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Abstract
The 14–18 amino acid kinesin neck linker domain links the core motor to the coiled-coil
dimerization domain. One puzzle is that the neck linker appears too short for the 4 nm distance
each linker must stretch to enable an 8 nm step – when modeled as an entropic spring, high inter-
head forces are predicted when both heads are bound to the microtubule. We addressed this by
analyzing the length of the neck linker across different kinesin families and using molecular
dynamics simulations to model the extensibility of Kinesin-1 and Kinesin-2 neck linkers. The
force-extension profile from molecular dynamics agrees with the Worm Like Chain (WLC) model
for Kinesin-1 and supports the puzzling prediction that extending the neck linker 4 nm requires
forces multiple times the motor stall force. Despite being 3 amino acids longer, simulations
suggest that extending the Kinesin-2 neck linker by 4 nm requires similarly high forces. A
possible resolution to this dilemma is that helix α-6 may unwind to enable the two-head bound
state. Finally, simulations suggest that cis/trans isomerization of a conserved proline residue in
Kinesin-2 accounts for the differing predictions of molecular dynamics and the WLC model, and
may contribute to motor regulation in vivo.
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INTRODUCTION
Kinesin motor proteins, which transport intracellular cargo along microtubules, provide an
excellent model for studying molecular biomechanics and investigating the interplay of
mechanical forces and biochemistry at the level of a single protein molecule. Kinesins can
be grouped into 14 different families based on sequence similarity.1,2 Within each family,
both the overall structural organization and for the most part the cellular roles are consistent.
However, motors in different families possess significantly different motor characteristics –
they move at different speeds, in different directions and for varying distances along
microtubules. In some cases, the structural basis of these differences have been worked out,3
but for the most part the relation of specific sequence differences to resulting motor function
are poorly understood.
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Kinesins exist as monomers, dimers, and tetramers, and the motor domain can be at the N-
terminus, the C-terminus, or internal.1,2 Here, we focus on N-terminal kinesins, which walk
to the plus-ends of microtubules, and include kinesin families 1, 2, 3, 5 and 7. All of these
motors contain four major components: a motor domain (or head), a flexible neck linker, a
coiled-coil stalk, and a cargo binding tail domain. Kinesin-1, also called conventional
kinesin, was the first kinesin to be discovered and the one that has received the most
intensive investigation. It is processive, meaning that it takes on the order of 100 steps per
interaction with a microtubule,4,5 and this processivity has been shown to rely on
coordination between the chemomechanical cycles of the two head domains, such that at
least one head remains bound to the microtubule at all times.6 Because understanding the
basic force-generating transition that underlies kinesin mechanics requires understanding the
interplay between the two head domains, understanding interdomain coordination in
kinesins has been an area of intense research.7

In studying kinesin’s force generating mechanism, the neck linker domain has emerged as a
key structural feature. The neck linker is a region of roughly 14–18 amino acids that links
α-6, the last alpha helix in the core motor domain to α-7, the first alpha helix of the coiled-
coil dimerization domain (Figure 1). A body of data support the idea that the principal force-
generating transition in kinesin is a transition of the neck linker from a disordered or random
coil state to an ordered beta-sheet conformation stabilized by interactions with the core
motor domain and the N-terminal extension.8–11 In addition to its role in the force-
generating conformational change, an equally important role of the neck linker is to transmit
mechanical tension between the two head domains. Virtually all mechanisms that have been
put forward to explain how kinesin can take multiple steps along the microtubule without
dissociating involve mechanical tension transmitted between the two head domains.7,12–16

For instance, the “rear-head gating” mechanism holds that as a kinesin walks along a
microtubule, the trailing head remains bound until the leading head attaches and produces
forward-directed strain that pulls the trailing head off of the microtubule.14,17 The “front-
head gating” mechanism holds that when both kinesin heads are bound to a microtubule,
rearward strain in the leading head prevents ATP from binding, pausing the motor’s
hydrolysis cycle until the trailing head detaches from the microtubule.12,13 Consistent with
these ideas, artificially extending the neck linker of Kinesin-1 by introducing extra amino
acids into the C-terminus region of the neck linker leads to diminished processivity, slower
velocities, or both.15,16,18

One surprising feature of the kinesin neck linker is that it is so short (14 amino acids in
Kinesin-19,18). Kinesin heads bind to sequential tubulin subunits along a microtubule, and
therefore their spacing matches the 8 nm tubulin dimer spacing.19,20 Structural
investigations of microtubule-bound kinesin heads suggest that there are only subtle
conformational changes in the core motor domain in different nucleotide states.21,22 This
means that when both heads of kinesin are bound to the microtubule the neck linkers most
likely emanate from each bound kinesin head at approximately the same point. Finally,
cysteine crosslinking experiments show that preventing unwinding of the coiled-coil domain
does not block motility,23 arguing that the α-7 coiled-coil remains dimerized when both
heads are bound to the microtubule. Hence, when both kinesin heads are bound to the
microtubule 8 nm apart, each 14-amino acid neck linker needs to stretch a distance of 4 nm.
Using molecular modeling, it was shown that it is possible for the neck linker sequence to
stretch that distance.24 However, by modeling the unstructured neck linker as an entropic
spring using the equation for a Worm Like Chain (WLC), it has been argued that the force
required to stretch the neck linkers to that degree requires forces of between two and six
times the ~6 pN stall force of conventional kinesin.18,25 These high forces seem improbable,
but are impossible to rule out as there are no experiments to date that have measured the
force-extension properties of the kinesin neck linker.
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The first goal of the current work is to compare neck linker sequences between different
kinesin families and correlate the neck linker length with motor processivity. We recently
compared the processivity of Drosophila Kinesin-1 to mouse KIF3A/B, a member of the
Kinesin-2 family.18 Kinesin-2 motors have a longer neck linker domain (17 amino acids
compared to 14 in Kinesin-1), and were found to take fourfold fewer steps along the
microtubule per interaction. This reduced processivity suggests that inter-head tension is
crucial for the coordination between the heads and that extending the neck linker, which
results in greater compliance between the two heads, disrupts this communication.
Consistent with this idea, a Kinesin-1 mutant containing a neck linker domain that was
extended by three amino acids was found to be five-fold less processive than conventional
kinesin.18 This neck linker extension result is consistent with results from Hackney15 but it
contrasts with similar experiments by Yildiz et al.16

The second goal of the current work is to investigate the mechanical characteristics of the
kinesin neck linker using molecular dynamics simulations. The WLC model has been shown
to faithfully fit the force-extension characteristics of unfolded proteins like titin in atomic
force microscopy experiments.26–28 The assumption has been that it also applies to shorter
polypeptides and that the force-extension characteristics are independent of sequence, but
these assumptions have not been tested. Molecular dynamics simulations provide a valuable
window into these questions and a good test of the validity of the WLC model for short
peptide sequences. Here we find that the force-extension profile from molecular dynamics
simulations is consistent with the WLC model for Kinesin-1, strengthening the prediction
that extending the Kinesin-1 neck linker 4 nm requires forces multiple times the motor stall
force. Furthermore, the force-extension properties are sequence dependent and a conserved
proline in the Kinesin-2 neck linker effectively shortens the neck linker in that motor,
necessitating similary high forces to extend the linker.

METHODS
Bioinformatics Tools

The bioinformatics approach used to identify the kinesin neck linker domain across the
superfamily was broken down into three stages. First, using the AlignX feature of the
VectorNTI® Advance 10.3 Suite, primary structures were aligned according to the
conserved LAGSE, FAYGQT, and α-6 regions of each motor. The primary sequences used
were obtained from the RCSB Protein Data Bank in .pdb format and motor proteins of a
given family were compared in a single alignment. The second step of the alignment was to
define α-7, the start of the coiled-coil domain, using the coiled-coil prediction programs
PCOILS, Marcoil, PairCoil2, and PSIPRED. All four of these programs, which are freely
available online, predict the tendency for a given amino acid sequence to take on a coiled-
coil conformation. Because each program has been shown to exhibit certain biases in their
assignment of coiled coils,29 sequences were analyzed with all four approaches.

In PCOILS,30–32 Position Specific Iterated BLAST runs were used to quantify the coiled-
coil probability of specific sequences. The MTIDK matrix was employed, which contains a
subset of data drawn from known crystal structures, along with a weighting scheme to avoid
biases from charge-rich sequences. Marcoil uses a windowless prediction method that
incorporates a probability distribution function.33 Posterior probabilities were calculated at
each amino acid and those probabilities calculated to be above the default threshold were
identified as a being in a coiled-coil domain. Thresholds of 1 %, 10 %, 50 %, 90 %, and 99
% stringency were used, resulting in a range of liberal to conservative coiled-coil
predictions. PairCoil234,35 predicts the parallel coiled-coil folds from primary protein
sequences using pair-wise residue probabilities with the Paircoil algorithm, and an updated
coiled-coil database. Probabilities, or p-scores, are assigned to each residue, with a lower p-
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score signifying a greater likelihood of coiled-coil formation. The default p-score of 0.025
and a 21 amino acid window were used. Finally, the PSIPRED secondary structure
prediction method incorporates two feed-forward neural networks that analyze outputs
obtained from Position Specific Iterated BLAST runs.36–40 To reduce the false positive rate,
the option of masking low complexity regions was enabled.

Results from this suite of bioinformatics tools were compared to identify the start of the α-7
coiled-coil. In general, PCOILS provided the most liberal estimates of coiled-coil formation,
Multicoil was the most conservative and Marcoil and PSPIRED were intermediate in their
predictions. To resolve differences between the software predictions and to most precisely
identify the start of the α-7 coiled-coil, the final stage of sequence analysis was to manually
identify the start of the first heptad repeat. This was done by identifying the hydrophobic a
and d residues in the adjacent heptad repeats (a–g) and defining the first a or d residue in the
first heptad repeat as the start of the coiled-coil dimerization domain.

Molecular Dynamics Tools
Neck linker force-extension curves were constructed using the constraint and force clamp
pulling modes in GROMACS 3.3.3 & 4.0.3, respectively. The simulations all used 2 fs
timesteps, and were run using both a single dual-core processing node on a computer cluster
and a dual-core desktop computer. A water/peptide system was constructed using the spc216
flexible water model, and a minimum peptide-to-edge distance of 1.5 nm and periodic
boundary conditions were used to limit edge effects. Counter-ions were added to achieve a
charge-neutral system. A preliminary solvation simulation of 10 ps was run, incorporating
both Berendsen temperature-coupling and Parrinello-Rahman pressure-coupling schemes.
Following solvation, a 10 ps equilibration simulation was run. After energy minimization, a
set of neck linker structures at different end-to-end lengths was produced by first pushing
the ends together as close as possible without steric collisions, and then pulling the ends out
to their full contour length. These structures were then used for the constraint mode
simulations.

In the constraint mode, the distance between the first and last alpha carbons of the peptide
remained fixed within a tolerance of 0.001 nm, and the force required to restrain the peptide
in that conformation was calculated for each time step over the 160 ps simulation. At each
end-to-end distance, an average force was calculated from the 80,000 time steps. This
procedure was repeated for the same peptide constrained at varying end-to-end distances to
generate a corresponding force-extension profile. For the force clamp simulations, instead of
fixing the distance between the terminal alpha-carbons, these atoms were permitted to
fluctuate and a force was applied in a direction along the vector between the two terminal
alpha carbons. An end-to-end distance was calculated for each time step of the 160 ps
simulation and averaged, and the procedure was repeated with forces ranging from a 50 pN
compressive force to a 200 pN force pulling force. Both the constraint and force-clamp
methods used the Berendsen temperature-coupling and Parrinello-Rahman pressure-
coupling schemes. Force-extension curves were generated using OriginPro 8.

RESULTS AND DISCUSSION
Analysis of neck linker lengths

Despite the importance of the kinesin neck linker in force production and head-head
coordination, there has not been a systematic analysis of the neck linker lengths across
different kinesin families. Our first goal was to define the number of amino acids in the
Kinesin-1 neck linker domain by using existing crystal structures to define the end of helix
α-6 and the start of helix α-7. We then used sequence alignments and secondary structure
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predictions to predict the neck linker length in kinesin families 2, 3, 5 and 7. Sequence
alignments for all five families are presented in Figure 2, and the consensus neck linker
lengths and sequences are presented in Table 1.

Although a number of Kinesin-1 crystal structures have been solved, there is not universal
agreement in the literature regarding where helix α-6, the last helix in the core motor domain
ends and where the flexible neck linker domain begins. As seen in Figure 2, there is a
conserved arginine-alanine-lysine (RAK) sequence at this interface. In the human Kinesin-1
monomer structure in ADP (PDB:1BG2),41 α-6 ends just before the R, while in the rat
Kinesin-1 monomer structure in ADP (PDB:2KIN)42 and the Neurospora kinesin monomer
in ADP (NcKin PDB:1GOJ),43 α-6 ends two residues later, after the A. Confusingly, in the
dimeric rat kinesin crystal structure (PDB:3KIN), α-6 ends after the A in one head and after
the subsequent K in the second head.44

To help resolve this uncertainty regarding the start of the neck linker domain, we examined
existing crystal structures from other kinesin families. In the Kinesin-2 family, α-6 of both
human KIF3B (PDB:3B6U) and Giardia KIF3A (PDB:GiKIN2a)45 end in RA, and in the
Kinesin-5 family, α-6 of human Eg5 (PDB:1II6)46 also ends in RA. The Kinesin-3 family
appears to be the exception – α-6 of KIF1A ends with R in the ADP structure (PDB:1I5S)
and includes RAK and the subsequent Q in the AMPPCP structure (PDB:1I6I).21 However,
this KIF1A construct is actually a chimaera in which most of the native Kinesin-3 neck
linker is replaced by the corresponding sequence from Kinesin-1, and it is possible that this
result is sequence dependent. Hence, based on the majority of the existing kinesin crystal
structures, we define the end of the α-6 helix as the conserved RA and the start of the neck
linker domain as the conserved K in the RAK tripeptide (Figure 2). Across different kinesin
families, α-6 appears to take on a similar structure, suggesting that the start of the neck
linker is conserved across kinesin families, but it cannot be ruled out that the end of α-6
unfolds either in different nucleotide states or under tension.

The next step in defining the neck linker length was to define the start of the α-7 coiled-coil
domain. Because this dimerization domain is present in the rat dimeric Kinesin-1 crystal
structure, and because the predicted heptad repeats in α-7 are well conserved across the
Kinesin-1 family, the start of α-7 can be assigned with high confidence. From this analysis,
the Kinesin-1 neck linker is 14 amino acids (Figure 2 and Table 1). Much of the secondary
structure analysis we carried out involved defining the start of the α-7 coiled-coil domain in
the other N-terminal kinesin families. Motors in the Kinesin-2 family transport cargo along
axonemal microtubules in cilia and flagella, and they also carry out a number of transport
tasks along cytoplasmic microtubules.47 In our previous work, we compared crystal
structures of Kinesin-1 and Kinesin-2 and concluded that the Kinesin-2 neck linker domain
is 17 amino acids, making it three residues longer than most Kinesin-1 motors.18

Interestingly, most Kinesin-2 motors contain two proline residues in their neck domain. In
the crystal structure of human KIF3B (PDB:3B6U), which includes the entire neck linker
domain, the first proline is in the “straight” trans conformation, while the second proline is
in the “kinked” cis conformation (see Figure 1C). In the molecular dynamics simulations
below, we compare the mechanical properties of Kinesin-1 and Kinesin-2 neck linker
domains and analyze the dynamics of this proline residue.

Kinesin-3 motors are often referred to as monomeric kinesins48 and so defining the α-7
coiled-coil domain is debatable, but as they have been shown to move as dimers in vivo49

α-7 is clearly a dimerization domain. The Kinesin-3 neck linker has a consensus length of 17
amino acids, and like Kinesin-2 and fungal Kinesin-1 motors also includes a proline residue,
but because it is not present in any existing Kinesin-3 crystal structures, its conformation is
unknown.
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The Kinesin-5 and Kinesin-8 families are predicted to have the longest neck linker domains
at 18 amino acids. Motors in the Kinesin-5 family, which are responsible for sliding
antiparallel microtubules during mitosis,50 have been shown to be minimally processive in
vitro.51,52 This minimal processivity is consistent with the hypothesis that longer neck
linkers enhance the mechanical compliance between the two motor domains and diminish
head-head coordination. However, the consensus neck linker of Kinesin-7 (CENP-E) is also
18 amino acids and these mitotic motors have been shown to have comparable processivity
to Kinesin-1 motors in vitro.53,54 Interestingly, though, the first two heptad repeats in the
Kinesin-7 coiled-coil are highly positively charged, and it has been shown that positive
charge in this region can enhance processivity due to electrostatic tethering.55 Consistent
with this, Yardimci et al. showed that single-molecule movement of Kinesin-7 along
microtubules has diffusive components in addition to slow plus-end directed motility.54 This
result suggests that Kinesin-7 processivity is enhanced by mechanisms beyond interdomain
coordination. Hence, while there is not a clear rule, there is clearly a trend that kinesin
families with longer neck linkers are less processive.

Modeling the neck linker force-extension curve
While sequence analysis can help define the length of the kinesin neck linker domain across
different families, it does not address how sequence differences may alter the mechanical
properties of these flexible domains. From experiments on Kinesin-1 motors there is
evidence for structural changes in the neck linker in different nucleotide states9 and in
different microtubule binding states.14 but to date experimental insights into kinesin neck
linker properties have needed to be extrapolated from the behavior of the entire head domain
such as in optical trapping studies.16 Molecular dynamics (MD) provides an approach for
simulating, at high resolution, the force-extension properties of the kinesin neck linker
domain, and so we modeled the force-extension properties of Kinesin-1 and Kinesin-2 neck
linker domains.

The flexibility of polypeptide chains derives from the minimally constrained rotation around
the N-Cα (phi angle) and Cα-C (psi angle) bonds in each amino acid.56 Most peptides are in
the trans conformation, defined as the relationship of the alpha carbons in adjacent amino
acids around the axis of their shared peptide bond. Proline is unique in that it is highly
constrained due to its cyclic structure and can readily take on either a cis (kinked) or trans
(straight) conformation.56 Unstructured polypeptide chains, like DNA and RNA, are often
described as “entropic springs” – flexible chains that can take on many different
conformations.57 Their elasticity derives from the fact that pulling them taut reduces the
possible number of conformational states (reducing disorder) and thus requires energy input.
Of the two models most widely used to describe biopolymers, the Freely Jointed Chain
(FJC) and the Worm Like Chain (WLC), the WLC is the most widely used model for
predicting the force-extension properties of polypeptide chains.26–28 The WLC model
describes the force (F) required to extend a polymer with a given contour length (Lc) and
persistence length (Lp) a given end-to-end distance (x):

Here kBT is Boltzman’s constant times the absolute temperature (=4.1 pN-nm). The contour
length of a polypeptide is equal to the number of amino acids multiplied by the distance
along the chain per amino acid. The distance per amino acid is usually taken as 0.38 nm, as
this is the length of one amino acid from early crystal structures.56 However, because each
amino acid is linked to each nearest neighbor at an angle,58 the length of the extended chain
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will be necessarily be shorter than a sum of the subunit lengths, and arguably a distance of
0.364 nm per amino acid should be used. For consistency with previous work and because
this correction alters the results by less than 5%, we use 0.38 nm per amino acid. The
persistence length of polypeptide chains, a measure of their flexibility, has been estimated
by fitting the WLC equation to force-extension profiles of unfolded titin, and found to be 0.4
nm28 or between 0.5 and 2.4 nm, depending on sequence and ionic strength.59 We choose a
persistence length of 0.5 nm for our fitting.

One of the weaknesses of using the WLC model to fit polypeptides is that the persistence
length is equal to the length of ~2 amino acids, and it is known that the flexibility of
polypeptides results from rotations around reasonably stiff bonds and not from continuous
bending of a homogeneous chain. Because the WLC model fits force-extension data well for
long polypeptides like titin domains, these weaknesses have been ignored, but for short
polypeptides (<20 amino acids) they are cause for concern. Hence, to test the validity of the
WLC model for short polypeptides, we compared this model to results from MD
simulations.

In theory, molecular dynamics can be performed on a peptide structure that is assembled de
novo, but by beginning the molecular dynamics simulations from known crystal structures,
uncertainties regarding local energetic minima can be avoided. Hence, for this study we
compared neck linkers from a Kinesin-1 (rat dimeric kinesin, PDB: 3KIN) and a Kinesin-2
motor (human KIF3B, PDB: 3B6U). We recently compared the velocity and processivity of
Kinesin-1 and Kinesin-2 and found that Kinesin-2 is four-fold less processive, and so these
MD simulations serve as a complement to this published experimental work.18 One amino
acid was added to each end of the neck linker and was used in the simulations as a constraint
point for defining the end-to-end distance or as a point for applying defined forces. The
polypeptide was shortened from its initial (crystal structure) length down to 0.5 nm on the
short end and stretched to approximately 0.5 nm beyond its contour length on the long end.
An output file for this pulling simulation was generated consisting of successive .pdb files
corresponding to the full range of end-to-end distances. Figure 3 shows the structure of the
Kinesin-1 neck linker at a range of end-to-end distances. In principle, it is possible to
construct a force-extension curve using this ramp approach by simply extracting the force at
various lengths during the 300 ps pull. However, considerable force fluctuations were
observed over short time windows, and we also wanted to exclude the possibility that the
pulling rate influences the calculated force. Hence, we calculated the force-extension profile
using two approaches – the constraint mode and the force clamp mode.

The “constraint method” in the GROMACS v3.3.3 package involves clamping the position
of one atom and recording the force necessary to maintain that position. We used the
constraint mode to clamp the alpha carbon of the first and last amino acids in our given
structure and recorded the average force required to maintain that end-to-end distance over a
160 ps window. For each end-to-end distance, the initial structure was taken from the
collection of pdb files generated from the ramp pull. While there were significant force
fluctuations (>100 pN) over the 160 ps simulation, the data consisted of 80,000 points,
which enabled a reliable mean force value to be calculated for each length. The force-
extension curve for the Kinesin-1 and Kinesin-2 neck linkers obtained using the constraint
mode are plotted in Figure 4A and B.

Despite averaging the forces over many time points, there was still significant variability in
the data resulting form the significant force fluctuations inherent in the constraint mode.
Hence, we used a second approach for simulating the force-extension curve and employed
the force clamp mode provided in the newly released GROMACS v4.0.3 package. In this
method, a force is applied between two atoms along a vector connecting them, and the
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resulting fluctuations in their interatomic distance are calculated over time. This approach is
a complement to the constraint mode and it provides a way to confirm the consistency of the
constraint data. Each force clamp simulation started with an initial structure taken from the
“constraint mode” results. A specific force was defined between the alpha carbons of the
first and last residue in the structure, and the mean end-to-end distance averaged over the
160 ps simulation (Figure 4C and D). It should be noted that the direction of the force is on a
line connecting the two alpha carbons, though because the structure can rotate about those
carbons, the clamp is equivalent to a free pivot.

We compared the simulated force-extension properties of Kinesin-1 and Kinesin-2 to
predictions from the WLC model (Figure 4). Overall, the four force-extension profiles agree
reasonably well with predictions from the WLC model, which lends support to the validity
of the WLC model for approximating the force-extension profile of short polypeptide
chains. Importantly, the relationship of the MD simulations to the WLC predictions differs
for the two neck linker sequences analyzed, indicating that the mechanical properties of
these short peptide domains are sequence specific to some degree. One region of the curves
where all of the simulations diverge from the WLC predictions is at short end-to-end
distances. From the WLC equation, it is clear that force is positive for all end-to-end
distances, but in the MD simulations negative forces (pushing forces) were required to
shorten the neck linkers below approximately 2 nm (Figure 4). These resisting forces result
from steric clashes of the amino acid side chains, features that are absent in the theoretical
WLC paradigm. From the force clamp simulations at zero load (Figure 4C and D), the mean
end-to-end distance of the free neck linker peptide in solution can be obtained. The mean
length is 2.0 nm for the Kinesin-1 neck linker, which has a 5.3 nm contour length, and 2.2
nm for the Kinesin-2 neck linker, which has a 6.5 nm contour length. In principle, it is
possible to derive this same end-to-end distance at zero force from the constraint mode data
(Figure 4A and B), but the variability in the data precludes a reliable estimate.

The most relevant region of the force-extension curves is around 4 nm, the distance that
each neck linker must stretch when both heads are bound to the microtubule. For Kinesin-1,
the mean force in the range of 3.8 – 4.2 nm is predicted to be 28 pN from the WLC model,
15 pN from the constraint mode MD simulations and 35 pN from force clamp MD
simulations (Figure 4A and C). Hence, the MD simulation values bracket the WLC
prediction, and all three values are considerably higher than the ~6 pN stall force of
Kinesin-1 motors. Due to the longer contour length of the Kinesin-2 neck linker (17 amino
acids compared to 14 amino acids for Kinesin-1), the force at 4 nm predicted from the WLC
is 15 pN or roughly half that of Kinesin-1. Interestingly, however, the predicted forces in the
3.8 to 4.2 nm range for Kinesin-2 are 32 pN and 35 pN from the constraint and force clamp
simulations, respectively. Hence, even though the contour length of the Kinesin-2 neck
linker is considerably longer, the force required to stretch the Kinesin-2 neck linker to 4 pN
is quite similar to predictions for Kinesin-1.

At the highest forces, the Kinesin-1 MD force-extension profile agrees favorably with the
WLC predictions. As the flexible domains are pulled to near their contour length, they
stiffen considerably and very high forces are seen when the end-to-end distance approaches
and exceeds 5 nm. For Kinesin-2 there was considerably less agreement between the MD
results and the WLC predictions. For both the constraint and force clamp simulations, the
forces in the 4.0 – 5.5 nm range were consistently higher than predicted from the WLC. To
understand the Kinesin-2 neck linker properties at high forces, we investigated
conformations of conserved proline residues.

The consensus Kinesin-2 neck linker contains a proline residue at the 7th position that is in
the trans (straight) conformation and a proline at the 13th position that is in the kinked cis
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conformation in the crystal structure (see kink in Figure 1). As prolines reduce the flexibility
of disordered protein domains, it seems surprising that the C-terminal half of the Kinesin-2
neck linker would contain a proline in the cis conformation, and it clearly causes a structural
divergence between the Kinesin-1 and Kinesin-2 neck linker domains (Figure 1C). One
possibility is that, although the Kinesin-2 neck linker is 3 amino acids longer than Kinesin-1,
the kink caused by this proline means that their effective lengths are comparable. To
investigate whether this proline isomerizes during the mechanical perturbations, we
investigated its conformation in the Kinesin-2 constraint MD simulations. At end-to-end
distances below ~4 nm, the proline remained in its kinked cis conformation (Figure 5A).
However at the longest distances examined, the proline was found to be in the straight trans
conformation, which results in an effective extension of the neck linker domain (Figure 5B).
Interestingly, when we examined the neck linker structures at intermediate lengths, we
found that the proline isomerized between the cis and trans conformations multiple times
during the 160 ps simulations (Figure 5C). Hence, our interpretation of the shallower
Kinesin-2 force-extension curve is that at low forces the proline at the 13th position in the
neck linker is in a cis conformation, which effectively shortens the neck linker domain,
while at higher forces it isomerizes to a trans conformation.

Proline isomerizations have been studied in the context of protein folding, where it is
thought that the slow isomerization can slow the kinetics of folding and even act as a
molecular timer for biomolecular interactions.60 Although neither the cis or trans state is
generally favored by more than a few kcal/mol, the activation barrier between them is high
and in solution the transitions are thought to occur on the timescale of ~103 seconds,60

although intracellular proline isomerases are expected to accelerate these rates. AFM
experiments on elastin found that forces in the 200–300 pN range strongly favored proline
isomerization to the trans conformation,61 consistent with our MD simulations. However,
even at these high forces, the estimated isomerization rates were in the microsecond range,
while ours are in the sub-nanosecond range. Furthermore, the reversal of isomerization back
to the cis conformation against such high forces is still predicted to be in the ~103 sec range
or slower, so it is very surprising that we see multiple reversals in our 160 ps simulations.

Proline isomerization in the Kinesin-2 neck linker may represent a novel and previously
unrecognized feature of kinesin motility. The fact that all of the Kinesin-2 and most of the
Kinesin-3 motors contain a proline in the C-terminal half of the neck linker suggests that this
residue is important. For these structural changes to occur on timescales relevant for motor
regulation (10s of seconds) or motor stepping (~10 msec), the isomerization would need to
be catalyzed. In theory, adjacent sequences could influence the isomerization kinetics or the
core motor domain itself (particularly when the neck linker is in the docked conformation)
could act as an isomerase. One puzzling experimental observation that may be explained by
this proline isomerization mechanism is the tendency, when a Kinesin-2-coated bead is held
next to a microtubule during optical trapping experiments, for the motors to wait for a period
of seconds to tens of seconds before engaging with the microtubule and walking (S. Shastry,
J. Andreasson and W.O. Hancock, unpublished observations). Kinesin-1 motors display no
such delay, and following the pause the Kinesin-2 motors walk normally. It is possible that
this pause is caused by proline isomerization that converts the motor from an inactive to an
active state. In theory, this isomerization could act as a regulatory switch in cells, or it could
play a role in directional switching of cargo in intraflagellar transport. Intraflagellar
transport particles that are transported to the ends of cilia and flagella by Kinesin-2 are
transported back to the cell body by dynein motors, but the switch that determines which
motor type is active not understood.

An obvious experiment to test these ideas is to substitute the proline in the 13th position of
the Kinesin-2 neck linker with an alanine or even a flexible glycine residue and measure
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changes in the motor run length (a measure of head-head coordination). If the proline is
normally in the kinked cis conformation during motor stepping as seen in the crystal
structure, then substituting it would be predicted to effectively extend the neck liker, which
would be analogous to inserting one or two amino acids at the C-terminus end of the neck
linker. Alternatively, if the crystal structure does not represent the normal conformation and
instead the proline is normally in the trans conformation during motor stepping, then
substituting it should not measurably alter the motor processivity. This experiment is
currently under way in our laboratory.

CONCLUSIONS
Based on the 8 nm spacing between adjacent tubulins in a microtubule and the relatively
short length of the Kinesin-1 neck linker domain, it has been proposed that there is
considerable inter-head tension when both kinesin heads are bound to the microtubule. If the
flexible neck linker domain is treated as an entropic spring that has a very low probability of
being in the fully extended state, then diffusion of the tethered head to the next binding site
may even be a kinetic limitation in the overall kinesin stepping cycle. Using a suite of
bioinformatics tools, we find that among N-terminal kinesin families, the 14 amino acid
Kinesin-1 neck linker is the shortest, and neck linkers in the Kinesin-2, Kinesin-3, Kinesin-5
and Kinesin-7 families are either 17 or 18 amino acids.

Molecular dynamics simulations of the Kinesin-1 and Kinesin-2 neck linkers generally
support predictions from the Worm Like Chain model. In particular, they suggest that
extending the neck linker the 4 nm necessary to enable both heads to bind to the microtubule
requires forces equal to three to six times the 6 pN kinesin stall force. It seems unlikely that
the inter-head tension would be so much greater than the stall force, and diffusion of the
tethered head to the next binding site against tensions of these magnitudes may be expected
to be the kinetic limitation in the kinesin stepping cycle, so this puzzle is unresolved. One
possible resolution of this puzzle is tension-dependent melting of the α-7 coiled-coil.
However, because cysteine crosslinking at the first residue of α-7 has no effect on velocity
and only a moderate effect on processivity,23 this possibility is discounted. A more attractive
possibility is that α-6 may unwind in particular nucleotide states or under tension. Because
of the difficulty in crystallizing motors in different nucleotide states and the complexity of
observing the force dependence of this conformational change using other techniques, this is
an open possibility, and focused experiments on this question are needed.

Finally, molecular dynamics simulations of the Kinesin-2 neck linker domain suggest that a
proline in the cis (kinked) conformation at the 13th position effectively shortens the
Kinesin-2 neck linker such that in the low force regime its 17 residue force-extension profile
is similar to that of the 14 residue Kinesin-1 motor. At high forces, our simulations suggest
that the proline isomerizes to the straighter trans conformation, leading to a shallower
overall force-extension profile. This cis/trans proline isomerization may play a role in
regulation of the motor or in motor stepping characteristics.
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Figure 1. Kinesin neck linker structure and mechanism
A: Schematic of kinesin stepping cycle. As the motor walks along the microtubule, the neck
linker domains that connect each head to their shared coiled-coil transition between
disordered states when only one head is bound, to ordered and stretched conformations
when both heads are bound to the microtubule. B: Kinesin head structure (from rat kinesin
dimer PDB:3KIN) showing the neck linker domain highlighted in black. C: Comparison of
docked neck linkers from Kinesin-1 (rat kinesin dimer PDB:3KIN) and Kinesin-2 (human
KIF3B, PDB:3B6U) crystal structures. In Kinesin-2, a proline at position 13 in the neck
linker causes a kink. Structures were aligned using α-6 at bottom (last helix in the core head
domain).

Hariharan and Hancock Page 14

Cell Mol Bioeng. Author manuscript; available in PMC 2011 May 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Sequence alignment for five N-terminal kinesin families
Predicted neck linker regions and predicted heptad repeats are shown. The last three motors
in the Kinesin-1 family are fungal kinesins that contain a proline as the first residue of the
coiled-coil. Because prolines are known to be found at the N-termini of alpha helicies and
act as “caps” to stabilize the helix,62 we predict the neck linker to be 14 amino acids in these
fungal Kinesin-1 motors.
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Figure 3. Neck linker structures
In the constraint mode, the Kinesin-2 neck linker was pulled from its crystal structure length
to its maximal contour length. The 17 residue neck linker contains one extra amino acid on
each end and end-to-end distances are measured from the first to the last Cα. Five different
neck structures at end-to-end distances of 3.54, 4.54, 5.54, 6.54 and 7.20 nm are shown.
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Figure 4. Neck linker force-extension
A and B: Force-extension profiles of Kinesin-1 and Kinesin-2 neck linkers using constraint
mode simulations. Each point represents mean ± SEM from a 160 ps simulation at each end-
to-end distance. Solid curves are predictions from the WLC model for a 15 and 18 residue
peptide (measured from Cα to Cα of flanking residues) using 0.5 nm persistence length and
0.38 nm per residue contour length. C and D: Force extension profiles of Kinesin-1 and
Kinesin-2 neck linkers using force clamp mode. WLC curves are same as in A and B.
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Figure 5. Kinesin-2 proline conformations at different force levels
A: Representative image of proline in cis conformation at 4.0 nm extension. B:
Representative image of proline in trans conformation at 6.9 nm extension. C: Images of
proline isomerizing from cis to trans and back to cis conformation during 160 ps simulation
at 5.0 nm extension.
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Figure 6. Comparison of Kinesin-2 results to WLC models
Molecular dynamics constraint mode (open circles) and force clamp (filled squares) results
superimposed on WLC model fits for 15 (dashed line) and 18 (solid line) amino acid neck
linkers. Due to cis/trans proline isomerization at high forces, the force-extension plot
transitions from the 15 to the 18 residue WLC predictions.
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