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While there have been many single-molecule studies of kinesin-1, most have been done along microtu-
bules purified from bovine or porcine brain, and relatively little is known about how variations in tubulin
might alter motor function. Of particular interest is transport along microtubules polymerized from tubu-
lin purified from MCF7 breast cancer cells, both because these cells are a heavily studied model system to
help understand breast cancer, and also because the microtubules are already established to have
interesting polymerization/stability differences from bovine tubulin, suggesting that perhaps transport
along them is also different. Thus, we carried out paired experiments to allow direct comparison of
in vitro kinesin-1 translocation along microtubules polymerized from either human breast cancer cells
(MCF7) or microtubules from bovine brain. We found surprising differences: on MCF7 microtubules,
kinesin-1’s processivity is significantly reduced, although its velocity is only slightly altered.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Microtubules are one of the intracellular components responsi-
ble for many cell functions including but not limited to cell shape,
cell division, and intracellular transportations. These dynamic
polymers are structured from alpha and beta tubulin heterodimers
[1–5]. Anti-mitotic therapies such as taxol suppress microtubules
dynamics, highlighting the importance of their dynamics in con-
tributing to appropriate cell division. Overall, the functionality
and dynamics of microtubules has been broadly studied, and the
changes caused by anti-mitotic drugs have been examined through
both theoretical and experimental approaches [6–10].

Intriguingly, there are multiple different tubulin isotypes, and
in different types of cells these have been shown to result in micro-
tubules with diverse distributions of beta tubulin isotypes [11–18].
This discovery then leads to further studies characterizing the role
of different beta tubulin isotypes in contributing to the dynamic
and mechanical parameters of microtubules, as well as to their
response to anti-cancer drugs [19–28].

In addition to other cellular functions, microtubules play a
central role in intra-cellular transportation. Through binding and
translocation along microtubules, motor proteins such as kinesin
travel along microtubules, driving transport of cargos inside cells
[29–32]. There are mutual effects of motor proteins on microtu-
bules, and vice versa. For example, Hunter et al. have showed that
motor proteins influence microtubule polymerization [33]. Con-
versely, a recent study by Sirajuddin et al. [34] reveals that the
function of some motor proteins is affected by the tubulin isotypes
of the microtubule to which they attach. Collectively, the results of
these studies suggest that the unique intracellular functionalities
of different cells are directly tied to the special characteristics of
their elements. Thus, a better understanding of translocation of
motor proteins in different cells may help understand cell-specific
differences in function, especially with regard to cancer, ultimately
contributing to engineering more effective therapeutic agents spe-
cifically targeting motor functions in only certain environments.

Here we characterize microtubule based translocation along
microtubules derived from neuronal vs. cancerous cells. Critically,
the resultant microtubules thus carry significantly different
distributions of beta tubulin isotypes.
2. Materials and methods

2.1. Protein preparation

2.1.1. Microtubules
Two types of microtubule used in this study includes MCF7

microtubules and bovine brain microtubules. Microtubules were
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Fig. 1. Two recorded snapshots of the beads’ movement along bovine brain and
MCF7 microtubules are expressed as examples. The movement of the kinesin-1
coated bead along a single (A) bovine brain microtubule, (B) MCF7 microtubule is
shown. The horizontal axis represents the time in the unit of second. The vertical
axis represents the displacement in the unit of nm. The picks represent the
detachment points of kinesin from microtubules. The experiments were conducted
in the presence of 1 mM of ATP. In this case, the shorter displacement can be
identified along the MCF7 microtubules, as compared to the bovine brain
microtubules. This turned out to be statistically true as shown in Fig. 2.
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polymerized from (A) Bovine brain tubulin (Cytoskeleton, Denver,
Co, Cat. TL238A). The tubulin at �4.2 mg/ml was polymerized
through incubation for 30 min in BRB80 (80 mM PIPES, pH 7.0,
0.5 mM EGTA, and 1 mM MgCl2), 1.0 mM GTP, and 20 lm Taxol
at 37 �C. The polymerized Bovine microtubules were then diluted
in 1:100 ratio in the same buffer explained above (stabilizing
buffer). (B) Human Breast Cancer Cell (MCF7) cell tubulin (Cyto-
skeleton, Denver, CO, Cat. H005). The tubulin at the same concen-
tration�4.2 mg/ml was polymerized from MCF7 tubulin. While we
have not measured the polymerization parameters of MCF7 tubu-
lin, their polymerizations are significantly different from Bovine
Brain tubulin. In order to reach to microtubules with a long length,
the appropriate buffer and polymerization conditions were opti-
mized in this case. We polymerized MCF7 tubulin in BRB80
(80 mM PIPES, pH 7.0, 0.5 mM EGTA, and 1 mM MgCl2), 1.5 mM
GTP, 5% Glycerol, and 20 lm Taxol at 37 �C. The incubation time
at this temperature was almost 120 min. However, the polymer-
ized microtubules remained in the room temperature for another
120 min. As compared with the Bovine brain microtubules, the
samples of MCF7 microtubules after polymerization were less
populated. Therefore, we diluted MCF7 microtubules in the same
buffer in 1:25 ratio.

2.1.2. Motor proteins
We followed the previously reported procedure: kinesin-1 solu-

tion was thawed and diluted with assay buffer (66.4 mM Pipes, pH
6.9/50 mM potassium acetate/3.4 mM MgSO4/0.8 mM DTT/
0.84 mM EGTA/10.1 lM Taxol). To reach to single molecule level
we implemented a series of dilution where almost 33% of binding
kinesin-microtubules binding can be confirmed. Also, in order to
keep motors functional for several measurements during the
experiment day, kinesin-1 solutions were deep frozen in liquid
nitrogen after each step of dilution. The polystyrene beads (489-
nm diameter; Polysciences, Warrington, PA) were incubated with
the kinesin-1 in the presence of 10 lM MgATP for almost 20 min.
The bead bead’s stock was further diluted with 1:20 ratio in
PEM. An oxygen scavenging solution (250 lg/ml glucose oxidase,
30 lg/ml catalase, 4.6 mg/ml glucose) was added to the solution
of kinesin polystyrene coated beads just before they are added to
the microtubules [35–37].

2.2. Sample preparation

The flow chamber was assembled by spacing a polylysine
coated coverslip and a microscope slide. The Fellow chambers with
narrower channels were used for the diluted MCF7 microtubules.
Tissue paper was used to blot the solution out of the flow cell. Con-
sidering the width of the channel, between 15 and 25 lm of
diluted microtubules were flushed and incubated to the flow
chamber for 20 min. The chamber was then flushed with the stabi-
lizing buffer containing (5 mg/ml) of Casein to compete for tubulin
for possible nonspecific binding to the coverslips. The protein-bead
assay was the injected to the sample. The samples were then
sealed with vacuum grease and observed under microscope.

2.3. Microtubule bead visualization and data analysis

Microtubule and beads were visualized with a Nikon TE200
(Nikon 1.49 NA, 100� objective, 1.4 NA condenser, Tokyo, Japan)
using differential interference contrast optics and were videotaped
with a CCD camera (30 fps, Dage-MTI-100, Michigan City, IN). The
beads were trapped by optical trapping technique under a low
power, then placed closed to individual microtubules. Those kinesin
with the proper orientations that could bind to an individual micro-
tubule could create the movement of the trapped beads. This move-
ments were recorded with a custom LabView program [38]. The
kinesin-1 coated beads progressed in one direction on a microtu-
bule. The bead displacements parallel to microtubules were repre-
sented the movement of kinesin-1 along individual microtubules.
The data were collected and analyzed by Igro-Pro software.

The velocities are calculated based on mean ± s.d. The mean run
length is calculated by fitting a decaying exponential to the histo-
gram distribution [39].
3. Results

We characterized in vitro translocation of single kinesin-1 motor
proteins along microtubules polymerized from human breast can-
cer cell tubulin, MCF7 and bovine brain. Studies were done at satu-
rating ATP, to reflect the typical high availability of ATP in vivo. We
used an optical trap to place single-motor beads on individual
microtubules, allowing us to determine both the distribution of tra-
vel distances of single motors (processivity) and associated veloci-
ties. Two example traces of individual beads’ movement along
bovine brain and MCF7 microtubule are shown in Fig. 1.

When multiple traces were analyzed, we were able to make a
histogram of travel distances (Fig. 2). From these histograms, via
fitting exponential decays, we obtained the unloaded single-motor
processivity. This was 1047 ± 0.00094 nm for bovine brain
(Fig. 2A), consistent with previous reports [40]. In contrast, the
unloaded processivity measured along the MCF7 microtubules
was 479 ± 0.002 nm (Fig. 2B). In both cases, the bead binding ratio
was less than 33%, consistent with single-motor travel. Thus, kine-
sin’s motion along MCF7 tubulin is significantly impeded.

Because of this, we considered whether the decrease in travel
was due to a difficulty in binding to the microtubules at each step.



Fig. 2. The histogram of the unloaded processivity of kinesin-1 along (A) bovine
brain, (B) MCF7 microtubules are shown. The histogram distribution of the
measurements in both cases are fitted to a decaying exponential. The processive
length is calculated from the time constant of exponential fit. The measured
processivity along bovine brain microtubules is 1047 ± 0.00094 nm (n = 36 mea-
surements, A) and for the MCF7 microtubules is 479 ± 0.002 nm (n = 80 measure-
ments, B). In both cases, the bead binding ratio was less than 33%, consistent with
single-motor travel.

Fig. 3. The histograms express the velocity distribution of kinesin-1 along (A)
bovine brain, (B) MCF7 microtubules. The average velocity of the kinesin-1is
calculated by fitting the Gaussian distribution to the histograms. The obtained
average velocity of kinesin-1 moving along bovine brain microtubules is
675 ± 13.3 nm/s. (n = 36 measurements, A). The similar velocity measured along
MCF7 microtubules is 599 ± 16.6 (n = 80 measurements, B).
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If so, we thought that this might then be reflected in a decreased
velocity. To test such a model, we measured the average velocity
of kinesin-1, and found it to be 675 ± 13.3 nm/s. along bovine brain
microtubules (Fig. 3A), and slightly lower, 599 ± 16.6 nm/s.
(Fig. 3B), along MCF7 microtubules.
4. Discussion

Recent work of Milic et al. suggests that kinesin processivity is
strongly influenced by ADP release [41]. Since the motors’ microtu-
bule affinity is low when bound to ADP, a very intriguing model to
account for our results is that the b-tubulin isoforms contribute to
control of ADP release rate. In this model, neuronal tubulin does a
better job at stimulating ADP release, resulting in a shorter portion
of the enzymatic cycle occurring in the ADP-state. This decreased
time in the weak binding state decreases the probability of detach-
ment per step, improving single-motor processivity. Furthermore,
by decreasing the amount of time in the ADP-portion of the cycle,
the entire cycle speeds up, resulting in the small but statistically
significant difference in mean velocity.

How might these different tubulin isoforms affect ADP release?
Unlike neural mammalian microtubules with class II of beta tubu-
lin as the major beta tubulin in their compositions, MCF7 microtu-
bules are composed of 0% class II beta tubulin isotype, 39.1% class I
beta tubulin isotype, 2.5% class III beta tubulin isotype and 58.4%
class IV beta tubulin isotype [42]. In bovine brain microtubules
beta tubulin isotypes in their structures are 3% class I, 58% class
II, 25% class III, and 13% class VI [43].

The length of C-terminal and charges in the two groups of
microtubules under study are different. In previously reported
results of some studies, conformational differences of the C-termi-
nal of different beta tubulin isotypes and the interaction between
C-terminal and the neck domain of kinesin were suggested as crit-
ical contributors to maintain motor-microtubule contact and the
distinctions that can be created in the translocation characters
including average velocity and processivity [44,45]. Also in some
other works, some connections between the C-terminal and the
ATPase activity has also been suggested [46,47]. Therefore, while
the C-terminal of tubulin may affect ADP release, the mechanism
that beta tubulin isotype-specified C-terminal may change the
ATPase activity, still needs to be explored.

From a biological stand point, one might wonder why the
microtubules of different cells contain different tubulin isotypes.
The biology of cancer cells is still poorly understood; while we
know that the dimensions of these cells is much smaller than neu-
ronal cells—so they can survive with shorter mean travels—in fact
we know very little about what microtubule-based functions are
particularly important for them. This finding—that transport is
indeed likely to be different from normal cells—is intriguing, and
we consider it an important point of departure for better
understanding of the unique function of cancerous cells.
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