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ABSTRACT

The folded auto-inhibited state of kinesin-1 is stabilized by multiple weak interactions and binds poorly to microtubules. Here

we investigate the extent to which homodimeric Drosophila kinesin-1 lacking light chains is activated by the dynein activating

adaptor Drosophila BicD. We show that one or two kinesins can bind to the central region of BicD (CC2), a region distinct from

that which binds dynein-dynactin (CC1) and cargo-adaptor proteins (CC3). Kinesin light chain significantly reduces the amount
of kinesin bound to BicD and thus regulates this interaction. Binding of BicD to kinesin enhances processive motion, suggesting
that the adaptor relieves kinesin auto-inhibition. In contrast, the kinesin-binding domain of microtubule-associated protein
7 (MAP7) has minimal impact on the fraction of motors moving processively while full-length MAP7 enhances kinesin-1 re-

cruitment to the microtubule and run length because of its microtubule-binding domain. BicD thus relieves auto-inhibition of

kinesin, while MAP7 enhances motor engagement with the microtubules. When BicD and MAP7 are combined, the most robust

activation of kinesin-1 occurs, highlighting the crosstalk between adaptors and microtubule-associated proteins in regulating

transport.

1 | Introduction

The BICD family of proteins is a well-studied class of adaptors
that activates the dynein-dynactin complex. BicD was first iden-
tified in Drosophila, where mutations resulted in an abnormal
two-tailed or “bicaudal” phenotype in early fly embryos due to
mis-localization of anterior and posterior mRNA polarity deter-
minants in the oocyte [1]. Mammals have two orthologs called
BicD1 and BicD2, as well as two shorter related proteins called
BicDR1 and BicDR2 (reviewed in [2]). BicD is a coiled-coil ho-
modimer with three regions that have been traditionally referred
to as coiled-coil 1, 2 and 3 (CC1, CC2 and CC3). The N-terminal
CC1 is sufficient to recruit and activate dynein-dynactin for
processive motion on microtubules (MTs) [3, 4]. Like many
dynein activating adaptors, BicD contains two conserved motifs:
the CC1 box that interacts with the dynein light-intermediate

chain and a Spindly motif that binds the pointed end of dynac-
tin [5, 6]. The C-terminal portion, CC3, interacts with adaptor
proteins that specify the attached cargo. In Drosophila, GTP-
bound Rab6 on Golgi vesicles and mRNA bound to the mRNA
binding-protein Egalitarian are the best-known cargo adaptor/
cargo pairs [7-9]. The central region of mammalian BicD2 was
shown to bind kinesin-1 [10] and kinesin was also implicated
in BicD mediated motion of lipid droplets during Drosophila
embryogenesis [11]. Thus BicD has the ability to recruit both
minus- and plus-end directed motors to transport cargo bidirec-
tionally, but the effect of BicD on kinesin activation has not been
well-studied.

A key feature of BicD is its ability to form an auto-inhibited
conformation in which CC3 interacts with CC1. Binding of
cargo to BicD drives dynein recruitment in Drosophila [9].
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Subsequent in vitro reconstitution experiments using puri-
fied proteins showed that binding of Egalitarian and mRNA
to BicD allows recruitment and activation of dynein-dynactin
by relieving the auto-inhibited state of BicD [12, 13]. Electron
microscopy of Drosophila BicD showed a looped structure
formed by CC3 bending back and binding to CC1 that was
disrupted only by the addition of both Egl and mRNA [13].
Images reminiscent of this looped structure were also re-
cently observed in mammalian BicD2 [14, 15]. Whether the
auto-inhibited state of BicD also gates access to kinesin is
not known.

Both dynein and kinesin exist in auto-inhibited and activated
states. The auto-inhibited state of dynein forms a structure
known as the phi particle. Inhibition of microtubule (MT) bind-
ing occurs because the coiled-coil stalk regions are crossed and
trapped in a registry with low affinity for the MT [16]. The acti-
vation mechanism by various adaptors has been studied struc-
turally [17, 18] and involves changes to the dynein tail that force
the motor domains to adopt a parallel conformation favorable
for processive motion [17, 19]. Another level of regulation in-
volves Lisl, a co-factor that binds to the dynein motor domain
and promotes a conformation that is favorable for assembling an
active tripartite complex with dynactin and an activating adap-
tor (reviewed in [20]).

The mechanism of auto-inhibition of kinesin-1 has been stud-
ied for far longer than that of dynein. Interactions between
the motor domain and the globular C-terminal tail that would
restrict motor domain motion was a key feature of the kinesin
inhibited state, made possible via a flexible hinge region in the
stalk [21-26]. Remarkably, recent studies using computational
modeling, crosslinking and electron microscopy showed that
the hinge originally thought to allow a head-tail interaction
(called “hinge-2”) is not the region where the kinesin mole-
cule folds in half [27, 28]. A newly defined “elbow” located C-
terminal to hinge-2 allows formation of the inhibited molecule,
which is stabilized by multiple weak interactions along the stalk
and by kinesin light chain (KLC) interactions with the heavy
chain (KHC).

A popular hypothesis is that kinesin auto-inhibition is re-
lieved by binding to cargo adaptors, a mechanism that would
preclude ATP hydrolysis unless cargo is coupled for transport.
Recent single-molecule studies were used to investigate how
the auto-inhibited mammalian heterotetrameric kinesin-1-
light chain complex is functionally activated by nesprin-4, an
adaptor that binds to the KLC [29]. Even low concentrations
of nesprin-4 increased the number of motors moving proces-
sively, but much higher nesprin-4 concentrations were needed
to increase the recruitment of motors to the MT. When both
nesprin-4 and MAP7 were combined with heterotetrameric
kinesin-1, the most robust processive motion of kinesin was
observed, leading the authors to suggest that cargo adaptors
and MAP7 act synergistically to activate the robust mobility
of kinesin [29]. Previous cellular studies have implicated the
microtubule-associated protein-7 (MAP7) as a key co-factor
for optimal kinesin function [30-33]. In vitro studies showed
that MAP7 interacts with both MTs and kinesin, recruits ki-
nesin to MTs and enhances run length and binding frequency
on MTs [34, 35].

These studies raise the question of how full activation of kine-
sin-1 is achieved. Does the level of activation vary depending
on whether kinesin is linked to its cargo via its heavy chain or
light chain? Do different adaptors activate kinesin to different
degrees? Is MAP7 required in all cases? Here we contribute
to our understanding of kinesin-1 activation by investigat-
ing the effect of kinesin heavy chain binding to the activat-
ing adaptor BicD, which also recruits dynein-dynactin. Our
results suggest that the combination of BicD and MAP7 pro-
duces the most active kinesin, consistent with the synergistic
model favored by McKenney and colleagues [29]. Binding of
kinesin to BicD relieves auto-inhibition that leads to more pro-
cessive motion, while the kinesin-binding domain of MAP7
plays little role in relieving the auto-inhibited state of kine-
sin. Full-length MAP7, however, enhances kinesin run length
and recruitment to the MT. While relief of auto-inhibition
and recruitment/run length enhancement can both be consid-
ered “activation,” the two mechanisms fundamentally differ,
allowing an interplay between the two mechanisms to allow
fine-tuning of kinesin activity.

2 | Results

2.1 | Kinesin-1 Heavy Chain Binds to the Central
Portion of BicD

We used single-molecule techniques to identify where homod-
imeric Drosophila kinesin-1 (no bound light chains; hereafter
kinesin) binds to the dynein activating-adaptor Drosophila
BicD (hereafter BicD). A series of truncated BicD constructs
were expressed and purified to identify the kinesin binding
site (Figure 1A). Kinesin lacking the hinge 2 region (kine-
sin®H2) which diminishes formation of the auto-inhibited
state [21], was used to quantify kinesin-BicD complex for-
mation. The general strategy was to label the purified BicD
construct with a red streptavidin Qdot (emitting at 655nm)
at its N-terminus, with kinesin®#2 remaining unlabeled.
Kinesin-BicD complexes moving on microtubules (MTs) were
observed using total internal reflection fluorescence (TIRF)
microscopy and quantified (Figure 1B). Kinesin®H? binds
weakly to full-length BicD, which exists in an auto-inhibited
looped conformation that we previously showed prevented
dynein-dynactin binding [13]. Neither the BicDC! construct
that binds dynein-dynactin [3, 4], nor the BicD®? construct
(amino acids 536-782) that binds to cargo-adaptor proteins
[7-9], interacted significantly with kinesin®"2. The remain-
ing four BicD truncation constructs (BicDC2, BicD318-658,
BicDC2CC and BicD*7-782) exhibited higher numbers of
moving complexes, defining a binding region for kinesin in
the CC2 central portion of BicD (amino acids 437-535) (dashed
red rectangle, Figure 1A). The BicDC®?-¢C3 construct (aa 318-
782) was selected for further experiments because it showed
the highest average number of moving complexes when com-
plexed with kinesin®H2,

The above results imply that dynein, kinesin, and an adap-
tor protein can simultaneously bind to BicD. To directly con-
firm simultaneous motor binding, we added kinesin®H2 to a
previously characterized reconstituted complex composed
of dynein-dynactin, BicD, Egalitarian and K10 mRNA [13].
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FIGURE1 | Kinesin-1 heavy chain binds to the central region of BicD. (A) Schematic of the series of BicD constructs used to define the kinesin
binding site. Regions predicted by AlphaFold to be helical are labeled H1-H6, and the three coiled-coil domains of BicD indicated (CC1, CC2 and
CC3). The red dashed boxed (amino acids 437-535) delineates the region common to truncated constructs that bind kinesin“H? and move on mi-
crotubules (MTs) with an average frequency exceeding 0.06/s/um microtubule length/uM kinesin concentration. (B) Binding frequency of moving
kinesin®#2-BicD complexes on MTs for various BicD constructs. Moving complexes were counted from n=26-45 MTs per construct. N=2 experi-
ments. (C) (Right panel) Dynein (labeled with a red Qdot) and kinesin®H?2 (labeled with a green Qdot) can simultaneously bind to BicD (yellow spots,
arrows) in the presence of BicD, Egalitarian (Egl) and mRNA. (Left panel) Colocalization of dynein and kinesin was infrequently observed in the
absence of BicD, Egl and mRNA. (D) Quantification of kinesin and dynein co-localization with dynein-dynactin and kinesin (DDK) versus dynein-
dynactin, BicD, Egl, mnRNA and kinesin (DDBER-K). Mean + SD. N=2 experiments, n =29 MTs. Unpaired ¢ test with Welch's correction, p <0.0001.

Yellow complexes were observed bound to MTs when dynein
was labeled with a red Qdot and kinesin with a green Qdot,
indicating that both motors can simultaneously bind to full-
length BicD that has been released from its auto-inhibited
state by Egalitarian and K10 mRNA (Figure 1C, right panel
and 1D). Control experiments lacking BicD, Egalitarian
and mRNA showed significantly fewer yellow complexes
(Figure 1C, left panel and 1D). These experiments show that
dynein and kinesin can bind simultaneously to BicD, support-
ing the idea that these proteins function together in intracel-
lular transport processes.

2.2 | The Kinesin Light Chain Decreases
Interaction Between Kinesin and BicD

To investigate how the kinesin light chain (KLC) impacts the in-
teraction between kinesin and BicD, we performed experiments
using kinesin constructs with or without KLC (kinesin¥LC or ki-
nesin, respectively). Biotin tags at the C-terminus of the kinesin

heavy chain and at the N-terminus of BicD®C?¢®3 were used
for labeling with either red or green streptavidin-Qdots. With
homodimeric kinesin heavy chain, 17% of the visualized Qdots
were yellow indicating complex formation with BicD. In con-
trast, heterotetrameric kinesin®*C only exhibited 3.7% yellow
complexes (Figure 2A). The most straightforward interpretation
of these findings is that BicD and KLC compete for overlapping
binding sites on the kinesin heavy chain.

Alternatively, the weaker binding of BicD to kinesin¥M¢
could be an indirect result of the binding site for BicD being
obscured in the auto-inhibited state. Heterotetrameric kine-
sin¥LC forms a more robust auto-inhibited state compared to
kinesin heavy chain alone, as indicated by the heterotetramer
showing fewer interactions with the MT than homodimeric
kinesin (Figure 2B) and fewer of those interactions resulted
in processive runs (Figure 2C). However, when we quantified
the number of BicD-kinesin complexes obtained using kine-
sin®H2, which disfavors the inhibited state, we obtained very
similar results to those seen with wild-type kinesin (compare
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FIGURE 2 | Kinesin light chain decreases the interaction of the kinesin heavy chain with BicD®“*€C3, (A) Homodimeric kinesin without
KLC forms more complexes with BicD®>CC€3 than does heterotetrameric kinesin with bound light chains (KLC) (16.4% +1.3% vs. 3.7%+0.26%,
mean + SD). Kinesin was separately expressed and purified with or without light chain. N=3 experiments. Unpaired t-test with Welch's correction,
p=0.003. (B) The presence of KLC decreased the number of kinesin motors that bound to the MT (0.32+0.17 vs. 0.07 +0.03, mean+SD). N=2
experiments. Number of MTs analyzed was n=41 without KLC and n=23 with KLC. Unpaired t-test with Welch's correction, p <0.0001. (C) The
presence of KLC reduced the fraction of motors moving processively from 33% to 9%. (D) The same experiment as in panel (A), but using kinesin®!?
(21.3% £ 3.1% without KLC vs. 6.6% =+ 1.5% with KLC, mean +SD), N=zz experiments. Unpaired t-test with Welch's correction, p=0.006. A 5-fold
molar excess of purified KL.C was added to a preparation of kinesin®"? expressed without KLC. (E) Schematic of the Drosophila kinesin heavy chain
indicating that the region where the kinesin light chain (KLC) and BicD bind likely overlaps.

Figure 2D vs. Figure 2A). We conclude that the BicD and KLC because previous studies showed that the run length of two ki-

binding sites on the kinesin heavy chain overlap (Figure 2E)
and that KLC plays a role in regulating the binding of kinesin
heavy chain to BicD.

2.3 | BicD Can Bind Two Kinesins

When investigating the interaction between kinesin®"? and
BicD, we observed that the run length of kinesin®H? in the
presence of BicD®C%CS3 increased significantly from 1.8+0.1
to 3.5+£0.1 um (Figure 3A). In contrast, the recruitment of the
complex to the MT and the fraction of processive motors was un-
changed, suggesting that kinesin®H? was not further activated
by BicDC2-€C3 (Figure S1). The increased run length raised the
question of whether more than one kinesin can bind to BicD,

nesins is longer than that of a single kinesin [36]. To investigate
the possibility that two kinesins bind per BicD, the biotin tag at
the C-terminus of the kinesin®H? heavy chain was labeled with
either a 488 nm or a 647nm Alexa dye, combined in equimolar
ratios, and then added to BicDCC2-CC3 at a molar ratio of 2:1.
We observed ~7% dual-color dots, indicating that ~14% of BicD
molecules have two bound kinesins®H2. Single-colored images
can be either kinesin®"2 alone or bound to BicD®®2-¢C3. When
the speed and run length of dual-colored complexes were com-
pared to those of single-colored images, speed was unchanged
(Figure 3B), but the run length of dual-colored complexes was
longer than that of single-colored images (Figure 3C) showing
the functional effect of having two bound kinesins. Kymographs
showed that in the majority of cases, the two kinesins remain
bound to BicD®C>CS3 for the duration of the run (Figure S2).
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FIGURE 3 | Two kinesins can bind to BicD. (A) The run length of kinesin®H? is enhanced from 1.8 +0.1ym (2 =88) to 3.5+0.1um (n=115) in
the presence of BicD®“*CC3) N=3 experiments, Kolmogorov-Smirnov test, p<0.0001. (B) Equimolar amounts of kinesin"? labeled with either

Alexa 488 or Alexa 647 were mixed with BicD®2-C®3, The speed of single-colored images (0.52+0.20, n=_88) was the same as that for dual-colored

images with 2 kinesin®"2 bound (0.48 +£0.17, n=38). N=2 experiments, unpaired -test with Welch's correction, p=0.26. (C) Run length of dual-

colored images containing two kinesin®*? complexes is longer (3.8 +0.8, n=38) than that of single-colored images (1.8+0.1, =88, N=2 experi-

ments, Kolmogorov-Smirnov test, p<0.0001). (D) Interferometric scattering mass spectrometry (iSCAMS) data showing contrast distributions for

BicD®C2-CC3 kinesin®H2 and the kinesin2H2-BicD®C2-¢C3 complex, along with a standard curve of contrast as a function of molecular mass. BicD and

kinesin were each fit to a single Gaussian and the kinesin-BicD complex histogram was fitted to the sum of two Gaussian distributions. For the single

Gaussian fit (nonlinear least square fit), the coefficient of determination was R?>=0.966. For the two-component Gaussian fit (nonlinear least square

fit), R2=0.992 and the means of the components were free and not fixed. (E) Equimolar amounts of BicD®C?-¢C3 labeled with either 525 or 655nm
Qdots were mixed with kinesin®H2 and the number of red-green co-localizations quantified to show that a single kinesin does not bind to two BicD
molecules. N=2 experiments, n =39 MTs. Unpaired ¢ test with Welch's correction, p <0.0001.

To more directly show that two kinesins can bind to BicDC2-¢C3,
we measured the molecular mass of the kinesin2H2-BicD¢¢2-CC3
complex using interferometric scattering mass spectrometry
(iISCAMYS) [37] (Figure 3D). A single Gaussian fitted the plot of
number of events versus contrast for kinesin®H2 alone (215kDa
with biotin tag) and for BicD®C*C%3 alone (126kDa with bi-
otin tag). These two proteins, along with streptavidin, were
used to construct a standard curve of contrast versus molecu-
lar mass. The molecular mass of the kinesinAH2-BjcDCC2-CC3
complex is expected to be 340kDa if one kinesin is bound and
556kDa with two kinesins bound. The data fit a Gaussian dis-
tribution with a mean molecular mass of 430kDa, which falls
between the two possible outcomes. The data could also be fit

to the sum of two Gaussian peaks, one centered at a mean mo-
lecular mass of 340kDa (46% of the total area) and the other at
560kDa (54% of the total area), suggesting that approximately
half of the BicD®“*C3 molecules had two bound kinesins®H2,
The larger percentage of two bound kinesins measured by iS-
CAMS may be influenced by the higher protein concentrations
used (25-50nM) compared with the TIRF experiment (5nM).
We conclude that the second kinesin may bind more weakly to
BicDCC2CE3 than the first, but that a significant fraction of two
kinesin complexes can be formed.

As a control we asked whether a single kinesin can bind to two
BicDCC2-C3 molecules. BicDC2€C3 was labeled with either 525
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the kinesin-BicDC2-¢®3 complex (2.3+0.1 um, n=63) and kinesin®#2 (1.9+0.1 um, n=79). N=3 experiments. One-way ANOVA with Tukey's mul-
tiple comparison, p values indicated on figure.

or 655nm Qdots, mixed in equimolar ratios, and added to ki-
nesin®H2, Very few dual-colored images were observed, show-
ing that a single kinesin rarely binds to two BicD molecules
(Figure 3E).

2.4 | BicD Increases Recruitment and the Fraction
of Kinesin-1 Motors Moving Processively on MTs

We next investigated the extent to which BicD activates kine-
sin from its auto-inhibited state. The motile properties (bind-
ing frequency to the MT, percent of bound motors that moved
processively, speed and run length) of the kinesin-BicD¢¢%CC¢3
complex were quantified relative to that of auto-inhibited ki-
nesin or kinesin®"2, Auto-inhibited kinesin can bind to and
move on MTs (Figure 4A, left panel), but binding events were

infrequent (Figure 4B) and only 28% of these MT-bound events
were processive (Figure 4C). The speed of moving motors was
slow (Figure 4D) and run lengths were short (Figure 4E). In
contrast, the binding frequency for kinesin“H? was significantly
higher than for kinesin, and 48% of MT-bound motors moved
processively (Figure 4B,C). In addition, speed was 1.7-fold faster,
and run lengths 1.6-fold longer than for kinesin (Figure 4D,E).

For the kinesin-BicD®2C3 complex, we first determined the
optimal molar ratio of BicD®®?¢C3 to kinesin (Figure S3). The
highest percentage of processive events was observed at a 2:1M
ratio, and thus a final ratio of 10nM BicD:5nM kinesin was used
for subsequent experiments. BicD®®?C®3 was labeled with a
Qdot, and kinesin was unlabeled. Compared to kinesin alone,
the kinesin-BicDC“?C%3 complex exhibited a 1.6-fold higher
binding frequency to MTs, and the percentage of those events
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that were processive increased from 28% to 52% (Figure 4B,C).
Speeds were not significantly faster in the presence of BicD, but
run lengths were increased 1.9-fold (Figure 4C,D). Binding of
kinesin to BicD®C2¢C3 thus activates motility relative to kinesin
alone, consistent with BicD disrupting the auto-inhibited state
of kinesin. The level of activation was similar to that observed
with kinesin®H2 with respect to the percent of bound motors that
moved processively and run length.

To ensure that the activation of kinesin by BicD®®?-¢C3 occurs
at the level of a single kinesin and is not influenced by the re-
cruitment of a second kinesin, the experiment in Figure 4 was
repeated with kinesin that was labeled either with a 655 or
525nm Qdot (Figure S4). Only 3.3% of moving complexes were
dual-colored, a number influenced by the 2-fold molar ratio of
BicD:kinesin that was used. Analysis of single-colored images
thus reflects the properties of a single kinesin. Consistent with
the findings of Figure 4, all motility metrics measured for kine-
sin were enhanced by BicD®®?¢®3, most importantly the frac-
tion of motors exhibiting processive motion that is a measure of
release from the auto-inhibited state.

2.5 | MAP7 Enhances Kinesin Recruitment to
the MT With Little Change in Processivity

We investigated the extent and mechanism by which the
microtubule-associated protein Drosophila MAP7 affects kine-
sin function. MAP7 has two separable domains, an N-terminal
region that binds MTs (MAP7MTBD) and a C-terminal region
that binds kinesin (MAP7%BP) (Figure 5A). Specifically, we de-
termined if MAP7 enhances kinesin recruitment to the MT and/
or the percent of bound kinesins that moved processively.

To first establish that the two proteins interact, kinesin and
MAP7 were labeled with different color Qdots. The complex
could occasionally move processively together on MTs, but
MAP?7 could also detach from kinesin during a processive run
(Figure 5B), suggesting that the interaction between these two
proteins is dynamic. The optimal MAP7 concentration to use
with 5nM kinesin was determined to be 10nM based on the
quantification of the percentage of bound kinesins that moved
processively (Figure SSA-H).

The two parameters that were most affected by MAP7 were
the number of kinesins recruited to the MT and the run length.
MAP7 (10nM) enhanced the number of kinesin motors bound
to the MT by 2.7-fold (Figure 5C,D), and the run length of the
kinesin-MAP7 complex was 2.1-fold longer than that of kinesin
alone (Figure 5G), consistent with MAP7 acting as a tether to
recruit and then prevent kinesin dissociation from the MT. The
percentage of processive runs, however, only increased from
28% to 38% in the presence of MAP7, accompanied by a larger
percentage of diffusive events (13%) (Figure 5E) than seen with
kinesin or kinesin®H2 (see Figure 4C). Kinesin's speed was only
marginally changed by MAP7 (Figure 5F).

We further investigated whether the C-terminal half of MAP7
that binds to kinesin but not the MT (MAP7%BP) affected any of
the motility parameters observed with the full-length molecule.
Given that the domain that directly binds to kinesin is the one

that could most likely impact the auto-inhibited state of kinesin,
we were most interested in the percentage of motors that moved
processively. At 10nM, the same concentration used with full-
length MAP7, there was no enhanced recruitment to the MT,
no increase in the percent of motors that moved processively,
and no enhancement in speed or run length (Figure 5H-K).
There was no change in the number of kinesins bound to the
MT nor in the percent of motors that moved processively over a
range of MAP7®BP concentrations from 1 to 50nM, and only a
small enhancement in both parameters at 100nM, 10-times the
concentration used with full-length MAP7 (Figure S51,J). From
these results, we conclude that the domain of MAP7 that binds
directly to kinesin (MAP7%BP) does not play a significant role in
releasing kinesin from the auto-inhibited state.

Taken together, these results demonstrate that the two domains
of full-length MAP7 act in concert to enhance kinesin recruit-
ment to the MT and prolong run lengths, while playing a smaller
role in releasing kinesin from its auto-inhibited state.

2.6 | Kinesin Motility Is Most Active in
the Presence of Both MAP7 and BicD

Lastly, we investigated whether the combination of BicD and
MAP?7 together would have the largest effect on kinesin motility.
We first established that MAP7 does not influence the number
of kinesins bound to BicD®“?C%3 by reconstituting the complex
with kinesin labeled with either a 655nm or a 525nm Qdot and
counting the number of dual-colored complexes in the presence
or absence of MAP7 (Table S1). Then, to investigate the prop-
erties of the tripartite complex, MAP7, BicD®C?>¢3 and kinesin
were mixed at a molar ratio of 2:2:1. We analyzed recruitment to
the MT, percentage of processive motion, speed and run length
and compared it with values measured previously in this study.
The binding frequency of kinesin to MTs in the presence of both
MAP7 and BicD®*CC3 was the same as with MAP7 alone, but
higher than for kinesin, the kinesin-BicD®®?¢®3 complex, or
kinesin®H? (Figure 6A). The percent processive motion, speed
and run length in the presence of both MAP7 and BicD¢2-¢C3
were higher than seen with either BicD 23 or MAP7 alone
(Figure 6B-D). Taken together, our findings are consistent with
the notion that interaction with multiple binding partners al-
lows kinesin to function as the most efficient cargo transporter.

3 | Discussion

Here we investigated the extent to which BicD and MAP7 acti-
vated auto-inhibited kinesin-1, separately and in combination.
The two parameters that were most revealing were the number
of kinesins recruited to the MT (per time per MT length) and the
percent of those bound motors that exhibited processive motion.
We interpret an increase in the percent of processive motors to
reflect the abolishment of the auto-inhibited state of kinesin.
An increase in the number of motors bound to the MT can be
either a result of motor domains being more available for bind-
ing to the MT when kinesin is not in the auto-inhibited state or
due to an independent recruitment mechanism. We show that
auto-inhibited homodimeric Drosophila kinesin is activated by
binding to Drosophila BicD, resulting in more kinesins binding
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FIGURE 5 | MAP7 enhances kinesin recruitment to the MT. (A) Schematic of the kinesin-MAP7 interaction. The kinesin-binding domain
(MAP7%EP) and the microtubule-binding domain (MAP7MTBD) of MAP7 are indicated. (B) Kinesin was labeled with a red Qdot, and MAP7 with a
green Qdot. The kinesin-MAP7 complex can move together processively on MT tracks (yellow), but MAP7 can also dissociate during the processive
run (white arrow). (C) Fields illustrating enhanced recruitment of kinesin (red) to the MT (green) in the presence of 10nM MAP7. (D) MAP7 enhanc-
es the number of kinesin motors bound to the MT from 0.32+0.17 motors/s/um/uM to 0.86 +0.35 (mean + SD, N=2 experiments, n =42 and 31 MTs
respectively). Unpaired t-test with Welch's correction, p <0.0001. (E) The percentage of processive runs increases from 28% to 38% in the presence of
MAP7, and the number of diffusive events increased from 5% to 13%. (F) The speed of kinesin in the presence of MAP7 (0.29 £0.13, n=76) is similar
to that of kinesin alone (0.25+0.14, n=61). Mean +SD, N=2 experiments, Unpaired t-test with Welch's correction, p=0.04. (G) The run length of
the kinesin in the presence of MAP7 (2.5+0.1um) is significantly longer than that of kinesin alone (1.2+0.1 um). N=2 experiments, Kolmogorov—
Smirnov test, p<0.0001. (H) MAP7XEP did not enhance the number of kinesin motors bound to the MT (0.40 +0.18 motors/s/um/uM vs. 0.47 +0.15,
n=12 MTs, mean + SD, N=2 experiments; Unpaired t-test with Welch's correction, p=0.32). (I) The percentage of processive runs was unchanged
in the presence of MAP7XBP (27% vs. 30%). (J) The speed of kinesin in the presence of MAP7%BP (0.29 +0.13, n=76) is not significantly different from
that of kinesin alone (0.25+0.19, n=74). Mean = SD, N=2 experiments, Unpaired t-test with Welch's correction, p=0.30. (K) The run length of the
kinesin-MAP7%BP complex (1.2+0.1 um) was not significantly different than that of kinesin alone (1.4 +0.1um). N=2 experiments, Kolmogorov-
Smirnov test, p=0.32.

to the MT and more of those bound motors exhibiting proces- which showed that MAP7 increased the number of processive
sive motion. Drosophila MAP7, in contrast, predominantly re- and diffusive events to a similar degree, consistent with recruit-
cruits more kinesins to the MT and enhances the run length of ment to the MT but not relief of auto-inhibition [34]. In combi-
those motors. Similar results were obtained in an earlier study  nation, these two binding partners cause kinesin to be similar
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and compared to data previously shown with other kinesin or kinesin-complexes. (A) The combination of MAP7 and BicD®“?C®3 enhances the
number of kinesin motors bound to microtubules (from 0.32+0.17 motors/s/um/uM to 1.1 +0.39, N=3 experiments, n =45 MTs, One-way ANOVA
with Tukey's multiple comparison. p values indicated on figure). (B) The percentage of processive runs was 62% in the presence of both MAP7 and
BicD®C2-CC3 higher than with either binding partner alone. (C) The speed of kinesin in the presence of both MAP7 and BicD®2-CC3 is 0.43 +22 um/s,
n=67. N=3 experiments, One-way ANOVA with Tukey's multiple comparisons are shown with p values. (D) The run length of kinesin in the pres-
ence of both MAP7 and BicD®C2€3 (3.9 0.2 um) was statistically longer than all other variations. N=3 experiments, One-way ANOVA with Tukey's

multiple comparison.

in activity to a constitutively active full-length kinesin lacking
hinge 2, with the additional benefit of a longer run length cour-
tesy of MAP7.

Enhanced recruitment to the MT and longer run lengths were
observed at 10nM MAP7. The effect of MAP7 on motility is
highly concentration-dependent because the binding site for
MAP7 on the MT partially overlaps with the kinesin bind-
ing site [35]. In contrast, MAP7XBP (the C-terminal region of
MAP?7 that binds the kinesin stalk but does not interact with
MTs) had no significant effect on either parameter at 10nM.

A weak binding to kinesin is necessary for MAP7 to recruit
the motor to the MT, but not act as an anchor to prevent sub-
sequent motion. At 10-fold higher concentration (100nM),
MAP7XBD did show an enhancement in the percent of proces-
sive motors, but at this concentration the full-length MAP7
would be inhibitory. A recent study [35] also reported a higher
run frequency with 1-5puM of the kinesin binding domain of
MAP7, while the full-length MAP7 showed positive effects in
the range of 10nM and negative effects at higher concentra-
tions due to competition for MT binding sites. Only if the “ef-
fective concentration” of the MAP7XBP becomes higher when
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both kinesin and MAP are bound to the MT lattice would our
data support the idea that MAP7 plays a large role in relieving
auto-inhibition of kinesin. The auto-inhibited state of kine-
sin is stabilized by multiple weak interactions along the stalk
[27, 28]. Given that MAP7%BP binds to the coiled-coil stalk
adjacent to the region where hinge 2 and the kinesin heavy
chain-light chain interface abut in the inhibited state, it would
not be surprising if MAP7 binding could contribute to weak-
ening the auto-inhibited state.

The essential nature of MAP7 was highlighted by studies in
Drosophila, which showed that flies lacking MAP7 do not sur-
vive until adulthood, and that peroxisome motion in cultured
Drosophila neurons was severely impaired in either kinesin null
or MAP7 null cells [30]. In addition, the kinesin binding domain
of MAP7 was sufficient to sustain mitochondrial motility in S2
cells depleted of endogenous MAP7, indirectly suggesting that
it may play a role in overcoming auto-inhibition of kinesin [30].
More recent studies, however, suggest that biological context
may influence whether the kinesin binding domain of MAP7
is sufficient to affect kinesin function. While expression of the
kinesin binding domain alone rescues centrosome separation
defects in Drosophila brain neuroblasts, it did not restore mRNA
localization or fast oocyte streaming [32].

Our results and interpretation align with a recent study by
McKenney and colleagues [29], which suggests that human
hetero-tetrameric kinesin is activated by synergistic mecha-
nisms. In their study, a combination of binding of the cargo-
adaptor protein nesprin-4 to the light chain of kinesin-1 in
combination with MAP7 results in the most active kinesin. A
notable difference in our study is that BicD binds to the heavy
chain of homodimeric kinesin for relief of auto-inhibition, and
kinesin light chains decrease binding to BicD. KLC can thus be
considered a modulator of kinesin function, as it dictates the de-
gree of binding to BicD and thus indirectly how activated the
pool of available kinesin will be. In both studies, MAP7 was
shown to recruit more motors to the MT, without directly having
an effect on the release of auto-inhibition of kinesin. In a broad
sense, both the release of auto-inhibition and the recruitment of
more motors to the MT can be considered as “activation,” but
here we make a distinction between the two mechanisms. A
multi-step activation process may allow finer tuning of activity
levels than one process alone.

We also show that BicD has the capacity to bind two kinesins,
which is a further way to obtain a larger spectrum of activities
that can modulate cargo movement to the plus end of the MT.
Longer run lengths were seen when two kinesins were bound to
BicD, which presumably would also result in higher force pro-
duction. The ability of BicD to bind two kinesins mirrors our
previous study that demonstrated recruitment of two dyneins to
BicD [13], similar to observations by others using mammalian
BicD2 [17]. BicD with two bound dyneins moved faster and lon-
ger than BicD with only one dynein. Thus, a consequence of two
kinesins being able to bind to BicD would be the maintenance of
more balanced forces between kinesin and dynein during cargo
transport.

Structural evidence is needed to reveal whether kinesin binds to
two different regions in the central domain of BicD, or whether

each chain of the coiled-coil can bind a kinesin via the same
primary sequence. Based on the AlphaFold protein structure da-
tabase, the kinesin binding site is located in helices 3 and/or 4 of
BicD (shown schematically in Figure 1A). The binding of mam-
malian kinesin to BicD2 was also mapped to the central region
of BicD2 [38]. Thus, both the Drosophila and mammalian BicD
family proteins have three domains: an N-terminal region that
binds dynein-dynactin, a central region that binds kinesin and a
C-terminal region that binds cargo-adaptor proteins to link the
motor complex to cargo.

A number of dynein activating adaptors bind both dynein-
dynactin and kinesin. Although dynein-dynactin is uniformly
activated by these adaptors, their effect on kinesin activity has
not been investigated in as much detail. A recent study using
cellular lysates showed that a full-length activating adaptor
TRAK2, which links both dynein and kinesin-1 motors to mito-
chondria, strongly activates kinesin-1 [39]. In contrast, purified
truncated constructs of TRAK1 and TRAK2 were insufficient
to robustly activate homodimeric kinesin-1 unless MAP7 was
also present [40]. These disparate results require further inves-
tigation to be reconciled. Another example of kinesin binding
to a dynein activating adaptor is Hook3 and kinesin-3 (KIF1C).
Kinesin-3 isolated from human 293 T cells was a robust proces-
sive motor in the absence of Hook3, and the addition of Hook3
resulted in no further activation [41]. In contrast, Hook3 dou-
bled the MT recruitment of kinesin-3 that was expressed in in-
sect cells, suggesting a release of auto-inhibition upon binding
to Hook3 [42]. The reasons for this discrepancy have not been
resolved, but could be due to differences in post-translational
modifications to the motor or other factors. It is not a universal
feature that all activating adaptors allow simultaneous binding
of dynein and kinesin; for example, an active dynein-dynactin
TRAKI1 complex that moves toward the minus end of the MT
was reported to be incompatible with kinesin binding [40].

This study lays the groundwork for investigating the motion
of biologically relevant complexes containing both dynein and
kinesin-1 linked via BicD. The goal is to understand what fac-
tors bias the direction of motion of the complex, and whether
bidirectional motion caused by the active motor switching from
dynein to kinesin will be observed during a trajectory. It was
hypothesized based on studies with isolated phagosomes and
mathematical modeling that the net transport of cargoes can be
regulated by controlling only one motor, in particular kinesin-1
[34]. Knowing that one or two kinesins can bind to BicD, and
that MAP7 enhances kinesin recruitment to the MT, will allow
us to test directional outcomes in a systematic way.

4 | Experimental Procedures
4.1 | Kinesin-1 Expression and Purification

The Drosophila melanogaster full-length kinesin heavy chain
(accession number AF053733) was expressed in Sf9 cells with
a C-terminal biotin tag, which is an 88-amino acid segment
derived from the Escherichia coli carboxyl carrier protein, fol-
lowed by a FLAG tag to facilitate purification. Biotinylation oc-
curs during expression in Sf9 cells [43]. The kinesin light chain
KLC2 (accession number AF055298) was cloned with a 6x His
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tag at its C-terminus. Recombinant baculovirus was prepared by
standard protocols.

Kinesin heavy chains and light chains were co-expressed in
Sf9 cells and grown for approximately 72h at 27°C in media
supplemented with 0.2mg/mL biotin, harvested by centrifu-
gation, and re-suspended in 10mM imidazole, pH 7.0, 0.3M
NaCl, 1mM EGTA, 5mM MgCl,, 7% sucrose, 2mM DTT,
0.5mM AEBSF, 0.5mM TLCK, 5ug/mL leupeptin and 1 mM
ATP. Cells were lysed by sonication, and the lysate was clari-
fied by centrifugation at 200000 g for 30 min. The supernatant
was applied to a FLAG affinity resin column (Sigma-Aldrich,
A2220) and washed with 10 mM imidazole, pH 7.0, 0.3 M NaCl
and 1mM EGTA. Kinesin was eluted from the column by
the addition of 0.1 mg/mL FLAG peptide (APEXBIO, A6002)
to the buffer. Eluted fractions of interest were supplemented
with 1mM DTT, 1ug/mL leupeptin, and 10uM ATP before
being concentrated using an Amicon centrifugal filter device
(Millipore, UFC801024). Kinesin was clarified at 487000g for
20min and dialyzed versus 10 mM imidazole, pH 7.4, 200 mM
NacCl, 55% glycerol, 1mM DTT, 10uM MgATP and 1ug/mL
leupeptin. Protein concentration was determined with the
Bradford reagent (Thermo Scientific, 1856210), using BSA as
a standard. The protein was flash frozen in small aliquots and
stored at —80°C. Drosophila kinesin®H? (lacking amino acids
K521-D641) with a C-terminal biotin and FLAG tag was simi-
larly expressed and purified.

4.2 | BicD Expression and Purification

Full-length Drosophila BicD, BicD®®! (amino acids 21-380),
BicD®C2 (amino acids 318-557), BicD®®? (amino acids 536-782),
BicDCC2-CC3 (amino acids 318-782), BicD318-638 BicD*37-782 were
expressed in Sf9 cells for approximately 72h at 27°C in media
supplemented with 0.2mg/mL biotin [13]. Each construct
had a FLAG tag followed by a biotin tag at the N-terminus.
Purification was the same as described above for kinesin, except
that ATP was omitted.

4.3 | MAP7 Expression and Purification

Drosophila  melanogaster MAP7  (accession number
NP_728941.2), with N-terminal FLAG and SNAP tags, was
expressed in Sf9 cells as described above for BicD. MAP7XBD
(amino acids 499-887) was expressed in BL21(DE3) bac-
terial cells. Cells were induced with 1.0mM isopropyl
1-thio-D-galactopyranoside and grown at 37°C for 3h. Cells
were pelleted by centrifugation and resuspended in 10 mM so-
dium phosphate, pH 7.5, 0.3 M NacCl, 0.5% glycerol, 7% sucrose,
7mM B-mercaptoethanol, 5ug/mL leupeptin, 10 mM AEBSF,
0.5mM phenylmethylsulfonyl fluoride and 0.5mM TLCK.
The lysate was sonicated, clarified by centrifugation, and the
supernatant applied to a HIS-Select nickel affinity column
(Sigma-Aldrich P6611). The column was washed with 10 mM
sodium phosphate, pH7.5, 0.3M NaCl, 10 mM imidazole, and
then the same buffer containing 30 mM imidazole. The pro-
tein was eluted with 10 mM sodium phosphate, pH7.5, 0.3M
NaCl and 0.2M imidazole. The fractions of interest were com-
bined and concentrated by dialysis in buffer containing 10 mM

HEPES, pH7.5,0.3M NaCl, 1 mM DTT and 1 pg/mL leupeptin
and 50% glycerol. Protein concentration was determined with
the Bradford reagent (Thermo Scientific, 1856210), using BSA
as a standard. Protein was stored at —20°C.

4.4 | Rigor Kinesin Expression and Purification

Rigor kinesin (G235A mutation in rat kinesin 1-406, acces-
sion number XP_032759158) with an N-terminal 6x HIS tag
was cloned into pET24b and expressed in E. coli Rosetta (DE3)
(Millipore-Sigma 70954). Cells were induced with 1.0mM iso-
propyl 1-thio-D-galactopyranoside and grown at 25°C for 18h.
Cells were pelleted by centrifugation and resuspended in lysis
buffer (10mM sodium phosphate, pH7.5, 0.2M sodium chlo-
ride, 1mM ethylene glycol-bis(2-aminoethylether)-NNN'N’-
tetraacetic acid, 0.5mM dithiothreitol, 0.5mM AEBSF, 5ug/
mL leupeptin, 0.5mM TLCK and 0.5mM PMSF). The lysate
was sonicated, clarified by centrifugation and applied to a HIS-
Select nickel affinity resin (Sigma-Aldrich, P6611). The resin was
washed with 10mM sodium phosphate, pH7.5, 0.2M sodium
chloride, 1 mM ethylene glycol-bis(2-aminoethylether)-NNN'N’-
tetraacetic acid, 0.5mM dithiothreitol containing 10mM imid-
azole, then containing 30 mM imidazole, and protein was eluted
with the same buffer containing 0.2M imidazole. The protein
was pooled and concentrated using an Amicon centrifugal fil-
ter device (Millipore, UFC801024), and dialyzed versus 10 mM
imidazole, pH 7.5, 0.2M sodium chloride, 1 mM ethylene glycol-
bis(2-aminoethylether)-NNN’N'-tetraacetic acid, 50% glycerol,
0.5mM DTT and 1pg/mL leupeptin. Protein concentration
was determined with the Bradford reagent (Thermo Scientific,
1856210), using BSA as a standard. Protein was stored at —20°C.

4.5 | Microtubules

To prepare labeled microtubules for the motility assay, unlabeled
tubulin isolated from cow brains was mixed with rhodamine-
labeled tubulin (Cytoskeleton, Denver, CO, TL590M) at a 1:10M
ratio on ice. The tubulin mixture was polymerized by incubation
in a 37°C water bath for 30 min and then stabilized with 10 mM
paclitaxel (Cytoskeleton, Denver, CO TXDO01). Stabilized micro-
tubules were kept at room temperature.

4.6 | Flow Cell Preparation

Glass cover slides measuring 24x60mm (Fisher Scientific,
12541037) were plasma cleaned for 5min on each side and
were subsequently placed in glass Coplin jars. These jars
were filled with 1M KOH and immersed in a sonicating
water bath for 30min. Following this, the slides were washed
with water and then 95% ethanol. Once dried, the slides
were moved to Coplin jars containing a solution of 1.73%
2-methoxy(polyethyleneoxy)propyltrimethoxysilane (Gelest
Inc., SIM6492) and 0.62% n-butylamine (Acros Organics, 109-
73-9) in anhydrous toluene (Sigma-Aldrich, 244511). The slides
were incubated for 90-120min at room temperature. After in-
cubation, the slides were sequentially immersed in two beakers
filled with anhydrous toluene to remove excess chemicals. The
slides were then dried using a nitrogen stream and stored at 4°C.
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To ensure that the microtubules would not depolymerize, all
buffers were equilibrated at room temperature. The PEGylated
glass slides were coated with 0.2mg/mL rigor kinesin for mi-
crotubule attachment and then rinsed 2-3 times with BRB80
buffer containing 80 PIPES (Sigma-Aldrich P6757), pH?7,
1mM MgCl, (Quality Biological Inc. 351-033-721) 1mM
EGTA (Sigma-Aldrich, E4378) to remove excess rigor kinesin.
Rhodamine-labeled microtubules were then introduced to the
flow cell and allowed to attach to the glass surface via the rigor
kinesin for 5min. The flow chamber was subsequently washed
2-3 times with BRB80 containing 10mM DTT (Fisher Scientific
ICN10059750), 5mg/mL BSA (Sigma-Aldrich A3069), 0.5mg/
mL x-casein (Sigma-Aldrich P-C0406) and 0.5% Pluronic F68
(Sigma-Aldrich P-1300) to remove any excess MTs and to block
the glass surface with BSA and casein. Finally, the samples were
diluted in motility buffer (80 PIPES [Sigma-Aldrich P6757],
pH7, 1mM MgCl,, 1mM EGTA, 10mM DTT [Fisher Scientific
ICN10059750], 5mg/mL BSA [Sigma-Aldrich, A3069], 0.5mg/
mL x-casein [Sigma-Aldrich, P-C0406] and 0.5% Pluronic F68
[Sigma-Aldrich, P-1300], and 2mM MgATP [Sigma-Aldrich,
A2383]) and observed for motion using TIRF microscopy.

4.7 | Formation of the Kinesin-BicD Complex

Kinesin and BicD constructs were diluted into BRB80 buffer
(80mM PIPES, pH7.0,2mM MgCl,, 0.5mM EGTA) with freshly
added 20mM DTT and clarified for 20min at 400000g. Protein
concentration was determined with the Bradford reagent
(Thermo Scientific, 1856210) using BSA as a standard. In sep-
arate tubes, kinesin was mixed with 525nm streptavidin Qdots
(Invitrogen, Q10141MP) in a 1:2 M ratio and BicD was mixed with
655nm streptavidin Qdots (Invitrogen, Q10121MP) in a 1:1M
ratio in separate tubes, and the mixture was incubated on ice for
15min. To block any excess binding sites on streptavidin Qdots,
5uM biotin was added to both tubes. The labeled kinesin and
BicD were then mixed together in a molar ratio of 1:2 (500nM
kinesin, 1 uM BicD) and incubated on ice for 30 min in BRB80,
20mM DTT (Fisher Scientific, ICN10059750), 2mM MgATP
(Sigma-Aldrich, A2383), 2.5mg/mL BSA (Sigma-Aldrich,
A3069), 0.5mg/mL kappa-casein (Sigma-Aldrich, P-C0406),
0.5% Pluronic F68 (Sigma-Aldrich, P-1300), 10uM paclitaxel
(Cytoskeleton, Denver, CO TXDO01), and an oxygen scavenger
system 5.8 mg/mL glucose (EM Science, DX0145), 0.045mg/mL
catalase (Sigma-Aldrich, C40) and 0.067 mg/mL glucose oxidase
(Sigma-Aldrich, G6125). The kinesin-BicD complex was diluted
into motility buffer, and the movement of kinesin on microtu-
bules was observed at a final kinesin concentration of 5nM. To
further confirm the interaction between kinesin and various
BicD constructs, BicD was labeled with streptavidin Qdots in a
1:1M ratio while kinesin was kept unlabeled, and the motion on
microtubules was observed by TIRF microscopy.

4.8 | Determination of the Number of Kinesin
Molecules Bound to BicD

Kinesin®H2 (2 uL of 2 uM) was separately labeled with either 488
or 647nm Alexa fluor (2L of 2uM) in buffer BRB80 and incu-
bated for 15min on ice. The labeled kinesins were mixed in a
2:1M ratio with unlabeled BicDC€2-CC3 and incubated for 30 min

on ice. The two-motor complex was diluted in the motility buffer
described above and observed on a glass surface using TIRF mi-
croscopy. For motility assays, kinesin®H2 was separately labeled
with either 525 or 655nm streptavidin Qdots and then mixed
with BicD. The motion of the two-motor complex was observed
by TIRF microscopy.

Interferometric scattering microscopy was used to determine
the molecular mass of the kinesin-BicD complex, using the pro-
cedure outlined in [37]. Specifically, kinesin®H2? and BicD¢¢2-¢¢3
were combined in a 2:1M ratio in filtered BRB8O buffer.
Streptavidin, BicD, and kinesin were used to create a standard
curve for contrast/mass conversion. Protein was diluted to
25-50nM and flowed into a clean flow cell and mounted onto
a Refeyn OneMP interferometric scattering microscopy (iISCAT)
(Refeyn Ltd. Unit 9, Trade City, Sandy Ln W, Oxford OX4 6FF,
UK) for observation. Movies of events of protein binding to the
surface were recorded for 1 min and later exported for process-
ing by software to find the contrast of individual binding events
and converted to mass using the standard curve. The histo-
gram of the mass of proteins that binds to the surface was fit to
a Gaussian distribution to find the molecular mass of protein
complexes.

4.9 | Formation of the Kinesin-MAP7 Complex

Kinesin was labeled with 565nm streptavidin Qdots and then
mixed with varying concentrations of MAP7 (5-80nM). After
30min incubation on ice, the samples were observed on MTs
using TIRF microscopy. To directly observe the interaction be-
tween kinesin and MAP?7, each protein was labeled with a dif-
ferent color Qdot (525 or 655nm). Two pL of 1uM kinesin was
mixed with 4uL of 1uM Qdot, and 2uL of 2uM MAP7 was
mixed with 2uL of 1uM Qdot. After 15min incubation, 5uM
biotin was added to each tube to block unoccupied binding sites
on the streptavidin Qdots, followed by an additional 15min in-
cubation. Subsequently, the Qdot-labeled kinesin and MAP7
were mixed and incubated for another 30 min. Following dilu-
tion to 5nM kinesin, the motion on MTs was observed by TIRF
microscopy.

4.10 | Microscopy and Data Analysis

The single molecule images were acquired on a Nikon ECLIPSE
Ti microscope equipped with objective-type TIRF. Qdots
(525 or 655nm) were excited using a 488nm laser line, while
the Alexa fluor dyes were illuminated by 488 or 647nm laser
lines. Additionally, a 561 nm laser line was used to illuminate
rhodamine-labeled microtubules. Two Andor EMCCD cameras
(Andor Technology USA, South Windsor, CT) were employed to
capture 300-600 frames at 100-200 ms intervals (5-10 frames/s)
for moving complexes. All experiments were conducted at a
room temperature of 23°C+1°C. To detect the immobile dual
color complex on the glass surfaces, 30-60 frames at 200 ms in-
tervals were captured. The resolution of the captured images was
0.1066 um/pixel. The MTrackJ plugin of Image J was utilized to
track moving objects in image sequences and provide data for
further analysis. The travel distances or run lengths were mea-
sured from the appearance of the Qdot-labeled kinesin until its
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detachment from the microtubules. Run length data were plot-
ted as a 1-cumulative probability distribution. GraphPad Prism
Software (Version 10) was used to fit the data to a one-phase
exponential decay equation p(x) =Ae—x/A, where x denotes the
travel distance along microtubules, p(x) represents the relative
frequency, and A represents the amplitude. The speed was calcu-
lated by dividing the total length by the total time and reported
as mean + SD, while the run length was reported as mean + stan-
dard error (SE). To calculate processive events or run frequency,
the total number of runs per s per microtubule length per micro-
molar kinesin was counted. To determine the statistical signif-
icance between two sets of run-length data, the nonparametric
Kolmogorov-Smirnov test was conducted with a 95% confidence
interval using GraphPad Prism software (Version 10). An un-
paired ¢-test with Welch's correction was performed to calculate
the p-value between two sets of speed data. A p-value equal to or
below 0.05 is considered to be statistically significant. For three
or more run length or speed or run frequency datasets, statisti-
cal significance was calculated using one-way ANOVA followed
by Tukey's post hoc test.

411 | Criteria for Processive Versus
Diffusive Motion

If kinesin traveled a distance greater than 0.5um, occasionally
exhibiting diffusive motion but with a bias towards the plus end
of the microtubule, it was classified as processive motion. When
kinesin traveled distances up to 0.5pum and displayed a back-
and-forth motion resulting in an approximate zero displace-
ment, it was categorized as diffusive motion.
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