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1 Supplementary Figures
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Fig. S1. (a) Polarity and (b) velocity of PMMTs gliding on the glass region prepared by assay
sequences No. 2, 5, 6, and 7 in Table S1. (n = 100 for each assay in b, error bars represent s.d.) n.s.

= not significant.
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Fig. S2. Behaviour of MTs approaching from (a) the dynein-coated region to the boundary (group
1) and (b) the kinesin-coated region to the boundary (group 2). In group 1, of the observed MTs (n
=286), 64.3 + 2.8% (mean + s.d.) were detached from the surface, 21.3 + 7.1% returned to the
original dynein-coated region, and 14.3 = 7.0% passed the boundary and continued gliding in the
kinesin-coated region. In group 2, of the observed MTs (n = 168), 58.9 = 11.3% (mean + s.d.) were
detached from the surface, 35.1 £ 10.3% returned to the original kinesin-coated region, and 6.0 +

1.4% passed the boundary and continued gliding in the dynein-coated region.
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Fig. S3. A set of MT length (blue plots) and velocity (red plots) without normalization during tug-

of-war for MTs gliding to (a) the kinesin-coated region and (b) the dynein-coated region.
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Fig. S4. Measurement of <di> and <ds>. (a) Schematic of <di> and <ds>. (b) Trajectory of a MT

with acute pivoting in the kinesin-coated region. (¢) Curvatures of five MTs: the red plot was

obtained from the trajectory shown in (b), and the other four are from longer MTs. (d) The

relationship between <S> and <di>. Margins are indicated by the dashed lines to determine <di>.

S6



2 Supplementary Table

Table S1. Sequence of protein coating used for optimizing selective kinesin and dynein patterning.

Assay Injection sequence
No. | 5 3 2 Gold with SAM region Glass region
1 K - - - MT gliding by kinesin MT gliding by kinesin
2 P K - - MT gliding by kinesin; MT gliding by kinesin
weak MT binding to the
surface
3 SA D - - MT gliding by dynein MT gliding by dynein
4 P SA D - MT gliding by dynein No MT attachment
5 P K SA D MT gliding by dynein MT gliding by kinesin
6 P K SA - NA MT gliding by kinesin
7 P K D - NA MT gliding by kinesin

K, kinesin, D, dynein, P, Pluronic F108, SA, streptavidin, NA, not applicable.
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3 Supplementary Discussion

Optimization of the protein coating sequence. To determine the optimum protein coating
sequence for the selective coating of dynein on the SAM-coated gold region and kinesin on the bare
glass region, we examined binding of motors and the blocking reagent Pluronic F108 to each
surface. After microfabrication and SAM formation as described in Methods in the main text, we
varied the injection sequence of the kinesin (abbreviated as K in Table S1), dynein (D), Pluronic
F108 (P), and streptavidin (SA) solutions, all of which were prepared as used for selective kinesin
and dynein patterning in Methods. Protein-coated regions were evaluated by examining the polarity
and velocity of PMMTs, and the assay conditions were the same as those described in Methods. The
injection sequence and qualitative results are summarized in Table S1.

Purified kinesin can be non-specifically immobilized on bare or Pluronic-coated glass
surfaces'. Assay No. 1 indicated that kinesin non-specifically bound not only to the glass surface
but also to the SAM surface. To block this non-specific binding, we introduced Pluronic in assay
No. 2. Although the number of MTs gliding on the SAM surface was decreased, some MTs were
found gliding in the SAM-coated region. In assay No. 3, we confirmed MT gliding supported by
dynein immobilized on the SAM with streptavidin in between. However, at this stage we found that
MTs in the glass region were also gliding by dynein, which was immobilized through streptavidin
or nonspecific dynein binding to the glass surface. Because we know that Pluronic can prevent
binding of streptavidin and dynein to the glass surface in a separate assay, Pluronic was first

incubated before streptavidin and dynein coating in assay No. 4. This procedure successfully
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limited dynein binding only to the SAM-coated region, because no MTs were captured in the glass
region. According to the manufacturer’s specifications, casein may contain biotin and cause
interference with the streptavidin-biotin bindings. However, as we introduced the streptavidin
solution with 0.5 mg ml™! casein as described above, this contamination does not affect our
selective motor coating. It is also confirmed in a reported assay.

The last step was to incorporate kinesin into the sequence while retaining the selective binding
of dynein. We expected that assay No. 5 would contain the optimum sequence based on two facts:
(1) Pluronic reduces nonspecific binding of kinesin to SAM (assay No. 2), and (ii) kinesin injection
over a dynein-coated surface results in a mixture of the two motors. Two regions prepared using the
assay No. 5 sequence were evaluated by determining the polarity and velocity of gliding PMMTs;
selective kinesin and dynein coating was successful as discussed in the main text.

We further conducted two experiments to understand why the velocity was reduced in the glass
region in assay No. 5. Because the possible causes were streptavidin or dynein coating after kinesin
incubation, we examined each effect on MT gliding in assays No. 6 and No. 7. The results for
polarity and velocity are summarized in Fig. Sla and b, respectively, along with results for the
control experiment and assay No. 5. Although streptavidin or dynein injection over the kinesin-
coated glass surface did not affect PMMT polarity (Fig. S1a), dynein lowered the velocity (Fig.
S1b). The velocity difference between assay No. 5 and No. 7 might be caused by the total amount of
nonspecifically immobilized dynein due to the existence of streptavidin. Therefore, as discussed in

the main text, dynein may act as a physical “roadblock” to MT gliding because of its size. Even
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with this velocity decrease, we concluded that assay No. 5 is the optimum order for selective

kinesin and dynein coating.
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4 Supplementary Methods
4.1 Measurement of <d> and <d¢>
A theoretical model was reported based on the stochastic evolution of the number of motors
bound to the filament?, for which the average distance travelled between acute pivoting of a short
MT, <§>, is given by
L+ 2(d)(d)* “

L L
R U AN - DR S
Lr3@ 1 1 &1

($) @

where L is the MT length and <d> is the average tip length. Based on equation (S1) with
experimentally measured values for <S> and L, Van den Heuvel et al. obtained <d>=0.10 + 0.02
um for kinesin immobilized on a fused-silica channel surface®. We used this method to obtain the
average distance between kinesin molecules, <di>, on the bare glass surface, and between dynein
molecules, <ds>, on the SAM-coated surface (Fig. S4a).

Kinesin- or dynein-coated regions were prepared by assay sequences No. 2 and No. 4,
respectively. MTs were shortened by shearing through a syringe, which produces MTs with an
average length of 1.05 + 0.54 um. They were introduced to the flow cell, and L and <S> for the
kinesin-coated region were measured according to the methods of Van den Heuvel et al.? as follows:
L =0.67=+0.03 um for 10 different images on the same MT and <$>=2.5 + 1.1 um for that MT.
Fig. S4b shows the trajectory of that MT for 240 s. Curvatures of the MT and of four other longer
MTs are plotted in Fig. S4c. The shortest MT had many pivot points, and their average interval was
measured as above. The relationship between <S> and <d> described in equation (S1) is plotted in

Fig. S4d, which enabled us to calculate <di> as 0.16 &+ 0.04 um. The corresponding values for the
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dynein-coated region were measured as L = 0.52 £ 0.02 pm and <$>=4.0 = 2.3 um, and the

resulting value for <ds> was 0.10 + 0.02 um (graphs are not shown).

4.2 Functions for No/Nk— and Nk/Ng—velocity curves
Model 1: For MTs gliding to the kinesin-coated region, the conventional force-velocity

relationship for a single motor®,

vyr = vll — (F/fi)"¥] (S2)

is rewritten as a function of Na/Ni and w as discussed in the main text by assuming the load force,

Frow = Nafa", is shared by Ni kinesins with the stall force, fi. The function is as follows:

Uyr/Ve = 1 — (Nafq/Nefi)"k. (S3)

In the same manner, for MTs gliding to the dynein-coated region,

vyr = vall — (F/fa)"e] (S4)

can be rewritten as:

vmr/va = 1 — (Nifii /Nafa)™e. (S5)

Equations (S3) and (S5) were fitted (solid lines) to Fig. 3e and Fig. 3f, respectively, using the least-
squares method to calculate fa"/fi, wk, fi /f1, and wa as summarized in Table 1.

Model 2: When the backward velocity is taken into consideration®”, the MT velocity is
expressed using the load that acts on a forward motor, kinesin (F+), and a backward motor, dynein

(F-). In other words, F+ and F- are generated by dynein and kinesin, respectively. MT velocity,

vyr = Vell — (Fi/fi)"x], (S6)

is defined for kinesin moving in the forward direction. For the same MT, velocity is also expressed

using the dynein backward velocity, vas, as follows:
vyr = —vapll — (F-/f3)"4]. (87)
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Based on the assumption that (i) opposing motors work as a load, and (ii) motors share the load, the

force balance on the MT that is pulled by Nk plus and Nz minus motors, NiF'+ = NaF-, yields the

normalized velocity, vmr/vr. Here, we consider the linear force-velocity relationship, i.e., wr = wa =

1, in Model 2, which leads to

vMT _ 1= (f3/fr) Na/Ng)
Vk 1+Wi/vap) (f3/fk) Na/Nk)'

(S8)
as shown in the main text. When a MT is pulled by dynein, and kinesin works as a load, one can

derive the corresponding equations to (S6) and (S7) as

vyr = vgll — (Fy/fa)"?], (S9)

and

vyr = —Ukpll — (F/f)"k]. (S10)

Again, the linear force-velocity relationship leads to

vur _ 1= (fg/fa) Ni/Na)
Va 1+Wa/vkp) (fi/fa) Nk/Ng)’

(S11)
Equations (S8) and (S11) are expressed as dashed lines in Fig. 3e and Fig. 3f in the main text to
calculate fi"/fi and va» and fi"/fa and v, respectively.

Model 3: As the nonlinear force-velocity relationship is also widely accepted in multi-motor
transport, we examined the equations used in Model 2 with different linear/nonlinear parameters

between kinesin and dynein: wi = 2 and wa = 0.5%. This yields an MT velocity of

vyr = vell = (Fr/fi)?l, (S12)

for forward kinesin motors and

vur = —Vapll — (F_/f7)%°] (S13)

for backward dynein motors, where the MT glides to the kinesin-coated region. In addition to

equations (S12) and (S13), force balance on the MT, NiF'+ = NuF -, yields the normalized velocity
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vmr/vi, which was solved using Matlab software (MathWorks) for the curve fit to Fig. 3¢ (dotted
lines). Fitting parameters f"/f and va» were obtained as shown in Table 1. For the other MTs gliding

to the dynein-coated region, the corresponding equations are

vpr = vall — (Fe/f)°], (S14)
and

vur = —rp[1 — (FL/fi)?]. (S15)

Equations (S14) and (S15) were used to obtain fi/fz and vk by curve fitting in Fig. 3f.
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5 Supplementary Video

Video S1. PMMTs gliding on the dynein-coated region of a selectively coated substrate (2x

real time).

Video S2. PMMTs gliding in the kinesin-coated region of a selectively coated substrate (20

x real time).

Video S3. MT experiencing tug-of-war at the boundary of the dynein-coated (left) and kines

in-coated (right) regions and eventually gliding to the kinesin-coated region (20x real time).
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