872 Biophysical Journal Volume 108 February 2015 872-879

Torque Generation by Axonemal Outer-Arm Dynein
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ABSTRACT Outer-arm dynein is the main engine providing the motive force in cilia. Using three-dimensional tracking micro-
scopy, we found that contrary to previous reports Tetrahymena ciliary three-headed outer-arm dynein («8vy) as well as proteo-
lytically generated two-headed (8y) and one-headed («) subparticles showed clockwise rotation of each sliding microtubule
around its longitudinal axis in microtubule corkscrewing assays. By measuring the rotational pitch as a function of ATP concen-
tration, we also found that the microtubule corkscrewing pitch is independent of ATP concentration, except at low ATP concen-
trations where the pitch generated by both three-headed a8y and one-headed « exhibited significantly longer pitch. In contrast,
the pitch driven by two-headed g~y did not display this sensitivity. In the assays on lawns containing mixtures of « and gy at
various ratios, the corkscrewing pitch increased dramatically in a nonlinear fashion as the ratio of « in the mixture increased.
Even small proportions of a-subparticle could significantly increase the corkscrewing pitch of the mixture. Our data show that
torque generation does not require the three-headed outer-arm dynein («f7y) but is an intrinsic property of the subparticles of

axonemal dyneins and also suggest that each subparticle may have distinct mechanical properties.

INTRODUCTION

Axonemal dynein molecular motors are engines for the
rhythmical beating of eukaryotic cilia and flagella, which
is driven by a regulated interaction between outer doublet
microtubules and axonemal dyneins (1). Axonemal dyneins
are composed of outer-arm and inner-arm dyneins according
to their location in the axoneme (2). The outer-arm dynein
forms heterodimers or heterotrimers consisting of single
species of a multisubunit protein complex containing two
or three distinct motor domains of dynein heavy chains
(3). The inner-arm dyneins comprise multiple species of
multisubunit complexes, consisting of a heterodimeric
dynein and multiple monomeric dyneins, each containing
distinct motor domains of dynein heavy chains (4,5). Each
motor domain exhibits repeated cycles of ATP-sensitive
interaction to the outer doublet B-tubule to generate the
forces that move cilia and flagella (1). Lack of outer-arm
dynein in vivo reduced the frequency of flagellar beating,
whereas partial loss of inner-arm dyneins caused a reduction
in the amplitude of beating (6-8). Furthermore, motility an-
alyses of Chlamydomonas mutants lacking any one of the
three motor domains of outer-arm dynein heavy chains
showed a reduction of swimming speed and the degree of
decrease in speed varied depending on the lacking motor
domain (9). These in vivo observations indicated that each
axonemal dynein as well as each motor domain in an
outer-arm dynein complex contribute to ciliary and flagellar
functions in different ways.
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In an in vitro microtubule sliding assay, isolated Chlamy-
domonas trimeric outer-arm dyneins (¢(7y) and outer-arm
dynein mutants lacking one or two (- or y-subparticle) of
the three motor domains have been shown to drive microtu-
bule sliding at different velocities (10,11). It has also been
reported that although the @-subparticle of sea urchin
dimeric outer-arm dynein caused microtubule sliding, the
a-subparticle did not (« and # heavy chains in sea urchin
correspond to vy and § in Chlamydomonas) (12—14). The
a-subparticle of Tetrahymena trimeric outer-arm dynein
also had no microtubule sliding activity, but the 8+y-subpar-
ticle could slide microtubules at velocities similar to those
measured for intact trimeric outer-arm dynein («, 8, and vy
heavy chains in Tetrahymena correspond to vy, 8, and « in
Chlamydomonas) (15,16). These results suggested that
each motor domain of outer-arm dynein complex has a
distinct role in axonemal dynein function. Thus, character-
izing the motile properties of both axonemal dynein com-
plex and its distinct motor domains is necessary for
understanding the role of axonemal dyneins in ciliary and
flagellar motility. In vitro motor activity of outer-arm dy-
neins has, thus far, only been quantified by microtubule
sliding velocities.

As a unique mechanical property of axonemal dyneins, it
has been reported that, in an in vitro microtubule motility
assay, inner-arm dyneins purified from Tetrahymena gener-
ated torque that causes sliding microtubules to rotate around
their longitudinal axis (17). The rotational pitch of cork-
screwing microtubules driven by each monomeric subspe-
cies of Chlamydomonas inner-arm dyneins was variable,
ranging from 0.2 to 0.5 um (5), implying that each motor
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domain has a distinct torque component in the dynein force-
generating stroke. Therefore, the corkscrewing motion of
sliding microtubules provides another index to evaluate
the motile properties of axonemal dyneins.

We recently developed a three-dimensional (3D) prismatic
optical tracking (termed tPOT) microscope, which yields 3D
positional information with nanometer-scale accuracy (18).
The tPOT is based on the relative displacement of a pair of
split images with a wedge prism located at the back-focal
plane of the objective. This method has been applied to a con-
ventional in vitro microtubule sliding assay by tracking strep-
tavidin-coated quantum dots (QDs, diameter of ~20 nm) that
were bound to a sparsely biotinylated-microtubule sliding
across lawns of truncated monomeric kinesin molecules
and revealed the corkscrewing motion of microtubules
induced by kinesins at saturated ATP concentration (18).

In this study, we applied this tracking method to quantify
the microtubule sliding and rotation driven by Tetrahymena
outer-arm dynein and its subparticles (« and G7) digested by
chymotrypsin (19,20), to examine the motile properties of
the outer-arm dynein and its motor domains. We found
that Tetrahymena ciliary outer-arm three-headed dynein as
well as its proteolytically generated subparticles rotated
sliding microtubules around their longitudinal axis. We
then measured the microtubule corkscrewing motion at
various ATP concentrations. Our results suggest that each
subparticle may have distinct mechanical properties leading
to different motile activities.

MATERIALS AND METHODS
Preparation of outer-arm dynein

Tetrahymena thermophila (strain B-255) were grown in medium containing
1% (w/v) proteose peptone, 0.5% (w/v) yeast extract, 0.87% (w/v) glucose,
and a small amount of antifoaming agent (FS Antifoam DB-110N, Dow
Corning Toray, Tokyo, Japan) with aeration at 37°C. After collecting cells
by low-speed centrifugation, cilia were isolated using the Ca®* shock
method (21), and then demembranated with Nonidet-P40. The isolated ax-
onemes were resuspended in 0.6 M NaCl, 10 mM HEPES, pH 7.4, 4 mM
MgCl,, 0.1 mM EGTA, and 1 mM phenylmethylsulfonyl fluoride
(PMSF), left to stand for 30 min at 0°C, and centrifuged at 40,000 x g
for 10 min. The supernatant was fractionated on a 30 ml with 5-20%
(w/w) sucrose density gradient in a solution of 0.1 M NaCl, 4 mM
MgCl,, 0.1 mM EGTA, 1 mM dithiothreitol (DTT), 0.1 mM ATP (Grade
II, Sigma-Aldrich, St. Louis, MO), 0.1 mM PMSF and 10 mM HEPES,
pH 7.4. After sedimentation at 89,000 x g for 16 h at 4°C in a P28S ultra-
centrifuge rotor (CP70MX, Hitachi Koki, Tokyo, Japan), the gradient was
separated into 20-22 fractions and the fractions containing the dynein pro-
tein peak were pooled (P1: af7y).

Proteolytic digestion of outer-arm dynein
by chymotrypsin

Outer-arm dynein (P1: afy) was digested into one-headed «- and two-
headed (vy-subparticles by chymotrypsin (Sigma-Aldrich). Digestion was
started by adding chymotrypsin to 0.02 mg ml~" at 25°C, and terminated
by adding PMSF to 1 mM. Grades of digestion are classified into three
stages (20). Extended digestion results in the loss of motility (data not
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shown), so the digestion time was carefully optimized. For purification of
the a-subparticles, digestion was terminated before band 4 appeared (see
Fig. S1 in the Supporting Material, there is no band at number 4) (20).
For purification of the 8y-subparticle, because the y-subparticle and intact
outer-arm dynein could not be resolved adequately by a Mono Q 5/50 GL
ion-exchange column (GE Healthcare, Buckinhamshire, UK), digestion
was continued until band 1 (a-subparticle) had disappeared, indicating
that no intact outer-arm dynein remains (20).

Purification of outer-arm dynein (ag7y) and
subparticles (« or 8y) by Mono Q column

The pooled fraction (P1: af7y) or digests containing a- or B+y-subparticles
were purified further by binding to a Mono Q 5/50 GL ion-exchange column
equilibrated with H-buffer (4 mM MgCl,, 0.1 mM EGTA, 1 mM DTT,
0.1 mM PMSF, 0.1 mM ATP, and 10 mM HEPES, pH 7.4, 10% (w/v) su-
crose), and then eluting with 20 ml of a 0.05-0.6 M NaCl gradient in the
same buffer at a flow rate of 0.5 ml min~". afy, a-subparticles, and By-sub-
particles were eluted at 300-350 mM, 170-200 mM, and 280-330 mM NaCl,
respectively. The peak fractions were pooled and then concentrated and
exchanged into H-buffer using centrifugal filters (Amicon Ultra-0.5, Ultra-
cel-100 membrane, Merck Millipore, Billerica, MA). Purified a87y, «, and
B~y were flash frozen and stored in liquid N,. Dynein concentrations were
estimated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) on 7.5% acrylamide gels using bovine serum albumin (BSA)
standards (Thermo Fisher Scientific, Waltham, MA) loaded on the same
gel. Gels were stained with Quick-CBB PLUS (Wako Pure Chemical Indus-
tries, Osaka, Japan) and imaged using a CCD camera (CSFX36BC3, Toshiba
Teli, Tokyo, Japan). The bands containing dyneins and BSA standards were
quantified using Quantity One software (Bio-Rad, Hercules, CA).

Preparation of QD-coated microtubules

For motility assays, sparsely biotinylated, rhodamine-labeled paclitaxel-
stabilized microtubules were prepared. Tubulin was purified from porcine
brain by cycles of polymerization and depolymerization followed by phos-
phocellulose chromatography as previously described (22). Biotinylated
(Biotin-(AC5)2-Sulfo-OSu, Dojindo, Kumamoto, Japan), rhodamine-
labeled (5-(and-6)-Carboxy-X-rhodamine, Invitrogen, Carlsbad, CA) micro-
tubules were prepared by copolymerizing biotinylated, rhodamine-labeled,
and nonfluorescent tubulin in a molar ratio of 1:5:170 in BRB80 (80 mM
PIPES, pH 6.8, 1 mM MgCl,, | mM EGTA) with 1 mM MgCl, and 1 mM
GTP for 30 min at 37°C and then stabilized by addition of 40 uM paclitaxel
(Sigma-Aldrich) (18). QD-coated microtubules were prepared by adding
10 nM streptavidin-coated QD (Invitrogen) diluted in BRB80 containing
20 uM paclitaxel (BRB80T), and incubated for 20-60 min with an equal vol-
ume of 0.1 mg ml~' microtubules and then diluted to 0.6 nM QD and
6 ug ml~' microtubules in BRB8OT containing 0.4 mg ml ™' casein (Nacalai
Tesque, Kyoto, Japan). To prepare guanosine-5'-[(a,3)-methyleno]triphos-
phate (GMP-CPP) microtubules, the mixture of biotinylated, rhodamine-
labeled, and nonfluorescent tubulin were exchanged into BRB80 containing
20 uM GMP-CPP (Jena Bioscience, Jena, Germany) twice using centrifugal
filters (Amicon Ultra-0.5, Ultracel-30 membrane, Millipore). The mixture
was then copolymerized with 0.4 mM GMP-CPP for 60 min at 37°C. QD-
coated GMP-CPP microtubules were prepared as described except that
BRBS80 was used instead of BRB80T.

Microtubule sliding and rotation in 3D motility
assays

Microtubule motility assays were performed in flow chambers assembled
from two coverslips attached together using double-sided tape (NW-25, Ni-
chiban, Tokyo, Japan). a7y, B, or a were diluted with H-buffer containing
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0.5 M NacCl to a concentration of 0.25 M NaCl and incubated on ice. Each
dynein was then diluted to 0.1 uM (aB7), 0.8 uM (B7), and 1.5 uM (@) with
H-buffer containing 0.25 M NaCl immediately before the assay. To assay
the mixture of «- and (vy-subparticles, solutions containing 0.8 uM of vy
and 0.8 uM of a-subparticles were mixed at various ratios 1 min before
the assay, giving final concentrations of 0.1 and 0.7 uM, 0.3 and 0.5 uM,
0.4 and 0.4 uM of « and By, respectively. 1 volume of the dynein solution
was introduced into the flow chamber and incubated for 3 min. The cham-
ber surface was then coated with 4 volumes of 1 mg ml~! casein (Nacalai)
in 50 K-Ace buffer (10 mM PIPES, 50 mM potassium acetate, 4 mM
MgSO,, 1 mM EGTA, pH 7.4) for 2 min, and then rinsed with 4 volumes
of 50 K-Ace buffer. 2 volumes of sparsely biotinylated, rhodamine-labeled
microtubules bound to streptavidin-coated QDs in BRB80 containing
20 uM paclitaxel and 0.4 mg ml~! casein were then added and incubated
for 2 min, and then rinsed with 2 volumes of 50 K-Ace buffer. Finally, 2 vol-
umes of 50 K-Ace buffer containing 1-100 uM ATP (BioXtra, Sigma-
Aldrich), ATP regeneration, and oxygen scavenger systems (23), | mM
DTT and 20 uM paclitaxel were applied to the chamber. For assays using
GMP-CPP microtubules, paclitaxel was not added to the solution. The
chamber was sealed with nail varnish. Assays were carried out at room tem-
perature (24 + 1°C).

3D tracking microscopy

The 3D tracking microscope was constructed as described previously (18).
As a schematic illustration of the tPOT setup is in Fig. | A, the back-focal-
plane (BFP) of the objective was focused outside the camera port of an in-
verted microscope (the dotted-line box, TE2000-U, Nikon, Tokyo, Japan)
with achromatic lens-1 (combined focal length 50 mm) to make an equiv-
alent BFP (eBFP). A custom-made wedge prism (86.5°) coated with an
antireflective layer was precisely located at the eBFP. The two split images
of a sample were focused on the camera focal plane by achromatic lens-2
(combined focal length 120 mm), which determined the magnification of
the optical system. Images were recorded by EMCCD camera (iXon Xj
DU897, Andor Technology, Belfast, UK) at 1.0 to 2.0 s intervals for assays
at 1 uM ATP, 0.5 s at 3 uM ATP, 0.1 to 0.2 s at 10 uM ATP, 0.05 to 0.1 s at
30 uM ATP, and 0.03 to 0.1 s at 100 uM ATP. Rhodamine-labeled micro-
tubules and QDs were illuminated using a mercury lump (Intensilight,
Nikon). For calibration of the z-axis position the objective was displaced
at a constant speed using a custom-built stable stage (ChuukoushaSeisa-
kujo, Tokyo, Japan) equipped with a pulse motor (SGSP-13ACT, Sigma
Koki, Tokyo, Japan) and controller (QT-CM2, Chuo Precision Industrial,
Tokyo, Japan).

RESULTS AND DISCUSSION

Outer-arm dyneins slide microtubules with a
corkscrew motion

We have developed a 3D prismatic optical tracking (tPOT)
system based on the relative displacement of a pair of spilt
images divided by a wedge prism to quantify microtubule
corkscrewing motion driven by kinesins (18). The tPOT sys-
tem was used to examine if outer-arm dyneins also drive mi-
crotubules with a corkscrewing motion in an in vitro
motility assay (Fig. 1).

Three-headed outer-arm dyneins (a(7y) were extracted
from Tetrahymena axonemes using high-salt buffer, and
then purified by velocity sedimentation on sucrose density
gradients followed by ion-exchange chromatography (see
Materials and Methods and Fig. S1). To quantify the motion
of the moving microtubules driven by outer-arm dyneins,
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we determined the xyz position of streptavidin-coated
QDs (diameter of ~20 nm) that were bound to sparsely bio-
tinylated microtubules sliding across a surface coated with
outer-arm dyneins (Fig. | B). The z-directed displacement
of the QDs bound to the moving microtubules was provided
by the difference between the two image positions of QDs
in the y-direction at an equivalent sample plane (the camera
plate), whereas the x and y positions of the QDs were ob-
tained from the average of the two image positions
(Fig. 1 C, see also Movie S1). Plots of the x-y trajectory
(Fig. 1 D red, where x is parallel and y is perpendicular
to the direction of microtubule sliding with both parallel
to the glass surface) and x-z trajectory (Fig. 1 D blue,
perpendicular to the glass surface) of a QD bound to a
microtubule in the presence of 10 uM ATP showed oscilla-
tions, indicating that sliding microtubules rotate around
their longitudinal axis. For the microtubule in Fig. 1 D,
fitting the x-y trajectory of the QD position with a sine func-
tion gave a rotational pitch of 0.81 um. The corresponding
y-z trajectory was circular (Fig. 1 E) and 6 varied linearly as
time increased in the range —180° < # < 180° (Fig. 1 F),
allowing determination of the handedness of the corkscrew-
ing motion of the microtubule. The microtubule rotated in a
clockwise direction as viewed from the microtubule minus
end (i.e., a right-handed corkscrewing motion). The hand-
edness was also checked by the phase lag between the sinu-
soidal oscillations of the x-y and x-z trajectories (Fig. 1 D)
or by 3D plots viewed from the appropriate angle (Fig. 1 G).
For the microtubule in Fig. 1 D, the sliding and rotational
velocities of the corkscrewing motion were obtained from
the slope of the lines of best fit to the x-displacements or
revolutions versus time, giving values of 0.21 um s~ ' and
0.26 revolutions s~ ', respectively (Fig. 1, H and I). This
corkscrewing motion demonstrates that o8y dynein gener-
ates torsional as well as axial sliding forces in microtubule
gliding assays.

This right-handed corkscrew (clockwise rotation) is the
same handedness as that observed for inner-arm dyneins
(5,17,24) and kinesin-14 (25), which move toward the
microtubule minus end, whereas plus-end-directed kinesins
have opposite handedness with single-headed kinesin-1
(26), kinesin-5 (18) and double-headed kinesin-2 (27), kine-
sin-5 (18), kinesin-8 (28) driving anticlockwise rotation as
viewed from the microtubule plus end. Thus, both axonemal
outer- and inner-arm dyneins have the intrinsic property of
rotating microtubules clockwise as they slide. However,
the outer-arm oy dyneins generated a pitch of 0.76 um
(Table 1), which is larger than the pitch of 0.25-0.54 um
generated by inner-arm dyneins (17,24).

Previous studies did not find any rotation of sliding mi-
crotubules driven by outer-arm dyneins from a variety of
sources including Tetrahymena (11,17). However, these
conventional two-dimensional microtubule sliding assays
used single microtubules grown from curved axonemal
outer doublets several micrometers long as rotational
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FIGURE 1 Quantification of the corkscrew motion of a sliding microtubule driven by three-headed outer-arm dyneins (a8y) using 3D tracking microscopy.
(A) A schematic illustration of the tPOT setup. The beam flux focused by lens-1 outside the camera port of the microscope is split in two by the prism located at
an eBFP of the objective. One half-beam of the light passes through the center of lens-2 (red), whereas the other half, refracted by the prism, passes below the
center (blue). Two split beam images were formed on the camera chip with lens-2. (B) Diagram of the in vitro microtubule corkscrewing assay during 3D mea-
surement. The sparsely biotinylated, rhodamine-labeled microtubule with a QD (A = 525 nm) attached is sliding and rotating driven by Tetrahymena dyneins
anchored to nonspecifically the glass surface. 6 is the rotational angle of the QD around the microtubule’s longitudinal axis. (C) Sequential images of the micro-
tubule-attached QD observed under the tPOT microscope. The top image shows a rhodamine-labeled microtubule, whereas the others show a QD attached to the
translocating microtubule. The solid and open arrowheads indicate the images split by the prism of QD bound to the microtubule, respectively (time in seconds).
Scale bar, 10 um. (D) The x-y (red) and x-z (blue) trajectories of the QD bound to a microtubule shown in (C). The rotational pitch was determined by fitting the
x-y position of the QD with a sine function (back line), yielding a value of 0.81 um. The handedness of the rotation was checked by combining the x-y trajectory
with the x-z trajectory of the QD, because the phase of sinusoidal oscillation of the two traces shifted with a quarter of the wavelength as the sliding microtubules
rotated around their longitudinal axis. Images were recorded at 0.2 s intervals (light red and light blue lines), and three images were averaged (red and blue solid
lines). The arrow indicates the approximate displacement during 3 s. (E) The y-z trajectory of the QD bound to the microtubule shown in (C). The trajectory of
the first revolution is shown by the black line and begins at the open square. The trajectory shows clockwise rotation of the sliding microtubule when looking in
the direction of forward translocation. (F) The angle of rotation on the y-z plane as shown in (E) was plotted against time. The angle (f) in every rotation
increased, indicating a right-handed corkscrew motion in the xyz axes defined here. (G) 3D plot of the QD shown in (D) reveals clockwise rotation of the sliding
microtubule. The arrow indicates the approximate displacement during 3 s. (H) Time course of x-displacement of the QD shown in (D). (/) Time course of
revolution of the QD is shown in (D). Revolutions were obtained by shifting the values after each full rotation by 360° shown in (F).

markers. We speculate that these projecting axonemes may Microtubule protofilament number does not
have hindered rotation in the conventional assays, whereas ~ determine the microtubule corkscrewing pitch
the 20 nm QD in this assay was sufficiently small to avoid  driven by dynein

steric hindrance of the sliding microtubules rotation  The number of protofilaments in a microtubule assembled
(Fig. 1 B, see also Fig. S2). in vitro depends on tubulin polymerization conditions.
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TABLE 1 Summary of microtubule corkscrew motion
ATP afy By

Sliding Rotational Sliding Rotational
Concentration (uM) Pitch (um) velocity (um/s) velocity (rev/s) Pitch (um) velocity (um/s) velocity (rev/s)
1 1.6 £ 0.5 (13/15) 0.020 = 0.004 0.014 = 0.005 0.81 £ 0.23 (19/27) 0.035 = 0.009 0.049 = 0.024
3 0.84 = 0.15 (16/16) 0.082 = 0.017 0.10 = 0.03 0.71 = 0.12 (8/11) 0.13 = 0.03 0.18 = 0.07
10 0.76 = 0.17 (96/101) 0.23 = 0.06 0.32 = 0.13 0.62 = 0.10 (27/34) 0.33 = 0.08 0.55 = 0.16
30 0.75 = 0.14 (6/6) 0.66 = 0.15 0.90 = 0.20 0.67 = 0.13 (13/13) 0.93 = 0.10 14 03
100 0.61 £ 0.12 (5/5) 1.7 £ 05 29 =+ 1.1 0.86 = 0.16 (8/14) 24 + 04 28 03

«
1 2.1 £ 0.3(9/12) 0.010 = 0.002 0.005 = 0.001
3 0.66 = 0.09 (15/15) 0.076 = 0.016 0.12 = 0.03
10 0.45 = 0.07 (15/15) 0.32 = 0.06 0.75 = 0.18
30 0.43 = 0.05 (19/19) 0.84 = 0.16 20 £ 04
100 0.42 = 0.05 (12/13) 1.8 £03 44 =09

In assays using either oSy, B, or a dynein, of 143, 99, and 74 sliding QD-attached microtubules, 136, 75, and 70 rotated. The other 7, 24, and 4 did not rotate.
All rotated clockwise as viewed from the microtubule minus end. Only microtubules >2 um length were analyzed and only microtubules that clearly rotated
>1.5 revolutions were scored as rotating. Values of denominator in parentheses are the number of microtubules analyzed and values of the numerator are the

number of microtubules rotated. Errors are standard deviations.

In 13-protofilament microtubules, the protofilaments are
paraxial to the microtubule longitudinal axis, whereas in
14-protofilament microtubules they have a left-handed
twisted-protofilament lattice of ~ -6 um (the minus sign
refers to a left-handed helical path over the microtubule sur-
face). Our previous work found that tubulin polymerization
in the presence of 1 mM GTP in BRB80 forms a 5:3 mixture
of 13- and 14-protofilament microtubules (18). Using micro-
tubules in this mixture, we examined microtubule corkscrew-
ing motion driven by three-headed a7y dyneins in the
presence of 10 uM ATP. We observed the movement of 272
QDs on different microtubules. We rejected 171 of the QD
traces because the QD signal was too weak to quantify or a
perturbing event such as microtubule crossing occurred. In
the remaining 101 events, the a8y dynein rotated 96 micro-
tubules clockwise. We plotted the frequency distribution of
corkscrewing pitch in a histogram and fitted this with a
Gaussian function, giving a mean pitch of +0.73 = 0.18 um
(mean = SD, n = 96) (Fig. S3). The other five microtubules
showed sliding but no rotation (see Table 1 for other con-
ditions). We also examined corkscrewing of microtubules
assembled in the presence of GMP-CPP, where >95%
of the microtubules have 14-protofilaments (29,30). We
analyzed 60 of the QD traces. In 55 events, the a7y dynein
rotated sliding microtubules. These microtubules also had
a right-handed rotation with a pitch of +0.72 + 0.18 um
(mean * SD, n = 55) (Fig. S3). In the other five events,
afvy did not rotate GMP-CPP stabilized microtubules. There
was no significant difference in the corkscrewing pitch of mi-
crotubules assembled with either GTP or GMP-CPP (p =
0.52 in t-test). The microtubule corkscrewing pitch at
~0.7 pm is shorter than the helical pitch of microtubule
protofilaments (31) and larger than those of the three-start
monomer helix and the five- and eight-start dimer helices
of 13-protofilament microtubules, which are respectively
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—12.3, +41, and —65.6 nm (32). We also found that the cork-
screwing pitch generated by dyneins was not correlated to
microtubule lengths in the range 2-30 um (Fig. S4). There-
fore, we conclude that the outer-arm dynein «8vy-induced
microtubule corkscrewing motion is not directly related to
either helical tubulin patterns in the microtubule lattice or
microtubule length. Microtubule rotation by inner-arm dy-
neins is also unrelated to microtubule lattice geometry (17).

Proteolytic subparticles of outer-arm dynein also
drive microtubule corkscrewing

To determine if all three heads of outer-arm dyneins are
needed to drive microtubule corkscrewing, we used our
tPOT microscope to track microtubule sliding over surfaces
coated with subparticles of Tetrahymena outer-arm dynein.
Two-headed (B7y) and one-headed («) subparticles of
three-headed outer-arm dyneins (afy) were prepared by
chymotryptic digestion of three-headed outer-arm dyneins
purified by velocity sedimentation on sucrose gradients
and ion-exchange chromatography (Fig. S1) (19,20).

We found that both the a-subparticle and (vy-subparticle
were able to drive microtubule sliding (Table 1). This contrasts
with previous reports where the a-subparticle was found not to
slide microtubules in vitro and was therefore proposed to have
only a regulatory function (15) (16). Athigh concentrations of
a-subparticles (0.8 uM), a-subparticle driven microtubule
sliding was observed using either casein or BSA to block
the surface. However, at low concentrations of the a-subpar-
ticles (0.1 uM), as used in previous studies (15,16), most mi-
crotubules slid smoothly using casein to block the glass
surface, but did not slide using BSA instead of casein.

We also found that the 8y and « dynein proteolytic sub-
particles drove right-handed corkscrewing of sliding micro-
tubules (Fig. 2, A and B), with mean rotational pitches



Dynein-Driven Microtubule Corkscrewing Motion

of +0.62 = 0.10 um (mean * SD) and +0.45 + 0.07 um
(mean * SD), respectively, in the presence of 10 uM ATP,
which is smaller than the pitch of +0.76 * 0.17 um
(mean =+ SD) generated by whole «fy dyneins (p <
0.001 in #-test) (Table 1). Therefore, torque generation
does not require the three-headed outer-arm dynein («(7y)
but is an intrinsic property of one-headed a-subparticles
and two-headed §vy-subparticles of axonemal dyneins.

ATP concentration affects dynein-driven
microtubule corkscrewing motion

We next asked whether the axial and rotational compo-
nents of force generated by outer-arm dyneins are coupled
in a fixed ratio to the turnover of ATP. In Tetrahymena in-
ner-arm dyneins, both components of force were similarly
coupled to the turnover of ATP (17). However, the inner-
arm dynein subspecies g in Chlamydomonas displayed
different ATP concentration dependencies for sliding and
rotational velocities (5). Because pitch is sliding velocity
divided by rotational velocity, the pitch of Tetrahymena
inner-arm dyneins was constant (4+0.5 pum) at various
ATP concentrations, whereas the pitch of Chlamydomonas
subspecies g was variable ranging between +0.2
and +0.5 um. To determine the relationship between pitch
and ATP concentration for Tetrahymena outer-arm dy-
neins, we examined microtubule corkscrewing motion
driven by either a8y, By, or « within a range of 1-100
uM ATP. As ATP concentration reduced to 1 uM the pitch
increased dramatically to 1.6 um for afy and 2.1 um for
«, whereas the pitch driven by vy was not significantly
altered with a mean pitch of 0.74 um across all ATP con-
centrations (Fig. 3 A and Table 1, see also Fig. S5), as
observed with Tetrahymena inner-arm dynein (17). Hence,
for both three-headed a7y and one-headed « sliding and
twisting forces are not coupled in fixed ratios to the turn-
over of ATP, whereas for two-headed (v these forces are
coupled to ATP in similar ratios from 1 to 100 uM ATP.

What controls the dynein-driven microtubule corkscrew-
ing pitch at low ATP concentration? There are several poten-
tial mechanisms including differences in the mechanical
properties, mechanochemistry, or power stroke mechanisms
between the subparticles. Because at low concentrations of
ATP the dynein heads spend a longer time attached to the
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FIGURE 2 Corkscrewing motion of a sliding
microtubule driven by outer-arm dynein’s proteo-
lytically generated subparticles. 3D plot of the
QD bound to a sliding microtubule driven by
two-headed By (A) and one-headed « (B) reveals
clockwise rotation. The pitch value of each cork-
50 screwing motion is 0.75 um (A) and 0.52 um (B).
Images were recorded at 0.2 s interval and three
images were averaged. Arrows indicate the approx-

1.0 N
x ; , .
imate displacement during 3 s.

microtubule in a rigor bound state this suggests, as one
possible mechanism, that differences in the properties of
the rigor bound subparticles in the ATP-waiting state may
be significant. Frictional drag caused by the cross-bridge
force between dyneins and the microtubule during the
ATP-waiting state causes axial and off-axial frictional resis-
tances, limiting the sliding and rotational velocities, respec-
tively. If the a-driven microtubule twisting force is impaired
by the off-axial frictional resistance produced by the rigor
complex of «, and the a-driven microtubule sliding force
is less affected by the relatively small axial frictional resis-
tance, this would result in a longer corkscrewing pitch at low
ATP concentrations. Our result shows that the rotational ve-
locity of « indeed decreases faster than sliding velocity as
ATP concentration decreases (Fig. 3, B and C, triangle), re-
sulting in an increase in pitch (Fig. 3 A, triangle).
Conversely, (v, which showed a constant corkscrewing
pitch across all ATP concentrations (Fig. 3 A, square),
would in the ATP-waiting state have identical frictional
resistance in both the sliding and rotational directions,
affecting equally the sliding and rotational velocities
(Fig. 3, B and C, square). The different mechanical proper-
ties of subparticles may correspond to the distinct dynein
subclass of the heavy chains (33), structural differences in
the monomer form («) versus dimer form (G7y), or an alter-
nation in the mechanical properties of the §ry-subparticles
during their preparation by proteolysis. Currently, we cannot
distinguish between these possibilities.

The effect of combining subparticles with
different mechanical properties on microtubule
corkscrewing motion

The ATP-concentration dependency of corkscrewing pitch
by three-headed a8y was similar to that of one-headed «
but different from that of two-headed @y (Fig. 3 A),
implying that the properties of a-subunit in three-headed
afy form may contribute greatly to the motile properties
of three-headed afy. To examine the effect of combining
subparticles with different mechanical properties on micro-
tubule corkscrewing motion, we ran tug-of-war microtubule
corkscrewing assays where microtubules translocated on
mixed surfaces of o and 87y (a+07y) subparticles, at constant
total motor concentration (Fig. S6). At 1 uM ATP,
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FIGURE 3 Dependence of dynein-driven corkscrewing motion on ATP concentration. (A) Microtubule rotational pitches driven by outer-arm dynein and
its subparticles are plotted at various ATP concentrations. Data points and error bars are mean pitch and standard deviation respectively of the corkscrewing
microtubule, driven by afy (circle), By (square), and « (triangle), at 1, 3, 10, 30, and 100 uM ATP concentration. The xyz position of the QDs bound to
microtubules was tracked every 0.05-2 s. Sliding velocity (B) and rotational velocity (C) are plotted against ATP concentration.

a-subparticles alone corkscrewed microtubules with a pitch
of 1.7 um, sliding velocity of 0.008 um s~', and rotational
velocity of 0.005 rev s~ ', whereas By-subparticles alone
corkscrewed microtubules with a pitch of 0.8 um (~2x
shorter), sliding velocity of 0.035 um s (~4x faster),
and rotational velocity of 0.049 rev st (~9x faster) (Table
S1). We found that corkscrewing pitch increased dramati-
cally in a nonlinear fashion as the ratio of a-subparticle in
the mixture increased (Fig. 4 A), and both sliding and rota-
tional velocities decrease nonlinearly with an increasing
fraction of the slower a-subparticle (Fig. 4, B and C). How-
ever, there were differences in the magnitude of the effects
so that although 12.5% of slower «-subparticles in the
mixture slowed the rotational velocity to 29% of the value
for faster B+y-subparticles alone, the longitudinal velocity
only slowed to 66% (Table S1). Thus, the properties of the
slower a-subparticle dominate the properties of the mixture
even at low molar ratios, with the effect being stronger on
rotational velocity than longitudinal velocity. This is consis-
tent with a-subparticle acting as a molecular drag on the G-
subparticle and the off-axial rotational drag of the rigor state

having the strongest effect (Fig. 3). We cannot be certain
that the properties of the isolated subparticles are the same
as the subparticles within the three-headed a8y complex.
However, the properties of both the three-headed a8y com-
plex and the a+@7y mixture at low ATP concentrations are
more like those of the a-subparticle alone, suggesting that
the subparticle-like properties dominate under these condi-
tions. Using optical trapping to quantify mechanical anisot-
ropy in both three-headed «fy and its subparticles (« and
B7) bound to a microtubule will provide insight into the tor-
que-generating mechanism for these dyneins.

In contrast to previous studies, we have found that the
motile properties of Tetrahymena outer-arm dyneins are
similar to those previously reported for inner-arm dyneins
(5,17). In particular, subparticles of the outer-arm dynein
drive both longitudinal and rotational movement of microtu-
bules. Observations in vivo have suggested different roles
for the outer- and inner-arm dyneins in driving axonemal
motion with the inner-arm dynein determining amplitude,
whereas the outer-arm dyneins determine the frequency of
ciliary beating (6-8). Our observations suggest that these

FIGURE 4 Corkscrewing motion driven by the
mixture of a- and (vy-subparticles at 1 uM ATP.
(A) Microtubule corkscrewing pitch (open square),
(B) sliding velocity (open triangle), and rotational
velocity (open circle) driven by a mixture of o and
By are plotted against the mole fraction of «.
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Sliding velocity and rotational velocity are normal-
ized to 100 at mole fraction of o = 0. Total concen-
tration of « and By was 0.8 uM. The solid square,
triangle, and circle indicate pitch, sliding velocity,
and rotational velocity driven by 1.5 uM of « alone
(same condition as Fig. 3 and Table 1), respec-
tively. Data points and error bars are mean and
standard deviation.
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different roles are not caused by qualitative differences in
the mechanical and biochemical properties of the two sets
of dyneins but rather must arise from either more subtle
quantitative differences or from the different geometrical
coupling of the dyneins to the microtubules within the
axoneme (34,35).

SUPPORTING MATERIAL

Six figures, one table, and one movie are available at http://www.biophysj.
org/biophysj/supplemental/S0006-3495(14)04816-4.
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Supporting figure 1; Purification of outer-arm
dynein and its subparticles from Tetrahymena
ciliary axonemes.

A

afy By o

(A) SDS-urea-PAGE gel of purified outer-arm
dynein and its subparticles. SDS-urea-PAGE
was performed as described previously (1). Each
dynein was loaded on a 3.2% polyacrylamide gel
containing 6 M urea. Heavy chains comprising
outer-arm dynein and its subparticles (o and By)
were separated on the SDS-urea gel. Each band
was numbered 1 to 5 and identified as heavy
chain a, B or y as described previously (1). o’, B’
and y’ mean the respective digested product of
each heavy chain. (B-D) Negatively stained EM
images of purified outer-arm dynein and its

subparticles. 10 ul of purified dynein (about 20
nM) was applied to carbon coated copper grids
and negatively stained with 1.5% (w/v) uranyl
acetate. The specimens were examined in an
electron microscope (Hitachi, H-7500) at an
original magnification of 40,000x operating at
80 kV. The images show purified three-headed
outer-arm dynein (B), two-headed By-subparticle
(C) and one-headed a-subparticle (D). However,
such a bouquet structure of three-headed outer
arm dynein is different from the stacked form
observed in axonemes (2)(3). Scale bar, 20 nm.

Supporting figure 2; Tracking uncertainty of
3D measurement.

o 60—
2
S
2 40+
Q
O 20

0

T T 1 17 1T T T 11 T 11T 1717 1T TT
-50-40-30-20-10 0 10 20 30 40 50 -50-40-30-20-10 0 10 20 30 40 50
x (nm}) x (nm)

80 SD: 5.5 nm 240

0 60—
2
c
3 40+
O 204

80—
n 60
F23
c
S 40
Q
O 20
o

L
—50-40-30-20-10 0 10 20 30 40 50

¥ (nm})
SD: 10.1 nm

-50-40-30-20-10 0 10 20 30 40 50

z (nm)

Counts

Counts

1804
120
60
04

8D:9.3 nm

-50-40-30-20-10 0 10 20 30 40 50

240
180
120+

60

04

y{nm)
SD: 15.5 nm

-50-40-30-20-10 0 10 20 30 40 50

z (nm)



The 3D-plot shows positions of a QD attached to
a microtubule fixed on a glass surface during 2
seconds at 10 frames per seconds (A) and 30
frames per seconds (B). Standard deviations
(SDs) of x, y and z were derived from a Gaussian
fitting (C, D).

Supporting figure 3; Rotational pitch of GMP-
CPP microtubules.
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A histogram of rotational pitch of paclitaxel
stabilized microtubules (red) and GMP-CPP
microtubules (black) driven by afy at 10 uM
ATP. The pitch of GMP-CPP microtubules had a
similar distribution to that of paclitaxel stabilized
microtubules (p = 0.52 in t-test). Curves
represent Gaussian fits to the data, giving mean
pitches of 0.73 £ 0.18 um (mean + SD, paclitaxel
stabilized microtubules) and 0.72 + 0.18 um
(mean + SD, GMP-CPP microtubules),
respectively.

Supporting figure 4; Relation of microtubule
length to corkscrewing motion.
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Pitch (A), sliding velocity (B) and rotational
velocity (C) driven by afy at 10 uM ATP are
plotted by microtubule length. Microtubule
lengths were measured with the line tool of
Image J (n = 90). Microtubules where the entire
length was not within the field of view were
rejected. Microtubule length was not correlated
to the corkscrewing motion, as estimated by the
Pearson correlation coefficient (R) between
microtubule length and each data set. R = 0.08
(pitch), 0.22 (sliding velocity) and 0.15
(rotational velocity).



Supporting figure 5; Corkscrewing motion of a
sliding microtubule driven by afiy at 1 pM ATP
and 100 uM ATP.

3D plot of a QD bound to a sliding microtubule
driven by afyat 1 uyM ATP (A) and 100 uM ATP
(B). Images were either recorded at 2 s intervals
and five images were averaged (A) or recorded at
0.1 s intervals with no averaging (B). The pitch
value of corkscrewing motion is 2.0 um (A) and
0.50 um (B), respectively. In the presence of 1 or
100 uM ATP, afy is able to rotate microtubules
in a clockwise manner, which is the same
direction as observed in the presence of 10 uM
ATP (Fig. 1 G). The black arrows in (A) and (B)
indicate displacement during 100 seconds (A)
and 0.5 seconds (B), respectively.

Supporting figure 6; ATP concentration
dependency of corkscrewing motion driven by
an equimolar mixture of o and Py.
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(A) Microtubule rotational pitches driven by a
mixture of 0.4 uM a-subparticle and 0.4 uM By-
subparticle are plotted at 1, 10 and 100 uM ATP.
Data points and error bars indicate mean pitch
and standard deviation, respectively. 0.4 pM By
and 04 puM o were introduced into the
experimental chamber once. Sliding velocity (B)
and rotational velocity (C) are plotted against
ATP  concentration. (D) Summary of
corkscrewing motion driven by the mixture at 1,
10 and 100 uM ATP. Of 54 sliding QD-attached
microtubules, 49 rotated. The other 5 did not
rotate. Values of denominator in parentheses are
the number of microtubules analyzed and values
of numerator are the number of microtubules
rotated. Errors are standard deviations.



Supporting table 1; Summary of corkscrewing
motion driven by the mixture at 1 pM ATP.

Parameter Value for each assay

o (UM) 0 0.1 0.3 0.4 0.8 15
By (uM) 0.8 0.7 0.5 0.4 0 0
Mole

fraction of o 0 0.125 0.375 0.5 1 1

0.8 1.7 1.8 2.3 1.7 2.1
Pitch (um) +
0.2 0.3 0.5 0.2 0.5 0.3

I+
+
+
+
+

Sliding 0.035 0.023 0012 0.014 0.008 0.010
velocity + + + + + +
(nm/s) 0.009 0.004 0.003 0.005 0.003 0.002

Rotational 0.049 0.014 0.007 0.006 0.005 0.005

velocity + + + + + +
(revls) 0.024 0.004 0.002 0.002 0.003 0.001
Count of
microtubules 27 9 7 9 5 12
analyzed
Count of
microtubules 19 8 5 5 4 9
corkscrewed

Supporting movie 1

The movie shows a sliding rhodamine-labeled
microtubule driven by apy for first ~2 seconds
(0.2 s intervals, actual speed, G-2A filter set,
Nikon), and a moving QD fixed to the
microtubule via a streptavidin-biotin interaction
for remaining ~15 seconds (0.2 s intervals, x4
actual speed, QD 525 filter set, Chroma). Image,
18 um high, 32 pm wide.
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