motility buffer

(80 mM PIPES [pH 6.9], 100 mM potassium acetate, 2 mM MgCl2, 1 mM

EGTA, 1 mM DTT, 1 mM ATP, 0.4% glucose, 0.145 mg/ml glucose oxidase

[Sigma], 0.0485 mg/ml catalase [Sigma], 0.2 mg/ml casein) and flown into

the chamber.
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