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Kinesin-1 is a motor protein that
carries cargoes along microtubules in
neurons and other cells. It is one of
the best understood molecular motors
from the physical, chemical, and struc-
tural points of view. Kinesin takes
8-nm steps, moving from one tubulin
dimer to the next toward the plus-, or
fast-growing end, of a microtubule.
The steps are driven by the hydrolysis
of ATP with kinesin’s two motor
domains moving in a coordinated,
hand-over-hand manner. In the absence
of load, kinesin takes hundreds of
steps before detaching from the micro-
tubule; it is highly processive. Under
loading forces that oppose forward
motion, however, kinesin detaches
more quickly, and as the load force ap-
proaches the stall force of�6 pN, kine-
sin takes only a few steps before
dissociating (1). Herein lies a biolog-
ical problem. If kinesin detaches at
high loads, then ensembles of kinesins
are not expected to be able to generate
forces much larger than 6 pN because
the detachment of one kinesin will
lead to a cascade of motor detachment
as the remaining motors experience
higher and higher forces (2–4). Yet,
teams of kinesin can generate forces
as high as 100 pN (5). Furthermore,
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two kinesins can generate more force
than one in cells (6), can clear organel-
lar traffic jams in axons (7), and can
pull against other motors such as
dynein (8). The paper by Pyrpassopou-
los et al. in this issue of Biophysical
Journal (9) offers an unexpected solu-
tion to this problem.

The forces generated by motor pro-
teins such as kinesin, myosin, and
dynein have been measured in several
ways. Forces can be exerted using flex-
ible fibers, optical tweezers, solution
viscosity, and filament buckling (10).
The most common assay for measuring
processive motors like kinesin is the
traditional one-bead assay; motors are
bound to a micron-sized glass or plas-
tic bead, which is held in an optical
trap. By titrating the kinesin density
on the bead surface, the behavior of
single motors can be studied. Bead as-
says have shown that the processivity
of kinesin is decreased by force; as
the force component directed toward
the minus end of the microtubule in-
creases, both the distance and duration
of kinesin runs along the microtubule
decrease (1). This suggests that kinesin
has a slip-bond character; load force
promotes detachment. If this is the
case, then assisting forces (i.e., forces
directed toward the plus-end of the
microtubule) should slow detachment
and increase processivity. This is not
found, however Andreasson et al. (1)
showed that assisting forces also pro-
mote detachment. Khataee and Ho-
ward (3) argued that this symmetric
Biophy
effect of force was due to detachment
by the vertical component of the force,
which is the same whether the horizon-
tal component is loading or assisting.
The vertical component arises because
the optical force acts at the center of
the bead, and both the force and torque
are balanced; because the bead is much
larger than the motor, the vertical and
horizontal components are of similar
magnitude (Fig. 1 A). Furthermore,
Khataee and Howard (3) hypothesized
that the deviation from symmetry
measured by Andreasson et al. (1) ac-
corded with hindering load forces
decreasing (not increasing) kinesin’s
detachment rate; in other words, kine-
sin makes a catch (rather than slip)
bond. This hypothesis can account for
the large kinesin forces measured in
ensemble measurements; the higher
the force, the less likely to let go. The
key test of this hypothesis is to mea-
sure the processivity of kinesin under
forces that are directed exclusively
along the axis of the microtubule
(without a vertical component). This
is the experiment that Pyrpassopoulos
et al. performed (9).

In this issue, Pyrpassopoulos and
colleagues (9) investigate the roles of
axial and vertical forces on the proces-
sivity of kinesin-1. They used a
three-bead assay in which beads are
attached to each end of a microtubule
and held in two optical traps, while the
filament is manipulated to interact
with kinesins sparsely arranged on a
larger third bead attached to the glass
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FIGURE 1 Kinesin-bead force assays. (A) In the one-bead assay, the vertical and horizontal forces

have similar magnitudes. (B) In the three-bead assay, the force is primarily horizontal. To see this figure

in color, go online.
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coverslip (Fig. 1 B). Thus, instead of
the motor being subjected to vertical
forces inherent in the one-bead geom-
etry, trapping forces are predomi-
nantly aligned along the axis of the
microtubule. By comparing the dura-
tion of events in which the motor steps
up to its stall force and waits there
before detaching, they found that the
three-bead geometry results in three-
fold longer interaction times and a
higher fraction of beads reaching stall.
This implies that in the traditional
one-bead geometry, vertical forces
are contributing to motor detachment.
To further test this idea, the one-bead
assay was repeated using larger beads
that produce larger vertical forces. As
predicted, attached durations were
shorter and fewer motors reached stall
with these larger beads. Together,
these data convincingly argue that
when forces are directed exclusively
parallel to the microtubule, the
detachment rates of kinesin-1 motors
are much less sensitive to load than
previously thought.

These results have implications for
understanding both in vitro and in vivo
motor investigations. Force experi-
ments using one-bead assays have usu-
ally assumed that the relevant forces
are axial. These experiments will
need to be reevaluated. Multi-motor in-
vestigations using one-bead assays
have generally concluded that teams
of kinesin-1 motors do not effectively
sum their forces (11,12), which con-
trasts with large multimotor forces
measured in the gliding assay geome-
try (5). This conflict can now likely
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be accounted for by the different ge-
ometries of the two assays (3). In cells,
besides the viscous and elastic loads
inherent in pulling a vesicle through
the cytoplasm, many if not most vesi-
cles also have attached dyneins that
may compete in a tug of war against
the kinesins (13). A recent modeling
study that used kinesin and dynein pa-
rameters taken from published bead as-
says found that the most important
determinant of the net velocity and
directionality of bidirectional cargo is
the load-dependent motor detachment
rate (14). Thus, if kinesin has catch-
bond behavior that allows it to resist
axial loads, then it is expected to be a
more competitive antagonist to dynein.
There are hints of this in published
in vitro work in which one kinesin-1
and one dynein-dynactin-BicD2 com-
plex were connected through a DNA
adaptor (15). The kinesin-dynein-
dynactin-BicD2 complexes moved
slowly and smoothly for tens of sec-
onds, which is at odds with the subsec-
ond run times against loads measured
in force-clamp optical tweezer experi-
ments (1). As dynein has been shown
to have catch-bond characteristics un-
der some conditions (16), this persis-
tence of kinesin against axial loads
now puts the motors on more equal
footing.

What are the implications for in vivo
vesicle transport? Kinesins transport
cargo ranging from �30-nm vesicles
to �3 micron mitochondria. For small
vesicles, in which the coiled-coil tether
is on the order of the vesicle diameter,
the motors are expected to organize
20
with their tails pulling normal to the
vesicle surface and the motor forces
aligned nearly parallel to the microtu-
bule axis. Similarly, for large mito-
chondria, motor forces will be
aligned parallel to the microtubule
axis, similar to a gliding assay. In
contrast, for spherical vesicles consid-
erably larger than the motor tether,
the geometry will much more closely
resemble the single-bead assay and
forces in the z direction are expected
to be substantial. The mechanical pic-
ture is complicated, however. Inherent
in vesicle transport is the possibility
that the motor tails slip in the plane
of the membrane to take on preferred
orientations. And it is possible that mo-
tor forces can deform spherical vesi-
cles—kinesins attached to the surface
of giant unilamellar vesicles in vitro
are able to pull out narrow membrane
tethers, resulting in the motor forces
being more closely aligned parallel to
the microtubule (17).

Thus, kinesin potentially having
catch bond-like behavior makes sense
of many in vitro and in vivo experi-
ments. It begs the question: where in
kinesin’s ATPase cycle would the catch
bond reside? It is tempting to think that
the key transition is the lifting of the
rear head, which puts the motor into a
one head-bound state. During unloaded
stepping, the leading head will exert
force in the direction of stepping, accel-
erating the detachment of the trailing
head. Rearward tension on the motor
stalk should counter this force, causing
the motor to spend a longer time in
a two-head-bound state that resists
detachment. This will need to be care-
fully investigated in assays in which
the direction of the force is carefully
controlled.
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17. Leduc, C., O. Campàs, ., J. Prost. 2004.
Cooperative extraction of membrane nano-
tubes by molecular motors. Proc. Natl.
Acad. Sci. USA. 101:17096–17101.
sical Journal 118, 1–3, January 7, 2020 3

http://refhub.elsevier.com/S0006-3495(19)34356-5/sref3
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref3
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref3
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref3
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref4
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref4
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref4
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref4
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref4
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref4
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref5
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref5
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref5
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref5
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref6
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref6
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref6
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref6
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref7
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref7
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref7
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref7
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref7
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref8
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref8
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref8
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref8
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref9
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref9
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref9
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref9
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref9
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref10
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref10
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref10
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref11
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref11
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref11
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref11
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref11
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref12
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref12
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref12
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref12
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref12
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref13
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref13
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref13
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref14
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref14
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref14
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref14
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref14
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref15
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref15
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref15
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref15
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref15
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref16
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref16
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref16
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref16
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref16
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref17
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref17
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref17
http://refhub.elsevier.com/S0006-3495(19)34356-5/sref17

	Three Beads Are Better Than One
	References


