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Mapping the Processivity Determinants of the Kinesin-3 Motor Domain
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ABSTRACT Kinesin superfamily members play important roles in many diverse cellular processes, including cell motility, cell
division, intracellular transport, and regulation of the microtubule cytoskeleton. How the properties of the family-defining motor
domain of distinct kinesins are tailored to their different cellular roles remains largely unknown. Here, we employed molecular-
dynamics simulations coupled with energetic calculations to infer the family-specific interactions of kinesin-1 and kinesin-3 motor
domains with microtubules in different nucleotide states. We then used experimental mutagenesis and single-molecule motility
assays to further assess the predicted residue-wise determinants of distinct kinesin-microtubule binding properties. Collectively,
our results identify residues in the L8, L11, and «6 regions that contribute to family-specific microtubule interactions and whose
mutation affects motor-microtubule complex stability and processive motility (the ability of an individual motor to take multiple
steps along its microtubule filament). In particular, substitutions of prominent kinesin-3 residues with those found in kinesin-1,
namely, R167S/H171D, K266D, and R346M, were found to decrease kinesin-3 processivity 10-fold and thus approach
kinesin-1 levels.
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Kinesins are a large superfamily of microtubule-based
motor proteins, with individual family members playing
essential roles in cell division, cell motility, and intracellular
trafficking. All kinesins contain a family-defining motor
domain that enables nucleotide-dependent interactions
with the microtubule lattice. General principles of how
kinesin motor domains interact with nucleotide and micro-
tubules have been established based on extensive biochem-
ical and biophysical studies of kinesin-1. In particular, it has
been demonstrated that alternating ATP binding and hydro-
lysis in each kinesin-1 motor domain leads to coordinated
changes in microtubule binding affinity that enable proces-
sive motility (the ability to undergo many steps along the
microtubule surface without dissociating) (1,2). It has
been assumed that this is the mechanistic paradigm for all
kinesin motors. However, recent work indicates that some
kinesin motors utilize their core motor domain for very
different functions. For example, the kinesin-8 and kine-
sin-13 families depolymerize microtubules (3,4). Even for
the conventional property of processive motility, evolu-
tionary tuning of the core motor domain has resulted in a
range of family-specific processivities. For example, some
kinesin-4 motors are nonprocessive (5), whereas kinesin-3
motors are superprocessive, being 10-fold more processive
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than kinesin-1 (6). How sequence divergence within the mo-
tor domain gave rise to these different properties remains an
outstanding question in the field of cellular and molecular
biology.

To identify microtubule interactions that contribute to
family-specific motility properties, we utilized our recent
cryo-electron microscopy structures of kinesin-3 and kine-
sin-1 on microtubules (7) and employed molecular-dynamics
simulations and energetic calculations. We then used exper-
imental mutagenesis and single-molecule motility assays
to assess the predicted determinants of their distinct microtu-
bule binding properties.

Kinesin-3 displays more extensive microtubule
interactions than kinesin-1

Molecular-dynamics simulations and molecular mechanics
with generalized Born and surface area solvation (MM/
GBSA) binding energy calculations indicate that the residues
that contribute to motor-microtubule stability are clustered in
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the same six regions (L2, L7, L8, L11-a4, .12, and a6) on the
surface of the kinesin-1 and kinesin-3 motor domains (Fig. 1,
A and B, and Figs. S1-S3 in the Supporting Material). In gen-
eral, kinesin-3 was found to exhibit more extensive interac-
tions with the tubulin surface than kinesin-1 (Fig. | B). The
L2 region makes a comparatively minor contribution to the
tubulin binding of both kinesin-1 and kinesin-3 (Figs. S2
and S3), despite the presence of a family-specific seven-
amino-acid insertion in this region of kinesin-3 motors
(Fig. S4). The L7 region also makes comparatively minor en-
ergetic contributions to complex stability for both kinesin-1
and kinesin-3 (Figs. 1 B, S2, and S3). By contrast, the L8 re-
gion provides a larger contribution due to extensive contacts
with the H12 region of §-tubulin. Particularly notable are the
strong electrostatic contributions from the kinesin-3 residues
R167 and R169 in all nucleotide states. Kinesin-1 lacks direct
equivalents of these charged residues and instead coordinates
with the microtubule via R161 in the Apo state and K166 in
the ADP state (Figs. S2 and S3).

Different charge distributions and energetic contributions
are also evident for the L11-a4, L12, and a6 regions. For
L11-a4, both motors display extensive interactions and
high binding energies with the microtubule surface. Notable
are R254, K261, and K266 of kinesin-3, which display
strong interactions with tubulin in the ATP and Apo states
but weaker interactions in the ADP state (Figs. 1 B and
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S3), as well as the interactions of K237 of kinesin-1 in
both the Apo and ATP states and K252 in the ADP state
(Fig. S2). The L12 region also contributes strong interac-
tions with tubulin in both motors. Particularly notable is res-
idue R307 in kinesin-3 and the equivalent R278 in kinesin-1
(Figs. S2 and S3). Finally, strong interactions of the a6 helix
with tubulin can be observed for kinesin-3 and originate
from residues R346 and R350 in all nucleotide states
(Figs. 1 B and S3). However, the a6 region of kinesin-1 dis-
plays a different pattern of exposed charges and makes
comparatively minor energetic contributions through resi-
dues K313 and R321 (Figs. 1 B and S2).

Collectively, this analysis identified differences between
kinesin-1 and kinesin-3 motors in the extent of their micro-
tubule interactions and binding energies (see the distinct
kinesin-3 and kinesin-1 peaks in Figs. 1 B and S5). We
hypothesized that these differences contribute to distinct
stabilities for each motor-microtubule complex that in turn
determine the distinct motile properties of these motors.
To test this hypothesis, we replaced kinesin-3 residues
with the corresponding kinesin-1 amino acids (Figs. S4
and S5) and examined the effects on the energetics of mo-
tor-tubulin interactions computationally and on motility
properties experimentally in single-molecule assays. For
this analysis, we focused on the L2, L8, L11, and a6 regions,
as L7 was predicted to contribute little to motor-microtubule

L11L12 a6

FIGURE 1 Altering select family-specific
tubulin interactions of kinesin-3 motors re-
duces processivity. (A) Refined molecular
structures for kinesin-1 (green) and kine-
sin-3 (blue) resulting from cryo-electron
microscopy (7) and subsequent molecu-
lar-dynamics simulations (see Supporting
Materials and Methods for full details). (B)
Differences in the residue contribution to
the binding energy for kinesin-1 (green)
and kinesin-3 (blue) in the ATP state. These
values were determined from four replicate
40-ns molecular-dynamics simulations and
subsequent energetic calculations. Note
that specific interactions of the L2, L7, L8,
L11, and «6 regions are predicted to

L8 mutant

enhance the binding affinity of kinesin-3
in relation to kinesin-1. (C) Processivity
measurements from single-molecule moti-
lity assays of wild-type kinesin-1 (green),
wild-type kinesin-3 (blue), and kinesin-3
mutants (red). The average run length (RL)
and number of observations (N) are noted.
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stability (see above) and L12 was demonstrated in both
Brownian dynamics simulations (8) and experimental
work (9) to enhance the association kinetics of kinesin-3
motors with the microtubule rather than the processivity.
Intriguingly, the results presented here indicate that the
family-specific K-loop insertion in L12 of kinesin-3 motors
lacks significant energetic interactions with tubulin (Fig. S3)
and thus is predicted to have relatively little effect on motor-
microtubule stability. L2 was included in this analysis
despite its predicted minor contributions to tubulin binding
energetics (Figs. 1 B, S2, and S3) due to its functional
importance in other kinesin families (10).

Specific regions of the kinesin-3-microtubule
interface contribute to interaction energy,
velocity, and processivity

For L2, we replaced the two lysine residues at positions 41
and 44 with alanine residues to negate their electrostatic
contributions to motor-microtubule stability. The resulting
K41A/K44A mutant did not significantly alter the predicted
binding affinity (AAG 1.6 kcal/mol) and did not affect the
experimentally determined velocity and run length values
of the motor (2.13 = 0.13 um/s and 11.79 * 0.33 um,
respectively; Figs. 1 C, S6, and S7). These results indicate
that the L2 region is not a major determinant of distinct
kinesin-3 motility properties.

We introduced mutations in the L8 region (R167S/H171D)
to investigate the role of the predicted strong interactions of
this region with the H12 region of §-tubulin. In the mutant
Apo state, the missing wild-type interactions were predicted
to be partially compensated for by R307 in L12, and by R346
and R350 in «6. These interactions result from a motor
domain conformational rearrangement that positions a6
2.8 A closer to the microtubule surface, leading to stronger
interactions with a-tubulin HI1 and H12 (Fig. S8) and an
increased Apo-state binding affinity (AAG —7.36 kcal/mol).
In contrast, these new interactions were absent from the
ATP state, which displayed an overall destabilization of the
tubulin interface, resulting in a large reduction of the pre-
dicted binding affinity (AAG 11.07 kcal/mol). The experi-
mental motility assays for this mutant displayed reduced
velocity and processivity values (1.32 = 0.03 um/s and
1.11 * 0.06 um; Fig. 1 C, S6, and S7). This result indicates
that the identified residues in the L8 region of kinesin-3
contribute to the enhanced motility of wild-type kinesin-3.

The L11 region was also found to contribute to the
enhanced stability of the kinesin-3/tubulin complex. In
particular, the K266D mutation was observed to weaken
tubulin interactions in both the ATP and Apo states (AAG
6.66 and 7.58 kcal/mol, respectively) and resulted in a slower
(1.68 = 0.03 um/s) and less processive (1.96 = 0.09 um)
mutant motor (Figs. 1 C, S6, and S7). These results indicate
that K266 in L11 is important for the enhanced processivity
of kinesin-3.
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Finally, we further investigated the potential family-spe-
cific interactions of the a6 region with tubulin via the single
mutation R346M and double mutation L342K/R346M.
For wild-type kinesin-3, R346 forms strong electrostatic
interactions with the a-tubulin residues E415 and E421.
Mutagenesis studies in budding yeast have suggested that
both of these H12 a-tubulin residues are important for the
interaction of kinesin proteins with microtubules (11). The
R346M mutant removes the exposed positive charge on he-
lix a6, and the double mutant L342K/R346M is predicted
to retain a charge in this region complementary to that
in kinesin-1 (on the next turn of the a6 helix; Fig. SI).
Consistent with this energetic analysis, the R346M single
mutant showed reduced velocity (1.19 *= 0.44 um/s) and
processivity (1.00 = 0.04 um), whereas the double mutant
L342K/R346M displayed little variation in velocity (1.73 =
0.01 um/s) or processivity (12.48 = 0.31 um; Figs. 1, B
and C, S6, and S7). These results highlight how analogous
interactions can result from nonequivalent positions (i.e.,
nonaligned residues), indicating that one should consider
multiple substitutions and potential epistatic effects when
examining the collective determinants of enhanced kine-
sin-3 processivity.

In summary, using a combined computational and exper-
imental approach, we have uncovered kinesin-3 family-spe-
cific tubulin interactions that influence motor-microtubule
complex stability and motor processivity. Our results indi-
cate that the family-specific distribution of exposed charges
in L8, L11, and a6 regions result in distinct energetic inter-
actions with the microtubule that affect kinesin motility. In
particular, kinesin-3 R167 in L8, K266 in L11, and R346
in a6 contribute to the enhanced processivity of this motor
in relation to kinesin-1, as their independent mutation
resulted in a reduction of velocity and processivity. More
broadly, these findings emphasize how processivity can be
modulated by sequence differences intrinsic to individual
motor domains in addition to established factors such as
neck-linker composition (12—14). We suggest that our pre-
dictive approach should be widely applicable to additional
families as well as to motor domain mutations linked to
various diseases, including neurodegeneration and tumori-
genesis. These expanded studies will generate new insights
into how new motors can be custom engineered with distinc-
tive motility properties.

SUPPORTING MATERIAL

Supporting Materials and Methods and eight figures are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(15)00862-0.
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Materials and methods

Molecular dynamics simulations

Simulation models were based on the crystallographic structures of human kinesin-1 in complex with
the microtubule in the ATP and Apo states (PDB codes 4HNA and 4LNU) (1) (2) and on the CryoEM
structures for human kinesin-3 in ATP, Apo and ADP states (PDB codes 4UXP, 4UXO, 4XUS) (3). The
kinesin-1 ADP state complex was built from initially merging a kinesin-1 ADP state structure (PDB
code 1BG2) with tubulin from a kinesin-3 ADP complex structure (PDB code 4XUS) via superposition
based on the a4 helix (residues 255-270 in kinesin-1 and 278-293 in kinesin-3). A loop refinement
optimization was performed on the kinesin-1 ADP state complex with Modeller v9.10 (4) for L8c
segment (residues 158-162), L11 (residues 237-253), L12 (residues 271-276) and the neck-linker
(residues 326-337) and evaluated using the discrete optimized protein energy score (5). All kinesin-
tubulin model structures were built with the AMBER 12 package (6) and corresponding all-atom
potential function ff99SB (7). Models were inserted in a cubic water box with margins located 12A
from the closest protein atom. The energetic parameters for the nucleotide molecules were obtained
from the AMBER parameter database (8). TIP3P water molecules and sodium counter ions were added
to each system. Four runs of energy minimization of 4000 cycles each were employed alternating every
100 cycle the steepest descent and the conjugate gradient algorithms. Positional restrains with a force
of 500 kcal / (mol A?) were applied in the first run on all protein and ligand atoms. In the second run
the restrains were applied on the protein backbone only and in the third run on the water and counter
ions only. In the fourth run no atoms were restrained. A fifth energy minimization run of 4000 cycles
was then performed using the conjugate gradient algorithm only and no atomic restrains. Two
subsequent molecular dynamics runs of 10ps and 200ps were employed to increase each system
temperature from 100K to 300K and to equilibrate each system configuration at 300K. The production
runs started from these equilibrated conformations. Periodic boundary conditions and full particle-mesh
Ewald electrostatics were used. A 12A cutoff value was included for truncation of non-bonded
interactions. The simulations were run at constant temperature (300 K) and constant pressure (1 atm)
with a 2fs time step. The SHAKE algorithm was used to constrain all covalent bonds involving
hydrogen atoms. Each simulation was 40ns long, and was reproduced four times with random initial

velocity assignments, for a total of 160ns of production phase dynamics for each system.



MM/GBSA calculations

Molecular mechanics with generalized Born and surface area solvation (MM/GBSA) binding energy
calculations were performed with the GB®®“ model (9) in AMBER 12 (6). For each simulated system,
pairwise energy values (resulting from setting idecomp=4) were scaled by the average number of
kinesin-microtubule interaction pairs in both in kinesin-1 and Kkinesin-3 (39 average contacts) and
averaged over four replicate simulations. The total binding free energies reported in the main text were
scaled by a factor of 0.3. This was obtained from linear fitting to experimental microtubule dissociation
constants determined by Hirokawa and coworkers for kinesin-3 (10). Results obtained from the
combined analysis of structural interactions across models of all nucleotide states of each kinesin were
used to inform experiential site-directed mutagenesis studies. Residue level comparisons of kinesin-1
and kinesin-3 motor domains utilized a Bio3D structure based sequence alignment that mapped all

equivalent (aligned) and non-equivalent (un-aligned) regions (11).

Site-directed mutagenesis
Mutations were introduced into plasmids encoding constitutively motile, dimeric versions of kinesin-3
KIF1A(1-393)LZ-3xmCitrine (12). All mutations were introduced using QuikChange site-directed

mutagenesis (Agilent Technologies) and verified by DNA sequencing of both strands.

Cell Culture, Transfection and Cell Lysates

COS-7 (monkey kidney fibroblast, ATCC) cells were grown in DMEM + 10% (vol/vol) FBS and 2
mM L-glutamine at 37 °C with 5% (vol/vol) CO2. Cells were transfected with 1.0 ug of plasmid DNA
using Expressfect (Danville Scientific). After 16 hrs of transfection, the cell lysates were prepared as
described previously (12). Briefly, COS-7 cells expressing fluorescent protein-tagged motors were
trypsinized and pelleted by low-speed centrifugation at 4 °C. The pellet was washed once with cold
DMEM culture medium and lysed in ice-cold lysis buffer (25 mM HEPES/KOH, 115 mM potassium
acetate, 5 mM sodium acetate, 5 mM MgCI2, 0.5 mM EGTA, and 1% Triton X-100, pH 7.4) freshly
supplemented with 1 mM PMSF and protease inhibitors (10 pg/mL leupeptin, 5 pg/mL chymostatin, 3
ug/mL elastatinal, and 1 mg/mL pepstatin). The lysate was clarified by centrifugation at 16,000 x g at 4
°C and either used fresh for assays or aliquots were frozen in liquid nitrogen and stored at —80 °C until

further use.



Microtubule polymerization

Microtubules were polymerized from purified tubulin (TL238, Cytoskeleton) in BRB80 buffer (80 mM
Pipes/KOH pH 6.8, 1 mM MgCl,, 1 mM EGTA) supplemented with 1mM GTP at 37 °C for 20 min,
stabilized by addition of 5 volumes of pre-warmed BRB80 containing 20 uM taxol, incubated for 5

min, and then stored at room temperature.

Total Internal Reflection Fluorescence Single-Molecule Motility Assays

All single-molecule assays were performed at room temperature using a Nikon Ti-E objective-type
total internal reflection fluorescence (TIRF) microscope with Perfect Focus System, a 100x 1.49 N.A.
CFl APO TIRF objective, an Agilent 3-Line (488, 561, and 640 nm) Monolithic Standard Power Laser
Launch with AOTF, an EMCCD camera (iXon+ DU897; Andor), and controlled by Nikon Elements
image acquisition software. A narrow motility chamber (~10 ul volume) was assembled by attaching a
clean #1.5 coverslip to a microscope slide with double-sided tape. Polymerized microtubules were
diluted in P12 buffer (12 mM Pipes/KOH pH 6.8, 1. mM MgCl,, 1 mM EGTA) containing 10 uM taxol
and then introduced into the motility chamber and incubated for 5 min at room temperature to adsorb
onto the coverslip. Subsequently, 50 ul of blocking buffer (10 mg/ml BSA in P12 buffer with 10 uM
taxol) was introduced and incubated for 20 min to prevent non-specific binding of kinesin motors onto
the coverslip surface. Finally, kinesin motors in a 50 ul Motility Mix (0.1 — 2.0 ul of COS-7 cell lysate
with 30 ul of blocking buffer, 15 ul of P12 buffer, 2 mM ATP, 0.5 ul of 100 mM DTT, 0.5 ul of 100
mM MgCl,, and 0.5 ul each of 20 mg/ml glucose oxidase, 8 mg/ml catalase and 1M glucose) was
added to the flow chamber and the ends were sealed with molten paraffin wax and imaged at 10
frames/sec without binning and at low laser power to avoid photobleaching during processive motor

runs.

Data Analysis

The position of fluorescent motor spots was manually tracked frame-by-frame using a custom-written
plugin in ImageJ (nih.gov). The velocities and run lengths of individual motors were binned and
histograms were generated for the population by plotting the number of events in each bin. The
average velocity and run length were then obtained by fitting either a single Gaussian peak (velocity) or

an exponential (run length) to the population histogram. The measurements for each construct come



from at least two independent protein preparations and include motile events lasting at least five frames

(500 ms). All data are presented as mean + standard error of mean (SEM).
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Figure S1. Kinesin-3 motor domain structure. (A) Kinesin regions displaying major energetic
interactions with microtubule residues are rendered in blue. Red spheres indicate the location of
mutation sites investigated in the current study. (B) Topological diagram of the kinesin-3 motor
domain. Major B-strands are depicted as triangles and a-helices as circles. Regions are colored as in
panel A.
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Figure S2. Kinesin-1 residue contributions to tubulin binding energy. Kinesin residues with
prominent contributions are labeled in black and their major tubulin interacting partners are labeled in

gray.
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Figure S3. Kinesin-3 residue contributions to tubulin binding energy. Kinesin residues with
prominent contributions are labeled in black and their major tubulin interacting partners are labeled in
gray. The location of residues subjected to mutagenesis simulations and single molecule experiments
are indicated with red points.
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Figure S4. (Previous page). Kinesin-1 and kinesin-3 structure based sequence alignment. Residue
numbers (black text) refer to Kinesin-1 and Kinesin-3 H. sapiens. Positions with divergent residue
types are colored by their physiochemical properties (red positively charged; purple negatively
charged; blue apolar; green polar; cyan Tyrosine and Histidine; Glycine orange; Cysteine pink and
Proline yellow). Red dots indicate the positions of experimental mutations noted in the main text. Blue
labels reference major secondary structure elements.
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kinesin-3 (blue) in the Apo, ATP and ADP states. These values were determined from 4 replicate
40ns molecular dynamics simulations and subsequent energetic calculations. The location of residues
subjected to mutagenesis simulations and single molecule experiments are indicated with red points.
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Figure S8. Results for the kinesin-3 L8 double mutant R167S/H171D in the Apo state. Kinesin
residues with prominent contributions are labeled in black. The mutation sites are indicated with gray
points in the WT plot and with red points in the L8 mutant plot. Note the absence of contributions from
position 167 in the mutant but enhanced contributions from R307, R346 and R350.
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