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Molecular motors, essential to force-generation and cargo transport within cells, are invaluable tools for
powering nanobiotechnological lab-on-a-chip devices. These devices are based on in vitro motility assays
that reconstitute molecular transport with purified motor proteins, requiring a deep understanding of the
biophysical properties of motor proteins and thorough optimization to enable motility under varying envi-
ronmental conditions. Until now, these assays have been prepared manually, severely limiting throughput.
To overcome this limitation, we developed an in vitro motility assay where sample preparation, imaging
and data evaluation are fully automated, enabling the processing of a 384-well plate within less than three
hours. We demonstrate the automated assay for the analysis of peptide inhibitors for kinesin-1 at a wide
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range of concentrations, revealing that the IAK domain responsible for kinesin-1 auto-inhibition is both
necessary and sufficient to decrease the affinity of the motor protein for microtubules, an aspect that was
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Introduction

Optimized by a billion years of evolution to work on a nano-
meter scale, motor proteins have been shown to be ideal tools
for biomolecular motor powered diagnostic devices."™ Reli-
able function of such devices requires thorough optimization
of sample solutions® and surface chemistries.®” Moreover,
molecular motors are important for many vital cellular func-
tions such as axon guidance during neural development and
regeneration,® the resupply of the synapse by axonal trans-
port,’ cell division,' cellular motility,"* and muscle contrac-
tion."> Consequently, motor proteins are involved in a multi-
tude of diseases: (i) many neurodegenerative diseases are
linked to a disruption of axonal transport (e.g. Alzheimer's,
Amyotrophic Lateral Sclerosis, Huntington and others). (ii)
The regeneration of injured nerve fibers requires working
axon guidance.'* (iii) Cancer cells depend on a working cyto-
skeletal machinery for cell division and inhibiting cell motil-
ity can decrease cancer invasiveness and formation of metas-
tases."> Therefore, motor proteins are interesting targets for
bio-nanotechnology, basic biological and biophysical research
as well as for pharmaceutical studies.

In bio-nanotechnology as well as basic research, in vitro
motility assays have been instrumental to studying the bio-
physical properties of molecular motors."*>® Most promi-
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hidden in previous experiments due to scarcity of data.

nently, in so called “gliding motility assays”, cytoskeletal fila-
ments are propelled along a surface by adsorbed motor
proteins (see Fig. 1 center). Commonly, such assays are
performed in the laboratory by using simple flow-cells where
channels are formed by strips of double-sided sticky tape or
parafilm sandwiched between two coverslips.>”*® While such
assays are well suited for small-scale studies,”**® their
throughput is limited by the number of channels per cover-
slip (usually a maximum of four) and the necessity to manu-
ally exchange solutions in the channels. In pharmaceutical
research, high-throughput assays analyzing motor proteins
have therefore either relied on measuring ATPase activity®' >*
or on observing changes in cell morphology.*® While a num-
ber of small-molecule inhibitors for motor proteins were suc-
cessfully identified, clinical data for these compounds have

Fig. 1 Automated assay preparation and imaging. The assay is
prepared by a pipetting robot (left) in a 384-well plate (center top).
Each well contains a microtubule gliding assay where surface-
adsorbed kinesin-1 motors propel microtubules along the surface
(center bottom). Movement of the fluorescently-labeled microtubules
is recorded by a motorized inverted microscope (right).
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largely been disappointing, mainly due to incomplete inhibi-
tion or rapid formation of resistance.>® To overcome these
limitations, detailed studies of the inhibition mechanism are
indispensable®® and expensive failures in clinical trials will
be avoidable, if the inhibition mechanism is known early
during drug development. However, the frequently used
ATPase activity only indirectly reflects molecular transport,
which is the biologically relevant activity of a motor protein.
For example, a reduction of ATPase activity can be caused by
i) inhibition of the motor in rigor state (attached to the
microtubule), ii) inhibition of the motor in ADP state (de-
tached from the microtubule), or iii) depolymerization of
microtubules. An ATPase assay is unable to distinguish be-
tween these possibilities whereas an in vitro motility assay
will make the difference obvious because the microtubules
will i) be stopped but remain attached to the surface, ii) de-
tach from the surface but remain in solution or iii) be
completely gone. Consequently, ATPase assays can always
only be the starting point for a more thorough analysis re-
quiring additional experiments. They contain little informa-
tion about the mechanism of inhibition and give no indica-
tion of potential off-target effects. Cell morphology screens,
on the other hand, are experimentally complex, often hard to
interpret and difficult to evaluate automatically. Here, we
present a novel assay that greatly improves the throughput of
in vitro motility assays, allowing the direct observation of mo-
lecular transport by molecular motor proteins. Thus, in addi-
tion to providing a powerful tool for advanced biophysical
studies, our assay is expected to enable the study of inhibi-
tion mechanisms early in the process of screening for drugs
targeting molecular motors.

The throughput of our assay allowed us to analyze a wide
range of concentrations of peptide inhibitors for kinesin-1,
revealing a novel aspect of kinesin-1 autoinhibition.

Results
The assay

Using a pipetting robot (Fig. 1 left), we automated the sample
preparation in glass-bottom 384-well plates (Fig. 1 center).
Briefly, the pipetting program consisted of four steps (see
Methods for more details): (i) surface blocking with casein.
(if) Adhesion of kinesin-1 motor proteins. (iii) Addition of
fluorescently labeled microtubules. (iv) Addition of com-
pound solution (without removal of the microtubule solu-
tion). In order to improve long-term stability of the assay, we
used long-lifetime kinesin-1 expressed in insect cells’” and
an oxygen scavenger system that does not affect the pH of
the buffer.*® For automated image acquisition, the 384-well
plate was transferred to a motorized fluorescence microscope
equipped with an autofocus system (Fig. 1 right). The under-
side of the 384-well plate was silanized with
perfluorodecyltrichlorosilane (FDTS), making it highly hydro-
phobic. Silanization allowed us to use a water-immersion ob-
jective because the immersion medium remained attached to
the objective and did not spread over the glass bottom of the
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384-well plate. Each well was imaged for 11 s at a frame-rate
of 1/s. With this setup, it was possible to prepare and image
384 assays in less than two hours. From personal experience,
we estimate that in the same time, a well-trained researcher
commonly prepares and images roughly 8 assays in conven-
tional flow-cells. In order to cope with the 48-fold increase in
data volume, we automated the data analysis. We adapted a
MATLAB algorithm®® to run fully automated on a high-
performance computing cluster. The applied algorithm iden-
tifies microtubule ends in each frame and localizes their po-
sitions with sub-pixel resolution (Fig. 2a). This data forms
the basis for the analysis of (i) microtubule velocity, (ii)
microtubule number (iii) microtubule length, and (iv) micro-
tubule bundling (Fig. 2b-d; see Methods for more details).
Data analysis for a 384-well plate was performed in under an
hour, depending on available computing power.

Validation

To benchmark the performance of our automated assay, we
compared results obtained in conventional flow-cells, with re-
sults from a 384-well plate (Fig. 3). In the presence of 1 mM
ATP, microtubules were moving smoothly at median (and
interquartile range) velocities of 830 (774-867) nm s ' and
947 (855-1035) nm s " in the flow-cell and the 384-well plate,
respectively (Fig. 3b). The difference in velocity (p < 2 x
107°°%) is attributed to a difference in the microscope temper-
ature during imaging®® (25 °C and 27 °C for the flow-cell and
the 384-well plate, respectively). Microtubule velocity
(Fig. 3c), number (Fig. 3d), length (Fig. 3e) stayed almost con-
stant over the course of four hours in both assays (absolute
linear regression slope <0.003 nm s, <0.003 1/s, and <0.1
nm s for microtubule velocity, number and length, respec-
tively). Therefore, we can safely assume that results obtained
within this time-frame are comparable. Notably, the microtu-
bule density was higher on the 384-well plate, likely because
the wells have a higher volume-to-surface ratio than flow-
cells. Also, the microtubule length was slightly lower on the
384-well plate; likely because microtubules were sheared dur-
ing pipetting by the robot. Bundling was negligible in both
cases (bundling ratio of 0.018 (0.0137-0.0242) for the 384-
well plate and 0 (0-0.0004) for the flow-cell). Microtubule ve-
locity, varied very little between different wells within the
384-well plate as shown for columns 11 and 12 out of 24 for
two 384-well plates imaged on two different days (Fig. 3f). We
always used two columns of the 384-well plate as internal
controls, because our assay is very sensitive to the ambient
temperature: using MATLAB's bootci function, we estimated
the median (and 95% confidence interval) of an example con-
trol well to be 822 (817-830). At 25 °C, a velocity change of 7
nm s~ corresponds approximately to a temperature differ-
ence of 0.05 °C.*

As positive control for the detection of kinesin-1 inhibition
we chose adenylyl-imidodiphosphate (AMPPNP) (Fig. 4), a
slowly-hydrolysable ATP analogue. AMPPNP is known to be a
competitive inhibitor of kinesin-1 that inhibits the motor in
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Fig. 2 Automated data analysis. a) Fluorescence micrographs of
microtubules moving in an in vitro gliding motility assay. Microtubule
ends (green crosses) are identified and localized with sub-pixel resolu-
tion by a software algorithm.*® b) The algorithm connects the end po-
sitions in consecutive frames into tracks (light green line and +
markers) and fits a polynomial path (blue line and x markers) to each
track. c) The frame-to-frame distances along the path are used to cal-
culate frame-to-frame velocities for all microtubule ends (blue histo-
gram). The number of microtubules is estimated to be half the visible
microtubule ends. The microtubule length is estimated from the dis-
tances between the two ends of individual microtubules (assuming
that microtubules are mostly straight). d) Workflow of microtubule
bundling evaluation (see Methods for details).

a state where it is strongly bound to the microtubule.”’™*

Consequently, AMPPNP significantly decreased the kinesin-1
gliding velocity (linear regression over the first 5 AMPPNP
concentrations (+95% confidence bounds): -0.861 + 0.0057
nm s uM™") with half-maximal velocity at a concentration of
400 uM (Fig. 4a).

At the same time, we observed an increase in microtubule
number (Fig. 4b; linear regression: 31 + 5.5 microtubules per
mM AMPPNP) without significant changes in microtubule
length (linear regression: —0.2 + 0.25 um mM ' AMPPNP;
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b 1001 27.1°C
80)
®
o
15 60
5
8 40|
(]
20|
(]
0 1200 0 600 1
Frame-to-frame velocity (nm/s)  Frame-to-frame velocity (nm/s)
C

o AT AT

553333238232 223 8! -

600

Velocity (nm/s)
P
8

400 400

200, 200
d ° 0
&g
Eoms 0015
.‘é
8 oot 0.01
o
2 :
go.cos . :1 0,005
§

0 0
i 14 14
E n 12
;‘[5” 10 10
E : | l l : ’
Q
0
) T
o
s 2 2
% i 2 3 % 2 3
Time (h) Time (h)

f 24.8°C 27.1°C

1000 1000 {}i“{{“”“”*

HEHH ] o

384-well plate 1 600
columns 11 and 12
average velocity:
827 + 7.3 nm/s

@
=1
S

384-well plate 2
Columns 11 and 12
average velocity:
1010 £ 21 nm/s

&
=1
=)

400]

Velocity (nm/s)
>
3
8

200 200

0
ABCDEFGHIJKLMNOP ABCDEFGHIJKLMNOP
Row Row

Fig. 3 Assay validation. Microtubule gliding assays prepared manually
in a conventional flow-cell (left) and automated in a 384-well plate
(right). (a) Fluorescence micrographs. The right image (imaged using a
60x objective) is cropped to match the magnification of the left image
(imaged using a 100x objective). (b) Histograms of frame-to-frame ve-
locities of microtubules in the flow-cell (left) and the 384-well plate
(right). (c-e) Time dependency of velocity (c), microtubule number (d),
microtubule length (e). (f) Example data from individual control wells
of columns 11 and 12 of two 384-well plates that were imaged on dif-
ferent days. The given average velocity is the mean and standard devi-
ation of the median velocities of the individual wells. Micrographs were
cropped in order to fit multiple micrographs into one panel. (c, e and f)
Markers and error bars represent median values and interquartile
ranges, respectively. Each data point corresponds to typically 1300 to
2000 (c left), 9000 to 15000 (c right) or 300-500 (f) frame-to-frame
velocities, and 20 to 40 (e left) or 200 to 300 (e right) microtubule
length measurements.
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Fig. 4 High-throughput analysis of kinesin-1 inhibition by AMPPNP.
Quantified effects of AMPPNP at given concentrations on microtubule
velocities (a), microtubule number (b), microtubule length (c), and bun-
dling ratio (d). (f) Fluorescence micrographs show example frames of
microtubule gliding assays in the presence of AMPPNP at the given
concentrations. (a, ¢ and d) Markers and error bars represent median
values and interquartile ranges, respectively. Each data point corre-
sponds to typically 17000 to 26 000 frame-to-frame velocities (a),
2500 to 3700 microtubule length measurements (c), or 88 images ana-
lyzed for bundling (d).

Fig. 4c), indicating that the increase in microtubule number
was caused by an increase in the average affinity between
microtubules and kinesin-1 motors. Microtubule bundling
was low (Fig. 4d; median bundling ratio 0.05 (0.042-0.065)
for constant velocities at AMPPNP concentrations >1 mM)
and was attributed to random encounters of microtubules
with each other due to increased microtubule density.
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High-throughput analysis of kinesin-1 inhibition by peptides

Because of the increased throughput of our assay, we were
able to measure and analyze the effect of four synthetic pep-
tides (Table 1) at a variety of fine-grained concentration steps
in less than three hours. The utilized peptides have not been
previously tested for their effect on kinesin-1, but some of
them were similar to known kinesin-1 inhibiting peptides.
Peptide P1 was the Drosophila melanogaster homolog of the
IAK-domain from the tail region of Homo sapiens kinesin-1,
known to be responsible for the auto-inhibition of kinesin-
1.**® Thus P1 was expected to inhibit the motor in a confor-
mation that has low microtubule affinity.">*® Peptide P2
contained the inhibitory IAK domain from P1 and an adja-
cent microtubule-binding domain.*’

Peptide P3 contained the same microtubule-binding do-
main as P2 but no IAK domain. Finally, P4 had the same
amino acid content as P2 but the sequence was randomized.
12-36 different concentrations of each peptide were tested in
quadruples, so that (together with the AMPPNP controls de-
scribed above) a total of 384-wells was processed and ana-
lyzed (Fig. 5). All peptides were added to gliding assays in the
presence of 1 mM ATP.

P1 and P2 strongly reduced the microtubule gliding veloc-
ity (linear regression over the first 5 peptide concentrations:
-1.99 + 0.049 nm s ' pM ! and -13.3 + 0.19 nm s~ * uM " for
P1 and P2, respectively), reaching half-maximal velocity at in-
hibitor concentrations of 250 uM and 40 pM, respectively
(Fig. 5a, 1st and 2nd column). In contrast, P3, which was
identical to P2 except that it is missing the IAK motif, has
only a minimal effect on the microtubule gliding velocity
(Fig. 5a, 3rd column; linear regression over the first 5 peptide
concentrations: —=0.13 + 0.013 nm s ' uM ™). For the random-
ized peptide P4, only a small effect on the gliding velocity
was observed for up to 300 uM (linear regression: —0.25 +
0.017 nm s~' uM"). Surprisingly, at concentrations >300 uM,
P4 caused a sharp transition to strong velocity inhibition (lin-
ear regression 300 uM to 500 pM: —0.887 + 0.043 nm st
uM™). Examining individual microtubules and bundles at a
concentration of 400 uM P4 showed that individual microtu-
bules had an average velocity of 769 (680-861) nm s, while
bundles had a velocity of 84 (60-132) nm s, explaining the
large  interquartile = range of that data  point
(Fig. 5a 4th column).

Further analysis of the data showed that all peptides
caused a decrease in microtubule number (Fig. 5b). The de-
crease in microtubule number was particularly pronounced
for P1 and P2 (linear regression over the first 5 peptide con-
centrations: 1.0 + 0.17 microtubules per uM" and -2.8 + 0.78
microtubules per uM for P1 and P2, respectively). In contrast,
P3 had only a weak effect (linear regression over the first 5
peptide concentrations: —0.14 + 0.047 microtubules per uM).
Notably, P4 caused a sigmoidal decrease of microtubule num-
ber: it had no significant effect up to 50 uM (p = 0.597) but
sharply reduced the microtubule number at concentrations
greater than 50 uM (linear regression 50 UM to 300 uM: —0.40

Lab Chip, 2018, 18, 3196-3206 | 3199
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Table 1 Overview of the compounds used in the screening
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Name Sequence Comment

P1 H,N-RGPQAQIAKPIRSGQGAI-CONH, Predicted IAK auto-inhibition domain from drosophila kinesin-1

P2 H,N-EAVRQKHLGRRGPQAQIAKPIRSGQGAI-CONH, IAK domain (P1) with additional microtubule binding motif

P3 H,N-EAVRQKHLGRRGPQA-CONH, Only additional microtubule binding motif from P2, no IAK domain
P4 H,N-RGKHAGAISQRQPKAIPQEGGVIRAQLR-CONH, Same amino-acid content as P2 but random order

+ 0.098 microtubules per uM). Conversely, we observed an in-
crease in median microtubule length with increasing peptide
concentration (Fig. 5c; linear regression over the first 5 pep-
tide concentrations: 54 + 1.3 nm pM %, 70 + 4.0 nm pM *, 6.3
+0.31 nm pM " and 12.9 + 0.37 nm pM* for P1, P2, P3 and
P4, respectively).

A closer look at the fluorescence micrographs (Fig. 5e) re-
vealed that P2 and P4 caused strong microtubule bundling,
particularly at concentrations of 300 uM and above, we mea-
sured a significant increase in microtubule bundling ratio
(Fig. 5d; p = 3 x 107*°). At low concentrations only P2 showed
a strong increase in microtubule bundling (linear regression
over the first 5 peptide concentrations: 0.0025 + 0.00011
1/uM). P1, P3 and P4 caused only minimal bundling (linear
regression over the first 5 peptide concentrations: 3.3 x 10™*
£2.9x107°1/uM, 3.8 x 10™* £ 2.2 x 107> 1/uM and 1.31 x 10*
+6.1 X 107° 1/uM, for P1, P3 and P4, respectively).

Methods

Unless mentioned otherwise, all chemicals were obtained
from Sigma-Aldrich.

Expression and purification of tubulin and kinesin-1

Porcine tubulin was purified from porcine brain (Vorwerk
Podemus, Dresden, Germany) using established protocols as
described  previously.’®  Kinesin-1  from  Drosophila
melanogaster was expressed in insect cells and purified as de-
scribed previously.®”

Flow-cell assay preparation

Experiments in flow-cells were performed as previously
described.?”

384-Well plate preparation

175 pm glass-bottom 384-well plates (Greiner Bio-One) were
cleaned by sonication with detergent, ethanol and water as pre-
viously described.>” Subsequently, the wells were sealed using
adhesive sealing sheets (Thermo Scientific) and the underside
of the glass was silanized with FDTS by placing the plate next
to a 50 pl drop of FDTS in a desiccator under vacuum for 3 h.

Automated sample preparation

Using glass-bottom 384-well plates, allowed us to automate
sample preparation using a pipetting robot (Biomek FXp;
Beckman Coulter). The pipetting program consisted of four
steps (performed simultaneously for each well using the 384-

3200 | Lab Chip, 2018, 18, 3196-3206

channel pipetting head of the robot): first the surface of the
well was blocked by adding 15 pl of a casein solution (BRBSO
(80 mM piperazine-N,N-bis(2-ethanesulfonic acid) (PIPES)/
KOH, pH 6.8, 1 mM ethylene glycol tetraacetic acid (EGTA),
1 mM MgCl,) supplemented with 0.5 mg mI™ casein). After
3 min incubation, the casein solution was removed and re-
placed with 15 pl kinesin-1 solution (BRB80 supplemented with
0.2 mg ml™" casein, 0.004 mg ml™" kinesin-1, 20 mM dithio-
threitol (DTT) and 0.01 mM ATP). After 3 min, the kinesin-1 so-
lution was removed and the well was washed twice with 45 pl
casein solution. After removal of the last wash solution, 5 pl of
microtubule solution (102 nM polymerized tubulin, 240 mM
p-glucose, 0.03 mg ml™" catalase, 120 mM DTT, 30 uM taxol in
BRB80) was added. Finally, 10 ul of inhibitor solution (1.5 mM
ATP, 1 mg ml ™" pyranose oxidase and the given concentrations
of inhibitor in BRB80) were added without removal of the
microtubule solution. Thus, each well contained 15 pl of test
solution (34 nM polymerized tubulin, 80 mM p-glucose,
0.01 mg ml™ catalase, 40 mM DTT, 10 uM taxol, 1 mM ATP,
0.67 mg ml™ pyranose oxidase and the given concentrations of
inhibitor in BRB80). Exchanging solutions took less than 10 s.
Also, 5-7 pl of solution remained in each well, ensuring that
the well bottoms never dried out during sample preparation.
To prevent evaporation after sample preparation and to keep
the thickness of the aqueous phase above the glass bottom rela-
tively constant, 15 pl of mineral oil (light oil (neat), BioXtra,
suitable for mouse embryo cell culture) were layered on top of
the inhibitor solution by the robot.

Automated imaging

Automated imaging was performed on a Nikon Eclipse Ti
microscope (Nikon) equipped with a Perfect Focus System
(PFS) using a 1.3 PlanApo 60x water immersion objective
(Nikon). We used a water-immersion objective in combina-
tion with a 384-well plate that had a bottom glass surface
silanized with FDTS. That way, the plate bottom was hydro-
phobic while the objective was hydrophilic, causing the water
immersion medium to stick to the objective and not the plate
surface, allowing us to image the whole plate with a single
drop of deionized water as immersion medium. Each well
was imaged for 11 s at a frame rate of 1/s (a total of 12
frames, matching the number of cores in a node of the high-
performance computing cluster for optimal parallel analysis).
The optimal imaging duration depends on several factors: (i)
optical resolution, (ii) signal-to-noise ratio, and (iii) velocity
of the microtubules. The first two parameters determine the
tracking accuracy (positional error) with which we can

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 High-throughput analysis of kinesin-1 inhibition by synthetic peptides. Quantified effects of four peptides (P1, P2, P3, P4) at given concen-
trations on microtubule velocities (a), microtubule number (b), microtubule length (c) and microtubule bundling (d). (e) Fluorescence micrographs
of microtubule gliding assays in the presence of the four peptides at the given concentrations. (a, c and d) Markers and error bars represent median
values and interquartile ranges, respectively. Each data point corresponds to typically 4000 to 18 000 frame-to-frame velocities (a), 1500 to 4400
microtubule length measurements (c), or 88 images analyzed for bundling (d).

measure the position of the microtubule tips. In our current  frames. The faster the microtubules the lower the relative er-
setup, this error is approximately 100 nm. The third parame-  ror in measuring the microtubule velocity. We chose the
ter determines how far the microtubules move between two  frame rate and number of frames such that we have a good
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compromise between being able to detect slow movement of
microtubules and total imaging time. If the accuracy of mea-
suring slow movement is not critical, imaging times could be
reduced down to 1 s or less. Also, by increasing the labeling
and/or the light intensity and by switching to an objective
with higher numerical aperture, the tracking accuracy could
be improved (and consequently the imaging duration could
be reduced).

Each well was imaged close to the center. The oil helped
to keep the thickness of the fluid relatively constant over the
entire well. Each well contained 15 pl. The area of the well is
20 mm?, resulting in an average fluid thickness of 740 pm.
Over the entire area of the well, the fluid was thicker than
the working distance of our objective (250 um), ensuring that
the gliding assay at the bottom of the well was not affected
by the oil-water interface.

Automated data analysis

We adapted a MATLAB algorithm®® to run fully automated on
a high-performance computing cluster (210 Intel Xeon E5-
2670v3 12-core processors; maintained by the Scientific Com-
puting Facility at the Max-Planck Institute of Molecular Cell
Biology and Genetics). This algorithm identifies microtubule
ends in each frame and localizes their positions with sub-
pixel resolution (Fig. 2a). This data then forms the basis for
three types of information: (i) the microtubule number was
estimated as half the number of visible ends. (ii) The micro-
tubule length was estimated for objects that have only two
ends (individual microtubules that are not crossing other
microtubules) as the distance between the ends. (iii) The
microtubule velocity was calculated by connecting individual
end positions into tracks (green trace in Fig. 2b) according to
a previously published algorithm.** Subsequently, second-
order polynomial paths (blue trace in Fig. 2b) were fitted to
these tracks. The distances along the respective paths divided
by the time between frames gave the frame-to-frame veloci-
ties for each microtubule end (Fig. 2c). By applying two dif-
ferent thresholds, we were able to automatically measure the
microtubule bundling ratio in two steps (Fig. 2d): (i) the fluo-
rescence image (Fig. 2d left) was converted to black and
white twice: first with a low threshold (1.6 times the standard
deviation of the background noise of the images) that cap-
tures all microtubules (Fig. 2d center-top) and then with a
high threshold that captures only parts of the image that are
brighter than a single microtubule (Fig. 2d center-bottom).
The high threshold was 1.6 times the median intensity of all
microtubule ends in the image. The intensity of the microtu-
bule ends was obtained from the height-parameter of the fit
used to determine the position of the microtubule end. (ii)
Both black-and-white images were thinned to single-pixel
lines using the ‘bwmorph’ MATLAB function®" and single
unconnected pixels were deleted (Fig. 2d right). The bundling
ratio was then defined as the ratio of the number of white
pixels in the respective thinned images, corresponding to the
ratio of microtubule bundle length to total microtubule
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length in the image. It has to be noted, that this algorithm
does not distinguish between bundles of two microtubules
and bundles of more than two microtubules. Thus, microtu-
bule bundling is underestimated when large bundles are
present.

Statistics

All experiments were performed at least twice. For the flow
cell experiment (Fig. 3 left), a single flow-cell was imaged at
three different positions in 10 min intervals. Within that
time, the microtubules travel approximately 5 fields of view.
Thus, at each time interval, different microtubules were im-
aged. For all 384-well plate experiments, each condition was
measured in four independent wells (with 88 different condi-
tions plus 32 control wells, each experiment consisted of 384
wells), once 20 min after plate preparation and again 110
min after plate preparation. For the long-term 384-well plate
experiment (Fig. 3 right) the plate was measured one addi-
tional time after 200 min. Linear regression was performed
with the MATLAB ‘polyfit’ functions and 95% confidence in-
tervals were calculated with the polyparci function.>® Statisti-
cal significance was determined with the Wilcoxon ranksum
test>® using the MATLAB ‘ranksum’ function. Note that, due
to double-precision floating point rounding, ‘ranksum’
returns 0 for extremely small values (p < 2 x 107*°%). Thus, in
these cases it was not possible to give exact p values.

Code availability

The source code used for data evaluation is available on
Github: https://github.com/thawn/AutoTipTrack

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Discussion
Assay performance

Improved experimental throughput and advanced automated
data evaluation algorithms enabled us to obtain and analyze
data from hundreds of in vitro microtubule gliding motility
assays. An experiment with a full 384-well plate took less than
two hours of assay preparation and data acquisition and less
than one hour of data analysis. Acquiring and analyzing the
same amount of data using a conventional, flow-cell based
assay would have required months of work. With the im-
proved oxygen scavenger system using pyranose oxidase in-
stead of glucose oxidase,*® the assay had the same long-term
stability and number of stuck microtubules as a highly opti-
mized, well-established gliding motility assay performed in a
flow-cell.’” Apart from increased throughput, the assay also
significantly improves comparability between results because
hundreds of assays can be performed under identical experi-
mental conditions. Automated data evaluation makes full use
of the wide spectrum of information that an in vitro motility
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assay provides. Towards this end, our algorithm is able to au-
tomatically evaluate transport velocity, microtubule number,
microtubule length and microtubule bundling. This wealth
of information enabled a detailed study of the concentration-
dependent effect of five different compounds on kinesin-1-
driven microtubule motility. A note of caution: because of
our experimental setup where inhibitors are added simulta-
neously to all wells by the robot, but imaging is performed
sequentially one well after another over the course of 90 min,
the assay in its current form is only suitable for steady-state
measurements. Time critical kinetic measurements would re-
quire switching to a microscope with integrated pipetting ro-
bot which would add the inhibitor solution directly before
the start of imaging to each well. In that setup, complex ki-
netic studies could be performed largely automated.

The validity of our high-throughput approach was con-
firmed by the results on AMPPNP which agree well with pre-
vious results from the literature.”’™*® As previously de-
scribed,*” in contrast to bulk ATPase activity, microtubule
gliding velocity in the presence of AMPPNP does not follow a
competitive inhibition curve. This is likely because of cooper-
ative effects between the many motors driving a single micro-
tubule.>* The same is true for the observed effects of P1
through P3 on microtubule velocity, which also do not follow
standard inhibition kinetics but agree well with previous
studies using similar peptides.**>>>°

Kinesin-1 inhibition by peptides from the tail domain

Kinesin-1's tail domain is known to be responsible for reduc-
ing the ATPase activity of the motor protein.** This effect was
later pinpointed to the IAK domain, which has been shown
to be necessary’® and sufficient' for reducing kinesin-1
ATPase activity. It has also been shown, that the IAK domain
is necessary to reduce, the microtubule-binding affinity of
kinesin-1,*® which is believed to be important for reducing
needless ATP consumption and preventing impaired trans-
port because of overcrowded microtubules in vivo. However,
in vitro motility experiments with kinesin tail-peptides have
shown that the TAK domain slows down microtubule glid-
ing,*® which would indicate that the motors stop while they
are still attached to the microtubule, hindering transport. To
resolve this conundrum, we carefully re-examined the effect
of kinesin-1 tail peptides on in vitro motility assays. Because
we assessed more information than just the ATPase activity
of the motor protein and the velocity of gliding microtubules,
we were able to obtain additional information about the
mechanism of inhibition. The combination of decrease in
microtubule number and increase in microtubule length in-
dicates that the peptides caused a decrease in motor-
microtubule affinity: a decreased motor-microtubule affinity
acted like a decreased motor density, causing microtubules
to detach from the surface. Because short microtubules were
held to the surface by fewer motor proteins than long micro-
tubules, short microtubules were the first to detach. This ex-
plains the observed decrease in microtubules in conjunction
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with an increase in the median length of the remaining
microtubules. Thus, our results on microtubule number and
length demonstrate that P1 - consisting only of the IAK do-
main - as well as P2 - containing the IAK domain and an ad-
ditional microtubule binding motif - significantly reduced
the motor-microtubule affinity. In contrast, P3 - the microtu-
bule binding motif alone - had only a minimal effect on the
affinity. Together, these results show that the IAK domain is
not only necessary but also sufficient to reduce the motor-
microtubule affinity. While it has been previously demon-
strated that the IAK domain is necessary to reduce motor-
microtubule affinity,’® to our knowledge, the data presented
here is the first direct evidence that the IAK domain is also
sufficient to do so. With this finding, we confirmed that the
main mechanism of kinesin-1 autoinhibition by the IAK do-
main was in fact a reduction in motor-microtubule affinity
and that the reduction in gliding velocity was merely a minor
side-effect of the inhibition that should not have a major im-
pact on transport in vivo.

The reason why previous studies involving in vitro gliding
motility assays with similar peptides®®*>® did not report a
decrease in the motor-microtubule affinity is likely because
this effect is less obvious than the reduction in the gliding ve-
locity: deducing changes of motor-microtubule affinity re-
quires the simultaneous measurement of microtubule num-
ber and length. Moreover, detecting a statistically significant
change in these values requires data from several fields of
view because one field of view contains only a limited num-
ber of microtubules. In contrast, evaluation of the microtu-
bule gliding velocity can be performed very accurately simply
by observing a single field of view over a longer time. Thus,
the increased throughput and improved data analysis of our
assay allowed us to detect an effect that was overlooked in
previous small-scale studies.

Microtubule-binding activity of peptides

Quantifying microtubule bundling gave us valuable addi-
tional information about the inhibition mechanisms of the
peptides: it is known that microtubule bundling can be
caused rather non-specifically by electrostatic interaction of a
positively charged molecule with the negatively charged
microtubule lattice®” or by sequence-specific interaction.”® At
concentrations below 300 uM, P2 caused significantly more
microtubule bundling than its randomized-sequence counter-
part P4. Both peptides have the same net charge (predicted
to be +6 at neutral pH). Therefore, the difference in bundling
must be caused by sequence-specific binding of P2 to micro-
tubules. In contrast, at higher concentrations, both peptides
caused similar bundling. At these concentrations, it is likely
that the electrostatic interactions of the positively charged
peptides prevailed over any sequence-specific interactions.
The strong bundling caused by high concentrations of P4 co-
incided with a sudden decrease in microtubule velocity, indi-
cating that the interaction of P4 with the microtubule rather
than with the motor protein was the cause for the observed
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slow-down. This conclusion is also supported by the observa-
tion that at 400 uM P4, individual microtubules were much
faster than bundles. The observations made for P4 are a good
example, where our assay provided additional information
that helped prevent the misinterpretation that a reduced mo-
tor activity was caused by the interaction of the peptide with
the motor-protein, which would have been impossible with
an ATPase assay.

Quantification of microtubule bundling was important for
proper interpretation of the microtubule number and the
microtubule length because it is impossible to precisely mea-
sure these values for individual microtubules in a bundle.
We found that at bundling ratios greater than 0.2, values for
microtubule length and microtubule number became
unreliable as illustrated by the sharp decline in the measured
microtubule length for concentrations of 400 pM P4 and
above (Fig. 5c¢, 4th column).

Notably, in a previous study, a 64 amino-acid-long tail
peptide of kinesin-1 did not decrease but increase the motor-
microtubule affinity.** However, the peptide used in that
study is much longer and has seven additional positively
charged residues, which likely further strengthened the
electrostatic interaction between the peptide and the nega-
tively charged microtubule lattice,” overcoming the effect of
the IAK domain.

Conclusions

In summary, our high-throughput automated microtubule
gliding assay was successfully validated by reproducing
known effects of AMPPNP and other peptide inhibitors on
the kinesin-1 motor domain. The increased throughput of
our assay will enable the rapid optimization of biomolecular
motor-powered lab-on-a-chip devices. For example, our assay
makes it easy to optimize sample solutions to find optimal
conditions for the used motor protein. Moreover, it should
be possible to adapt the assay to other kinesin-family motors,
and even myosin® (in conjunction with gliding actin fila-
ments) to find the motor protein that is optimal for a given
lab-on-a-chip device.

Because of the increased amount of data and the very rig-
orous automated data evaluation algorithm, we were able to
obtain additional new information about the interaction be-
tween motor protein and microtubule as well as about the
interaction between the studied peptides and microtubules.
This allowed us to further elucidate the biophysical mecha-
nism of kinesin-1 auto-inhibition. That way, we demonstrated
that our assay is uniquely suited for biophysical studies of
motor proteins.

Because our assay works with an immersion objective, it can
be combined with TIRF microscopy, making it sensitive
enough to detect single molecules. Therefore it should be pos-
sible to adapt the assay to a stepping geometry where the
microtubules are immobilized on the surface and the move-
ment of individual motor proteins along the microtubules is
analyzed.”® Thus, our assay has the potential to provide a para-
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digm shift in how biophysical studies are performed: from
highly customized, specialized assays to a more standardized
assay that can quickly provide and analyze massive amounts of
data, making it easier to test many different conditions. The in-
creased throughput will facilitate faster testing of hypotheses
and development of theoretical models in biophysics.

In addition, the increased throughput, for the first time,
enables the use of in vitro motility assays for pharmaceutical
studies. Because our assay allows a multidimensional analy-
sis of the physiological function of motor proteins, it will
help to get a comprehensive picture of the pharmacodynam-
ics of drug candidates targeting such proteins. This will re-
duce the probability of false-positive and false-negative re-
sults as well as give good indications of off-target effects.
Because of its comprehensiveness and considering its
throughput, we believe that our assay is well suited for hit
validation resulting from fast and extremely high-throughput
methods such as thermophoresis,®* DNA encoded combinato-
rial libraries® or in silico modeling.®*
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