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1 | INTRODUCTION

John S. Allingham

Abstract

Kinesins are a diverse group of adenosine triphosphate (ATP)-dependent
motor proteins that transport cargos along microtubules (MTs) and change the
organization of MT networks. Shared among all kinesins is a ~40 kDa motor
domain that has evolved an impressive assortment of motility and MT remo-
deling mechanisms as a result of subtle tweaks and edits within its sequence.
Several elegant studies of different kinesin isoforms have exposed the purpose
of structural changes in the motor domain as it engages and leaves the
MT. However, few studies have compared the sequences and MT contacts of
these kinesins systematically. Along with clever strategies to trap kinesin-
tubulin complexes for X-ray crystallography, new advancements in cryo-
electron microscopy have produced a burst of high-resolution structures that
show kinesin-MT interfaces more precisely than ever. This review considers
the MT interactions of kinesin subfamilies that exhibit significant differences
in speed, processivity, and MT remodeling activity. We show how their
sequence variations relate to their tubulin footprint and, in turn, how this
explains the molecular activities of previously characterized mutants. As more
high-resolution structures become available, this type of assessment will
quicken the pace toward establishing each kinesin's design-function
relationship.
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travel. Kinesins also take advantage of the dynamically
different ends of MTs (plus and minus ends) to affect MT

Microtubules (MTs) are straw-shaped polymers of
ap-tubulin heterodimers that string together in a head-to-
tail fashion to form long protofilaments, which associate
laterally. Kinesins are cytoskeletal motor proteins that
can move cargos along MTs, manipulate the architecture
of MT networks, and attach or detach tubulin subunits
from MT ends. All of these activities result from their
ability to convert ATP hydrolysis energy into nanoscale
mechanical forces on tubulin lattices. Like other cytoskel-
etal motors (myosin and dynein), kinesins use the intrin-
sic polarity of MT filaments to dictate their direction of

growth and shortening in an end-specific manner. These
activities help MTs to have wide-ranging and versatile
cellular roles. For example, in preparation for mitosis,
kinesins help with the rapid disassembly of cytosolic MT
networks of interphase cells, allowing the free tubulin to
be repurposed for the mitotic spindle that partitions chro-
mosomes to nascent daughter cells. During this process,
certain teams of kinesins cooperate to establish the bipo-
lar spindle arrangement, and then orchestrate spindle
elongation when the cell is ready to separate sister
chromosomes."™ When mitosis is complete, other
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kinesins disassemble spindle MTs and guide reformation
of the interphase MT network.* With these powers to
form, manipulate and traverse massive structural arrays
of MTs, kinesins provide a vital means with which to
connect major cellular components and dynamically con-
trol their positions throughout the cell cycle.””

The kinesin superfamily is composed of 14 unique
members. Most kinesins move unidirectionally toward
MT plus ends by coupling the difference in the free
energy of adenosine triphosphate (ATP) binding to rota-
tion and docking of a flexible region, named the neck
linker, against their conserved motor domain (the MT-
binding part of the motor). The first glimpses of this
nucleotide-dependent conformational change mechanism
were obtained from high-resolution crystallographic
structures of isolated kinesin-1 and kinesin-14 motor
domains.*'* These models showed that the kinesin
motor domain shares structural homology with the actin-
binding motor myosin, and G-proteins, which transmit
signals from stimuli outside cells to the inside. At the
heart of the motor domain is a central pB-sheet that is
flanked by three a-helices on each side (al to w6)
(Figure 1a). The nucleotide-binding pocket resides on
one side of the motor domain with al, o2, and a3, while
the MT-binding interface is on the other with o4, a5, and
a6. The structural elements surrounding the latter of
these helices establish the remainder of the MT-binding
interface (loop-2, -8, -11, and -12), and these regions have
distinct signatures for each kinesin family.

The motor domain structure is specifically designed to
couple MT-binding interactions with its nucleotide state.
When unbound from the MT, the motor domain (com-
monly referred to as the “head”) resides in the adenosine
diphosphate (ADP)-bound state, which has weak affinity
for the MT (Figure 1b). MT contact encourages an
increased twist in the central p-sheet of the motor domain,
opening the nucleotide pocket, and evicting the resident
ADP."*'* In this “apo state,” the motor domain has high
MT affinity, the nucleotide pocket remains open, and the
Switch I and Switch IT (SwI and SwII) regions remain in
the closed conformation. This includes formation of a
stringently conserved salt bridge between Swl and SwiII
necessary for catalysis. Once ATP enters and engages the
P-loop, the N-terminal, and upper subdomains rotate rela-
tive to one another, closing the nucleotide pocket. These
actions put SwI residues in position to interact with the y
phosphate of ATP and the active site Mg**. Swil
approaches ATP from the opposite side to bond with y
phosphate and to help SwI corral water molecules into
position for nucleophilic attack and p-y-phosphoanhydride
bond hydrolysis.'*'>'® These conformational changes
expose a hydrophobic patch along the side of the motor
domain that allows the neck-linker element to partially

dock.'”'® In dimeric transport kinesins (e.g., kinesin-1 and
-3), neck-linker docking provides the small, but not insig-
nificant, amount of force needed to push the tethered head
past the MT-bound head, toward the MT plus-end.'”**-**
ATP hydrolysis completes the docking step and enables
the tethered head to bind the MT.>* Tethered head binding
generates inter-head strain that encourages departure of Pi
from the rear head, followed by rear head release from the
MT 2% The result of one cycle of this tightly coordinated
series of events is a single, 8 nm-sized, step along the axis
of the MT.*! Depending on the processivity of the
kinesin in question, hundreds more steps are possible
before the motor detaches from its track.

Although all kinesins share the same nucleotide-
binding motifs and movements of these flexible elements,
we are just beginning to learn how kinesin-family-
specific variations have established dramatic divergence
in properties like processivity, velocity, and MT-
remodeling activity. Some kinesins move very fast,
whereas others are glacially slow and inefficient, hydro-
lyzing as many as seven ATP molecules per step.>*> What
we know is that each kinesin family member has regions
of unique sequence and structure that differentiate their
enzymatic and mechanical properties (Figure 2).*° Not
surprisingly, this translates into differences in the mecha-
nisms they use to accomplish their cellular roles. How-
ever, many important aspects of these structure-function
relationships are not understood. Until we uncover this
information, we cannot fully grasp how one family of
kinesins mediates axonal transport of vesicles, while
another regulates the structural dynamics of the mitotic
spindle. This review examines the regions of kinesins that
form major MT interactions. To avoid over-interpreting
kinesin-MT interactions in cryo-electron microscopy
(EM) structures, we have chosen to compare structures
with sub-6 A overall resolution. Our rationale is based on
the fact that the resolution of the kinesin component is
often several angstroms lower than the reported cryo-EM
data resolution. Where possible, we also compared the
interfaces of each kinesin in their ATP-like state to high-
light similarities and differences in their tubulin foot-
prints at the same stage in their catalytic cycle. We show
how their sequence variations relate to their footprint on
each tubulin subunit and highlight recent studies that
have helped explain the functional significance of these
interactions.

2 | KINESIN MOTILITY
MECHANISMS

Kinesins demonstrate three different forms of MT-
based motility: (a) processive stepping, in which a
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Kinesin-tubulin interaction and mechanochemical cycle. (a) The kinesin motor domain can be divided into three

subdomains that move rigidly during the nucleotide/microtubule binding cycle. Each subdomain forms an interface with tubulin via:
(1) loop-2 and a6 in the N-terminal subdomain; (2) the loop-11-04-loop-12-a5 (L11-a4-L12-a5) cluster in the lower subdomain; and (3) the
f5-loop-8 (B5-L8) lobe in the upper subdomain. (b) A model for the kinesin stepping cycle is depicted for a processive kinesin dimer, whose

two heads (motor domains) take turns in stepping toward the MT plus end. First, the tethered, ADP-bound (D) head is swung around the

coiled-coil junction via docking of the neck-linker against the rear motor domain. Once the tethered head finds a new tubulin binding site

and becomes the lead head, adenosine diphosphate (ADP) is released and this “apo” form of the lead head binds strongly. Adenosine

triphosphate (ATP) cannot enter the lead head until the trailing head finishes ATP hydrolysis, release phosphate, and detaches from the

MT. Once ATP binding (T) occurs in the lead head, the neck-linker is able to dock against its motor core, directing the tethered trailing head

forward, in the plus end direction. Once this new lead head is firmly bound to tubulin, ATP hydrolysis in the new rear head makes

detachment possible

dimeric complex of two kinesin polypeptides advance
in a hand-over-hand fashion along a single MT by
alternating each motor domain's interaction with tubu-
lin binding sites that are 8 nm apart; (b) nonprocessive
motility, in which one motor domain contacts the MT
and produces a powerstroke that translates the bound

cargo before disengaging from the MT and resetting
the motor domain for another binding event; and
(c) one-dimensional diffusion, in which a kinesin
“surfs” along a MT by transient, electrostatic-charge-
based interactions with the outer surface of the MT
lattice.
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FIGURE 2 Motor specifications of kinesin families. Each data point corresponds to a reported value from an independent published
experiment. Select motors are labeled. Values were obtained from: kinesin-1,>*"** kinesin-3,3273437:40:4243:45-51 kipegin-5,41-%*7%4 kinesin-

35,38,65-76
8,

Conventional kinesins (kinesin-1) are plus-end-
directed motors that rapidly transport molecules like
mitochondria and synaptic vesicles along axons. These
motors have been the prototype for understanding
processive motility. Kinesin-1 dimerizes via a parallel
coiled-coil that forms an extended stalk, placing two cata-
lytic motor domains at one end of the complex
(Figure 1b) and two cargo-binding domains at the oppo-
site end. Each motor domain cycles between conforma-
tions that are strongly attached to the MT (no-nucleotide
and ATP-bound) and ones that are weakly attached
(ADP-bound), as described earlier.®’ Using this motility
mechanism, kinesin-1 can walk for distances as long as
one micrometer, and at a speed of up to 1,000 nm/s
(Figure 2). Astoundingly, dimeric kinesin-3 motors can
walk 10-times as far, and over twice as fast, before
detaching.®®> Some kinesin-3 monomers can also move for
long distances by 1D-diffusion in their ADP state.®® This
“superprocessivity” is linked to their high affinity for the
MT surface, making kinesin-3s well-suited for functions
like long-distance transport in neuronal cells.**%*54

Kinesin-5 family members are also able to move
processively, but the ATPase cycle and MT engagement of
their motor domain is tuned for slow MT motility, rather
than  high-speed/long-distance  cellular  transport
(Figure 2).°*®%% These motors form bipolar homo-
tetrameric complexes, consisting of two motor dimers at
opposite ends of a central helical rod.®® This arrangement
allows kinesin-5s to crosslink spindle MTs into bundles to
help establish mitotic spindle bipolarity.***° Kinesin-5

and kinesin-13.””"7° Note that several run length values for kinesin-3 and -8 were limited by the length of MTs assembled in vitro

homotetramers also constrain and drive spindle elongation
by sliding these MTs in opposite directions.” %

3 | MICROTUBULE STABILIZERS
AND DEPOLYMERIZERS

Kinesin-8 and kinesin-13 can use their motor domain for
functions other than motility.””°® These motors actively
shorten MTs by catalyzing tubulin subunit dissociation
from MT ends using unique mechanical elements that
recognize and/or promote tubulin protofilament bending.
With this ability, kinesin-8s and -13s can play critical
roles in mitosis, such as pruning the length and number
of dynamic astral MTs to help jiggle the spindle into the
correct position across the plane cell division.***° They
also shorten kinetochore MTs to segregate chromosomes
to the centers of daughter cells.®>'°*'°! Failure in one or
more of these activities can result in genomic instability,
aneuploidy, and cell death.

Kinesin-13 proteins are the major catalytic MT-
depolymerizing factors in higher eukaryotes.'**'%* Rather
than stepping directionally along MTs, kinesin-13 dimers
move by rapid 1D diffusion across the MT lattice.”®'%*
This activity is mediated by their unique motor core and
an elongated helical neck domain.'*>'> Kinesin-8 differs
from kinesin-13 on many levels. Their motor domain
resides at the N terminus of the protein and they lack the
long helical neck. Kinesin-8 also combines the ability to
destabilize MTs with highly processive, ATP-driven
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movement along MTs. They also use length-dependent
accumulation at the plus end to preferentially disassem-
ble long MTs.®

4 | SPECIFICATION OF KINESIN
ACTIVITY BY DIVERGENT REGIONS
OF THE MOTOR DOMAIN

All kinesin motor domains bind to the outside surface of
MTs, along the backbone of the protofilament. In most
cases, their tubulin interface can be separated into three
distinct regions, stretching from the minus-end to the
plus-end of one of-tubulin heterodimer (Figure 1a):
(a) loop-2 (1.2) and helix a6 in the N-terminal subdomain;
(b) the loop-11, helix a4, loop-12, helix o5 (L11-04-L12-a5)
cluster in the lower subdomain; and (c) the B5 sheet—
loop-8 (P5-L8) lobe in the upper subdomain. These regions
are analogous to upper 50kD, lower 50kD, and N-terminal
subdomains in myosin, which undergo actin-induced
structural rearrangements that are coupled to release of
ATP hydrolysis products and force generation.'® Accord-
ingly, these three regions move relative to one another in
kinesins too. They can also bury nearly 2,000 A% of the
solvent-accessible surface on one tubulin dimer and can
form upward of 25 H-bonds and 13 salt bridges with tubu-
lin residues (Figure 3). Kinesin-1 family members have the
smallest tubulin footprints, while kinesin-13s and certain
kinesin-5s form the largest. In general, contacts with
a-tubulin predominate over B-tubulin for all kinesins, but
kinesin-8 and -13 make many more interactions with
a-tubulin compared to the other motors. The ostensible
purposes of these kinesin family-specific interactions are
described below.

41 | The 5-L8 lobe

The p5-L8 lobe is one of several flexible regions of the
motor domain. It consists of two antiparallel p-strands
(B5a and p5b) separated by a short loop (L8b) and is
connected to helix o3, which forms part of Swl
(Figure 4). In all kinesin families, the p5-L8 lobe faces
toward the MT plus end and interacts with H12 of
p-tubulin (Figure 4b).'°® However, its sequence is not
well conserved between the kinesin families, and vary-
ing levels of conservation exist within each family. As a
result, there are several family-specific differences in
the configuration of the p5-L8 lobe. These differences
dramatically impact motor performance because 5-L8
acts as structural communication pathway with o3-SwI
to regulate ATPase activity in accord with MT
binding.'*'*°

All kinesin families contain a cluster of charged resi-
dues in p5a (Figure 4a). In most kinesins, these residues
form electrostatic interactions with oppositely charged
residues in p-tubulin (Figure 4a).'®® Biophysical and com-
putational studies of kinesin-3 (not shown) suggest that
B5-L8 provides a large contribution to its MT affinity due
to strong electrostatic contributions from an arginine
(R28) at the end of L8a, and the R30 and H32 residues
within p5a, which interact with helix H12 of p-tubulin.**
Some of these residues are also important for the
enhanced processivity of kinesin-3, whereas the less
processive kinesin-1 motors lack direct equivalents.
Instead, kinesin-1 makes sequence-specific bonds with
tubulin via other residues in p5a and L8b (H30, E31, R36)
(Figure 4c). Kinesin-1 uses these residues to differentiate
between the tyrosinated and detyrosinated state of the
carboxy-terminus of a-tubulin, and for polarized trans-
port in neurons.**

Kinesin-5s show considerable sequence and structural
variability in the p5-L8 lobe. In the recent cryo-EM struc-
ture of Eg5-decorated MTs (not shown), no sequence-
specific contacts with tubulin are formed.''* In yeast
kinesin-5s, insertions in loop L8a enable binding to non-
canonical sites on the MT, in addition to H12 of p-tubu-
1in.>>'% Another outcome of these L8a insertions is the
formation of a small loop/kink that allows an arginine
(R28) to H-bond with polar residues (H and Q) on helix
H5 of p-tubulin (Figure 4d,e). Kinesin-1, kinesin-8, and
kinesin-13 do not form these contacts. In UmKin5, loop
L8a makes a series of additional contacts with H3 of
B-tubulin (Figure 4f) and is large enough to contact
p-tubulin in the adjacent protofilament.>® When the long
L8 insert was deleted from the bidirectional kinesin-5 in
Saccharomyces cerevisiae, Cin8, its motility showed a
directionality bias toward the minus end.>* This suggests
that the directionality switching ability of certain
kinesin-5s involves the $5-L8 lobe.

Kinesin-8s and -13s make multiple p5-L8 contacts
with p-tubulin that are unique from other kinesins.**'*
Both motors form a salt bridge between an arginine (R28
or R30) in p5a and an aspartate at the N-term of H12 in
B-tubulin (Figure 4g,h). Kinesin-13s, and some kinesin-
8s, also make a weak salt bridge with H4 via a lysine
(K25) in L8a. Another contributor to the interaction of
B5-L8 with H12 in kinesin-13s is a conserved leucine
(L30), whose closest counterpart in in kinesin-5s appears
to be a bulky hydrophobic residue (F/Y30), which makes
a similar interaction with a methionine in helix H12 of
B-tubulin (Figure 4a,d,e).

Charge neutralizing mutations of the conserved argi-
nine (R30) in S. cerevisiae kinesin-8 Kip3 had minimal
effects on motility but reduced the depolymerization
activity by lowering the plus-end dwell time.''> This
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(5MIO, 3.19A) (6BOC, 3.51A) (6BBN, 3.51A)

FIGURE 3 Microtubule-binding surfaces for select families of kinesins. Kinesin structures are displayed as cartoons and tubulin is
shown as surface representations. Interfaces were identified with ePISA'®” and are colored magenta. Values for buried surface are were
calculated by ePISA using coordinate files retrieved from the Protein Data Bank (https://www.rcsb.org/). Nucleotide state, PDB IDs, and the
overall map resolution for each structure are shown in parentheses

suggests that p5-L8 residues have an essential role in structures of MT-bound human Kifl18A and Kifl19A indi-
either binding or stabilizing curved tubulin structures at  cate that the p5-L8 lobe of kinesin-8s can either extend to
dynamic MT ends. In support of this, recent cryo-EM adjust to the straight tubulin lattice in MTSs, or retract
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HsKif2C 412
Kinesin-13 | DmK1pl0A 432
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Kinesin-5 UmKin5 (5MM4) Kinesin-8 HsKif18A (50GC) Kinesin-13 HsKif2C (5MIO)

FIGURE 4 Comparison of p5-L8 lobe structures and MT interactions. (a) Sequence alignment of 5-L8 segments for selected kinesin
family members. Positive and negative-charged residues are colored blue and red, respectively. (b) Structural and cartoon representation
highlighting the location of the p5-L8 lobe and its interface with tubulin. (c-h) The conformation of the $5-L8 lobe in each kinesin structure
(cyan), and its contact with p-tubulin (orange), are shown. Residue numbers in the kinesins have been changed to correspond to the
columns in the sequence alignment for simplicity. PDB IDs are shown in parentheses. (e, f) Two different conformations of the $5-L8 lobe
that are observed in UmKin5 models (SMM4 and 5SMM?7)

toward the catalytic core on curved protofilaments.®® resolution structures of kinesin-8 bound to curved tubu-
How these movements in the (B5-L8 lobe specifically  lin to understand fully.

inhibit or activate MT depolymerization activity in The specific function of the $5-L8 lobe in the unique
kinesin-8 is unclear and will likely require high- mechanochemical cycle of kinesin-13s is somewhat
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clearer. Here, $5-L8 serves as the sensor to regulate ATP
hydrolysis."'° Its apex angles toward H12 of p-tubulin, and
there are no interactions with H5, perhaps owing to the
slightly shorter and more rigid L8a sequence (Figure 4h).
In MT-bound KIp10A, the salt bridge formed between its
conserved arginine (R28) and the initial aspartate (D) in
H12 of B-tubulin helps pull p5-L8 away from the catalytic
core, drawing a3 helix with it, away from SwIL''” This
holds the nucleotide pocket open, trapping kinesin-13 in
the ATP-bound state. However, on curved tubulin sub-
units, P5-L8 is pushed/pulled up toward the motor
domain.””**®'® Helix a3 also changes conformation to
allow the SwI loop-9 to move closer to SwII, configuring
the nucleotide-binding pocket similarly to the hydrolysis
competent ATP-bound form of motile kinesins.'"’

4.2 | The L11-04-L12-a5 cluster
L11-04-L12-a5 form the SwII region (Figure 5a), which
contacts tubulin at the intradimer interface and acts in
combination with SwI (loop-9) to couple MT binding to
ATP turnover. The L11-a4 portion contacts a-tubulin on
a small section of H3' and H11’, and at the ends of H11
and H12. The L12-a5 region binds H5 and S7 of $-tubulin
(Figure 5b). Despite high sequence conservation in SwII,
select families show unique hallmarks that can have
immense implications on motor activity (Figure 5a).
Here, we summarize how the L11-04 junction of SwlIl
couples MT-binding to ATPase activity and motility, and
how subtle tuning of its sequence and structure can allow
kinesins to act as MT-length regulatory factors.

The large repository of kinesin-1 structures bound to
MTs and tubulin has so far presented the best explanation
for how SwII couples MT-binding to ATP turnover.'*>%*2°
Upon MT binding, helix o4 elongates by 2.5 turns and
loop-11 forms a fully ordered structure.'® This allows a
glutamate (E20) within helix o4 to hydrogen bond to a
tyrosine and a conserved arginine in loop-7 and SwI,
respectively (Figure 5c). These bonds move the arginine of
Swl into position to form a salt bridge with the conserved
glutamate (E5) of SwIL. Glutamate E5 is responsible for
initiating base-catalyzed hydrolysis of ATP by indirectly
activating a water nucleophile that attacks the y-phos-
phate.'>*® Thus, MT-binding greatly accelerates ATP
hydrolysis by repositioning loop-11 so that E5 is correctly
situated for catalysis. This network of interactions remains
in place in both apo and ATP-bound conformations of
MT-bound kinesin-1, anchoring the upper and lower sub-
domains together and conformationally priming the
switch loops for ATP binding.'**’

Kinesin-3 experiences the same conformational changes
in L1l-a4 upon MT binding as kinesin-1.”” Loop-11

becomes ordered and Swll closes upon MT-binding, and
the cleft formed by the L11-a4 junction widens after Pi
departure.'**”'?! However, unlike in kinesin-1s, the unique
L11-a4 junction of kinesin-3s appears to contribute to its
super-processivity (Figure 2). When the kinesin-3-specific
lysine (K19) of RnKiflA was mutated to an aspartate,
matching its kinesin-1 equivalent, the velocity of motor
movement slowed and its processivity was significantly
reduced.** Unfortunately, without high-resolution struc-
tures of MT-bound kinesin-3s, it is unclear exactly how
L11-o4 fosters superprocessivity. One prediction is that the
K19 residue interacts with H3' or H11’ of a-tubulin to help
strengthen MT binding. Another contributing factor
appears to be the positively charged loop-12 of kinesin-3,
named the “K-loop.” When this loop was swapped with
that of kinesin-1, the MT attachment rates of these mutant
kinesin-3 motors were reduced to kinesin-1 levels, but their
velocity remained unchanged.'” In kinesin-1, family-
specific L11-a4 residues afford the ability to discriminate
between an expanded and compact MT lattice, whereas
kinesin-3s do not preferentially bind one or the other.'*!
Lattice compaction sensing is mediated by E14 and D19
(Figure 5a), which interact with a conserved lysine and
arginine in H3 and H3' of tubulin, respectively. This tuning
of the L11-a4 junction provides a mechanism for kinesin-1
motors to identify subpopulations of MTs within the cell.
Several new cryo-EM structures have given insight into
how kinesin-5-specific residues in L11-a4 form distinct
interactions with the intradimer interface of
ap-tubulin®>'* (Figure 5d). In SpCut7, an asparagine
(N6) on loop-11 (an R or K in other families) hydrogen
bonds with the backbone of loop-11 and a glutamate
(E418) on helix H12 of a-tubulin, causing loop-11 to pro-
ject downward instead of forming a loop. This places the
kinesin-5-specific isoleucine (I8) of loop-11 in position to
form a non-polar interaction with a tyrosine (Y112) on H3'
of a-tubulin. This tyrosine also hydrogen bonds with the
backbone of loop-11. In all other structures of MT-bound
kinesins in the ATP-like state, this tyrosine is rotated
downward, often hydrogen bonding to a glutamate residue
on H12 of a-tubulin. Notably, H3' is directly C-terminal to
turn T3 of a-tubulin, which is a major structural compo-
nent of the intradimer interface. Thus, in addition to tun-
ing the mechanochemistry of kinesin-5, loop-11 could
directly modulate the intradimer interface in a manner
that affects MT structure. Recent studies in the Eg5
kinesin support this idea, showing that the L11-a4 region
is necessary for the MT polymerase activity of Eg5, as well
as its slow motility and ATP turnover rate (Figure 2).”
Based on this finding, it has been proposed that L11-a4 of
some kinesin-5 motors induces straightening of af-tubulin
that promotes MT polymerization.”> While it remains to
be seen whether this activity translates across the entire
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FIGURE 5 Comparison of the L11-o4 region. (a) Sequence alignment of the L11-a4 segments for selected kinesin family members.

(b) Location of L11-o4 within the motor domain and its interface with tubulin. (c-g) The conformation of L11-04 in each kinesin structure

(magenta) and its contacts with a-tubulin (yellow) are shown. Residue numbers in the kinesins have been changed to correspond to the

columns in the sequence alignment for simplicity. PDB IDs are shown in parentheses

kinesin-5 family, the L11-a4 junction remains highly con-
served for all kinesin-5s (Figure 5a).

In kinesin-8s, loop-11 may mediate MT-
depolymerization by suppressing ATPase activity once
the motor reaches curved protofilaments at the MT plus

end, forcing the kinesin to pause there and promote MT
catastrophe.®® The yeast kinesin-8, ScKip3, appears to
trigger this tight plus-end binding by using a patch of
basic residues within loop-11 (specifically R12 and R14).
These residues are positioned to interact with an
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aspartate residue (D118) on helix H3 of yeast a-tubulin
when tubulin is curved (not shown), but not when incor-
porated into the straight MT lattice.**'' This putative
interaction led to the proposal that loop-11 of kinesin-8
forms a “tubulin-binding switch” that enables the motor's
MT depolymerization activity. However, it is not yet clear
how this interaction stalls ATPase activity. Moreover, one
of the two basic residues (R12) in loop-11 is unique to
fungal kinesin-8s, and therefore this switch model may
not apply to all kinesin-8 family members (Figure 5a).

Loop-11 of kinesin-13 contains a single glycine inser-
tion (G7) that is necessary for MT-depolymerase activity
(Figure 5a)."'®* Mutational studies suggest that the added
length of loop-11 allows G7 to anchor kinesin-13 to
a-tubulin, likely through an interaction with a glutamate
on helix H12. Loop-11 also undergoes conformational
changes throughout the catalytic depolymerization cycle
of kinesin-13s (Figure 5f,g). On the straight MT lattice,
kinesin-13 remains in a catalytically inactive conforma-
tion, where the nucleotide pocket remains open. In this
conformation, loop-11 makes few interactions with other
kinesin subdomains or the MT."'” Upon binding the MT
end, kinesin-13 enters the catalytically active state, in
which the salt bridge forms between E5 of SwII and R of
Swl, closing the nucleotide pocket. These structural
observations agree with evidence that kinesin-13s have
low levels of lattice stimulated ATPase activity, and high
levels of MT-end stimulated ATPase activity.”® Lastly,
when kinesin-13 is complexed to a dramatically curved
protofilament, a hydrogen bond forms between the con-
served glutamine (Q16) at the start of helix a4 and a tyro-
sine residue in the upper subdomain (Figure 5g).”” In
transport kinesins, this tyrosine is usually hydrogen-
bonded to E20 of helix a4 (Figure 5c). This unique inter-
action may help to stabilize the catalytic intermediate of
kinesin-13 bound to a bent protofilament.

4.3 | Loop-2 and helix a6

In all kinesins, helix a6 of the N-terminal subdomain
interacts with helix H12 of a-tubulin. However, certain
kinesins contain family-specific sequence modifications
to loop-2 that expand their a-tubulin contacts to include
the H8-S7 motif (Figure 6a). Loop-2 extends out of the
small p1b/P1c sheet that points toward the minus end of
the MT (Figure 6b). In kinesin-13s, loop-2 is an essential
element for MT depolymerization activity.'**'* It forms
an elongated f-hairpin, tipped with a conserved “KVD”
motif that protrudes into the longitudinal interdimer
interface between the p-tubulin and o-tubulin subunits
(Figure 6¢).””"171%> There, the valine residue inserts into
a hydrophobic pocket bordered by H8-S7 and H12 of

a-tubulin, and H11’ of the next B-tubulin monomer. This
penetrative interaction displaces the T7 loop—HS helix
motif of a-tubulin, which forms one of the main longitu-
dinal interfaces in protofilaments.”” By shifting this inter-
face, kinesin-13 can incite protofilament bending and
thus impart strain within the MT lattice. Loop-2 may also
operate in combination with loop-8, but from the oppo-
site end of the motor domain. Together, loop-2 and
loop-8 could pull on the minus and plus ends of each
tubulin heterodimer, respectively, stabilizing the curved
configuration of individual tubulin dimers by a crossbow-
like mechanism (Asenjo, 2013).

Mutational studies emphasize the importance of
loop-2 in kinesin-13-mediated MT-depolymerization.
Shortening the p-hairpin structure, or interchanging the
charged residues of the KVD motif, debilitates MT depo-
lymerization activity.” These mutations also diminish
the MT-stimulated ATPase activity of kinesin-13. There-
fore, lysine and aspartate of the KVD motif likely make
complementary interactions with tubulin throughout the
depolymerization cycle. This supports the functional rele-
vance of the interaction between loop-2 and interdimer
interface in both MTs and curved protofilaments.””'*”
However, for robust MT depolymerization activity,
kinesin-13 requires the added leverage from the con-
served 70-residue N-terminal extension of its motor
domain, named the “neck domain” (Figure 6c). This
region forms two o-helices, a0a and aOb, the former of
which makes extensive ionic interactions with helix H12
of B-tubulin in the next tubulin dimer, toward the minus
end of the protofilament (Figure 3). This interaction
helps to guide loop-2 into the interdimer interface. It also
provides an additional anchor point to aid protofilament
bending. Removal of the neck domain eliminates depoly-
merization activity from kinesin-13s,””'?*'%” while point
mutations that preserve the basic character of the neck
domain retain depolymerization function."*®

More so than any other kinesin family, loop-2 is
extremely variable in length and sequence in kinesin-8s
(Figure 6a). The only consistent features are two hydro-
phobic residues (29 and 30) near the center of loop-2, and
a basic stretch of residues that leads back to Plc
(Residues 59-63) (Figure 6a). Fungal kinesin-8s such as
SpKlp6, SpKlp5, and ScKip3 also contain additional resi-
dues before and/or after the tip of loop-2. Unlike kinesin-
13, the extended loop-2 of kinesin-8 appears to be highly
flexible. As such, loop-2 is not resolved in the crystal
structure of HsKif18A,%” but it is visible in the structure
of MmKif19A,° likely because it is 9-10 residues shorter
than in other kinesin-8s (Figure 6a,d). Upon binding the
MT, loop-2 of HsKifl8A and MmKifl9A adopts an
ordered conformation that contacts the MT lattice.®®®®
This allows the hydrophobic tip (Residues 29 and 30) to
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enter the same hydrophobic pocket that is accessed by
loop-2 of kinesin-13, near H8-S7. It also allows, the basic
cluster of residues of the kinesin-8 loop-2 to contact the
negatively charged H12 helix of a-tubulin.

Several studies have shown that loop-2 is necessary
for the high processivity and plus-end accumulation of

kinesin-8s (Figure 2). Alanine substitutions at the basic
residues of loop-2 lowered MmKifl19A motor affinity for
MTs in vitro,® and dampened HsKifl8A accumulation at
microtubule ends in vivo.'*® Deletion of loop-2 altogether
prevented HsKif18 from stably associating with K-fiber
ends, and swapping loop-2 of ScKip3 with the loop-2 of
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kinesin-1 significantly diminished run length and plus-
end dwell time.*® What remains unclear is the role of
loop-2 in MT depolymerization by kinesin-8s. As the
hydrophobic tip of kinesin-8 loop-2 makes analogous
interactions to H8-S7 of the interdimer interface as the
valine in kinesin-13's KVD motif, the two families could
operate through a similar mechanism. In support of this
idea, mutations to hydrophobic and basic residues of the
MmKif19A loop-2 hinder the MT-depolymerization activ-
ity of motor domain constructs.®® However, a subsequent
biochemical study on full-length constructs of ScKip3

remains in the open
conformation

maintain interactions
/ with the MT

Summary of kinesin-family-specific adaptations and their role in motor activity

found no distinguishable difference between the depoly-
merization rate of wild-type and a ScKip3 mutant that
contained the loop-2 sequence of kinesin-1.* These dif-
ferences in activity of fungal and human kinesin-8 loop-2
mutants may reflect alternate mechanisms of regulating
MT dynamics by different kinesin-8s.°>'**'*! Nonethe-
less, a true understanding of the role of loop-2 will
require functional studies of other kinesin-8 isoforms,
along with high-resolution structures of kinesin-
8-tubulin complexes that mimic MT depolymerization
intermediates.
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In transport motors like kinesin-1 and kinesin-3,
loop-2 appears to make a negligible contribution to tubu-
lin binding and motility. It is too short to contact the MT
in the ATP-like state (Figure 6f,g), but can reach the MT
lattice in the apo state to make one or more electrostatic
interactions with helix H12 o-tubulin due to a rotation of
the N-terminal subdomain.'* The relevance of this inter-
action is unknown because mutations in loop-2 do not
impair the superprocessivity or velocity of kinesin-3.>*
The function of loop-2 in kinesin-5 family members is
also enigmatic. Its scant sequence conservation and vary-
ing length implies that each version is a unique adapta-
tion that is unlikely to have functional relevance for the
kinesin-5 family as a whole (Figure 6a). The elongated
loop-2 of UmKin5 is an interesting example of this
(Figure 6e). In the ATP-like state, UmKin5 loop-2 buries
a hefty 290 A? of solvent accessible surface of a-tubulin;
at almost the same site as loop-2 of kinesin-8 and
kinesin-13 (Figure 3).*> An obvious assumption would be
that this interaction imparts UmKin5 with MT depoly-
merization abilities, but no evidence of this activity has
been found. Alternatively, other kinesin-5s of lower
eukaryotes have shown the ability to regulate MT dynam-
ics by acting as MT length-dependent depolymerases,
however, the involvement of loop-2 has not been
assessed.’***> Given that human kinesin-5 Eg5 pro-
motes MT polymerization activity,?>'*° rather than depo-
lymerization, MT- and curved tubulin-bound structures
of each type of kinesin-5 motor domain will be required
to understand how their unique loop-2 contacts may
operate in these contrasting activities.

5 | PERSPECTIVES

Figure 7 summarizes how the peripheral elements of the
kinesin motor domain have evolved to impart specific
families of motors with distinct enzymatic and MT-
remodeling capabilities. While kinesins serve as major MT
binders, movers, crosslinkers, and length regulatory factors
in all eukaryotes, they often need to work cooperatively or
antagonistically with other microtubule-associated pro-
teins (MAPs). As with kinesins, high-resolution cryo-EM
structures of MT-bound MAPs are beginning to answer
questions about how these proteins are specifically tuned
to interact with MTs and regulate MT dynamics. Recent
examples include the tubulin conformation-sensing func-
tion of the Ndc80 complex,"*” the end-tracking behavior of
end-binding proteins,'*® and the tubulin-tethering activity
of the axonal protein Tau.'* Structural studies of MAPs
are also revealing overlap in the MT binding sites of
kinesins and MAPs, rationalizing how these proteins can
impact each other's function."*'*! Going forward, more

B oon-WiLey L

of these high-resolution structural characterizations will
paint a detailed picture of the molecular mechanisms of
other kinesins and MAPs, and will shows how suites of
these proteins operate collectively to navigate and re-shape
MT networks.
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