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Supplementary Text
1. Investigation of the effect of salinity on a kinesin-coated substrate

We have explored how the salt concentration in the surrounding medium affects a kinesin-coated
substrate. We incubated kinesin-coated substrates in aqueous buffers of various salt concentrations
and assessed their conditions by performing a gliding assay of MTs.

The flow cells were prepared with two different methods: direct attachment and via streptavidin-
biotin.

In the direct attachment, casein buffer (BRB80 (80 mM PIPES, 1 mM MgCl,, | mM EGTA, pH
maintained to 6.8 using KOH) supplemented with casein (0.5 mg mL')) was added to the flow
cell and incubated for 3 min. After washing with 5 uL. of wash buffer (BRB80 buffer supplemented
with 1 mM dithiothreitol, casein (4.5 mg mL™"), d-glucose (4.5 mg mL™!), glucose oxidase (50 U
mL"), catalase (50 U mL!), 1.0 mM MgCl,, and 10 uM taxol), 1.0 uM kinesin solution was
introduced into the flow cell. Then, the flow cell was filled with wash buffer prepared using
different mixing ratios of BRB80 and DNA reaction buffer (80 mM PIPES, 80 mM KOH, 60 mM
NaCl, 6 mM MgCl,, pH maintained to 6.8 using NaOH) and incubated for 0, 90, and 180 min.
After the incubation, the flow cell was washed with 5 pL. of wash buffer, and 5 pL of green MT
(without DNA modification) solution was introduced and incubated for 2 min, followed by
washing with 5 pL of wash buffer. The green MTs were polymerized from a mixture of 56 uM
tubulin (80% (v/v)) and ATTO 488 dye-labeled tubulin (20% (v/v)). Preparation of ATTO488-
labeled tubulin was performed using ATTO488 NHS ester following the established protocol (58).
The motility of MTs was initiated by applying 5 uL of ATP buffer (wash buffer supplemented
with 5 mM ATP and 0.2% methylcellulose (w/v)).

In the via streptavidin-biotin method, 5.0 pL of biotin BSA buffer (BRB80 supplemented with
biotin BSA (1.0 mg mL™")) was added to the flow cell and incubated for 3 min. After washing with
20 uL of BRBS8O, streptavidin buffer (BRB80 supplemented with streptavidin (1.0 mg mL")) was
introduced into the flow cell and incubated for 5 min. After washing the flow cell with 15 pL of
BRBS80, 5.0 uL of casein buffer was added and incubated for 5 min. After washing with 10 pL of
BRB80, 5.0 uL of 1.0 uM biotinylated kinesin was introduced into the flow cell. We used a
biotinylated kinesin consisting of the first 465 amino acid residues of human kinesin-1 with an N-
terminal histidine tag, and a C-terminal avi-tag which was prepared as described in previously
published reports by partially modifying the expression and purification methods (64). Similarly
to the direct attachment, the flow cell was supplied with BRB80, DNA buffer, or their mixture and
incubated for certain times. After washing with 5.0 pL of wash buffer, 5 uL of green MT
(ATTOA488-1labeled MTs) solution was introduced and incubated for 2 min, followed by washing
with 5 uL of wash buffer. The motility of MTs was initiated by applying 5 pL of ATP buffer (wash
buffer supplemented with 5 mM ATP and 0.2% methylcellulose (w/v)).

The time of ATP addition was set as 0 min. 5 min after the addition of ATP buffer, MTs were
monitored using an epifluorescence microscope at room temperature (25 °C).
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Fig. S1. Hybridization of linker DNA with receptor and dissociator DNAs. (A) Hybridization
of linker with receptor DNAs. (B) Hybridization of dissociator with linker DNA crosslinking the
receptor DNAs. (C) Duplex formation of linker and its complementary strand (elongated
dissociator) and concurrent removal of the Receptor DNAs from the linker.
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Fig. S2. Effect of buffer composition on the kinetics of the molecular controller. (A, B) Time-
dependent concentration changes of linker in Tris buffer (with 50 mM NaCl and 6 mM MgCla,
neutralized with 10 mM acetate) in (A) high DNA concentrations (200 nM input mix; 500 nM
linker mix; 200 nM update mix) and low enzyme concentrations (300 U mL! polymerase; 800 U
mL! nickase; 1500 U mL™! restriction enzyme) and (B) low DNA concentrations (100 nM input
mix; 20 nM linker mix; 100 nM update mix) and high enzyme concentrations (450 U mL"!
polymerase; 1200 U mL"! nickase; 2250 U mL"!' restriction enzyme) estimated from gel
electrophoresis. Controls in gel images: linker (lane a), linker + transducer (lane b). The time
required to terminate whole reactions became shorter by decreasing the concentration of DNA and
increasing the concentration of enzymes. We further optimized the buffer composition by changing
to PIPES-based buffer (detailed composition shown in Method) to improve the compatibility to
gliding assay.
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Fig. S3. Generation of signal and dissociator. (A) Hybridization of beacon-1 and signal. (B) Gel
electrophoresis in the presence of beacon-1 to confirm the generation of signal. Control: beacon-2
+ dissociator (lane ), beacon-1 + signal (lane f), beacon-2 (lane g), beacon-1 (lane h). (C) Time-
dependent concentration changes of beacon-1 and beacon-1 + signal. (D) Hybridization of beacon-
2 and dissociator (E) Gel electrophoresis in the presence of beacon-2 to confirm the generation of

dissociator. Control is the same as (B). (F) Time-dependent concentration changes of beacon-2
and beacon-2 + dissociator.
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Fig. S4. Distribution of the length of MTs. The number of MTs considered for analysis was 100.
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The distribution of MT length was fitted to the Gaussian equation ( W\/% ) for
normal distribution. The fitted curves are represented by the solid lines (R* = 0.81). The
mean length obtained from the fitting was 6.2 + 2.2 um. The arithmetic mean of the length
of MTs was 6.8 = 2.3 um.
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Fig. SS. Design and preparation of DNA-conjugated MTs. (A) Schematic diagram of the
preparation of DNA-conjugated MTs through conjugation of MT with DNA by copper-free click
reaction followed by polymerization of azide-labeled tubulins into azide-labeled MTs at 37 °C.
(B) Fluorescence microscopy images of magenta and green receptor DNA-conjugated MTs. Scale

bar: 5 pm.
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Fig. S6. UV-Vis absorption spectrum of DNA and tubulin. (A, B) Receptor-1 (A) and receptor-
2 (B) conjugated MTs and evaluation of absorbance peaks of receptor strands, tubulin, and DBCO
by Gaussian distribution function (a.u. = arbitrary unit). The concentrations of receptor strands
were 500 uM in both cases. The estimated labeling ratios are given in table S2.
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Fig. S7. Effect of surface modification on the resistance against salinity. (A) Two different
glass surfaces with attaching kinesins. (left) Kinesins are attached using streptavidin-biotin
interaction. (right) Kinesins are directly attached to the glass substrate. See Supplementary Method
for a detailed experimental procedure. (B) Percentages of motile and immotile MTs after
incubating with BRB and DNA-reaction buffer (DNAB). (C) Mean velocities of motile MTs (n =

30). The detailed experimental method is described in Supplementary Text 1.
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Fig. S8. Gliding assay of receptor-2 conjugated MTs under high-salinity and high-
temperature condition. (A) Microscopy observation of the gliding assay of receptor-2 conjugated
MTs in DNA reaction buffer at 37 °C. Scale bar: 25 um. (B) The changes of the number of MTs
over time. The number of MTs on a kinesin-coated surface decreases drastically in high salinity
buffer (DNA reaction buffer) and at high temperature (37 °C). This is probably because of the
detachment of MTs from the surface due to the hindrance of interaction between MTs and kinesins.
Receptor-1 conjugated MTs also detaches similarly in this condition.
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Fig. S9. Mean velocities of DNA-conjugated MTs. (A, B) Distribution of the velocities of
Receptor-1 (A) and Receptor-2 (B) conjugated MTs. The number of MTs considered for analysis
was 50 in both cases. The distributions of the velocities were fitted to the Gaussian equation
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( w2 ) for normal distribution. The fitted curves are represented by the solid lines (R?
= (.78 and 0.88 for receptor-1 and receptor-2 conjugated MTs, respectively). The mean velocities
obtained from the fitting were 490 + 20 um s™! for both receptor-1 and receptor-2 conjugated MTs.
The arithmetic means of the velocities of receptor-1 and receptor-2 conjugated MTs were both 490
+ 20 um s’ (C) Mean velocities of discrete MTs over time (n = 30).
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Fig. S10. Programmable assembly and disassembly of MTs by varying enzyme
concentration. Because EcoRI only affects the third step of the DNA chemical reaction system,
the dissociation time of MTs can be tuned. (A) Graph showing the time development of the linker
concentrations quantified from gel electrophoresis. Results of experiments using final
concentration of 0, 5, and 50 U mL"! EcoRI is superimposed with the data of Fig. 2 (1500 U mL-
1. To obtain the data, the same experimental method of Fig. 2, and fig. S2 was used. (B) Snapshots
of fluorescence microscopy, where we mixed DNA/enzymes solutions (incubated for 0, 20, 40, or
60 minutes) with green and magenta MTs on a kinesin-coated glass surface. Instead of a continuous
time lapse imaging of the same sample, samples of each time point were observed separately by
preparing flesh MT system each time. The DNA/enzymes samples were prepared similar to (A)
by varying the incubation time and EcoRI concentration. Instead of using fluorescent labelled
linker used in the gel electrophoresis for (A), we used unlabeled linker for this microscopy
observation. MTs were prepared as described in the material and method of the main text. To
obtain the images in this figure, IX83 Olympus, Japan was employed using 60x oil emulsion lens.
Scale bar: 30 pm. (C) Time development of colocalization ratios quantified from the data of (B).
As the concentration of EcoRI increased, the decrease of colocalization ratio became earlier.
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Fig. S11. Intermediate scattering function F(q, A7) plotted against lag time Az at various
elapsed time 7 obtained from DDM analysis. Chl and 2 represent green and magenta channels,
respectively. Plots are fitted with exponential functions to determine the initial relaxation time 7.
See Methods for details.
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obtained from DDM analysis. Chl and 2 represent green and magenta channels, respectively.
See Methods for details.



Table S1. Sequences of DNAs.

DNA Sequences (5°-3”) 5” end 3’ end
Template- | CTAGAACATACGCATTTGATTCGCCGGGAATTC - -
red TATAGTACTATTCAAGCGACGGCT
Template- | TCACTTCTGCATCGAGCTGAGGAGCCGTCGCTT - Phos
gray GAATAGTGTTA
Template- | AGGATATGCTCTCGTGCTGAGGCCCGGCGAAT - Phos
orange CAAATGCGTATGGTTA
Signal TCAGCTCGATGCAGAAGTGA - -
Linker TGGTATGTCAAGCCGCGAGACTGGCTGGTGAA - FAM
GGATATGCTCTCGT
Converter- | ACGAGAGCATATCCTTCACCAGCCAGTCTCGC - Phos
dark GGCTTGACATACCATCACTTCTGCATCGA
Updater | GGAGCCGTCGCTTGAATAGTACTATAGAATTC - Phos
CCGATGACGCT
Transducer- | AGCGTCATCGGTCTTTATATAGTACTATTCAAG - -
blue CGACGGCTTCACTTCTGC
Dissociator | TCAGCACGAGAGCATATCCT - -
Receptor-1 | TTTTTTTTTTTTGCGGCTTGACATACCA DBCO FAM
Receptor-2 | TTTTTTTTTTTTTCACCAGCCAGTCTGTTA DBCO | TAMRA
Beacon-1 | TCACTTCTGCATCGAGCTGATTTCGATGCAGA - TAMRA
Beacon-2 | AGGATATGCTCTCGTGCTGATTACGAGAGCAT - TAMRA

All the DNAs were purified using HPLC.

Phos: 3’-Phosphorylated group. To inhibit extension by polymerase, phosphorylations were made
at 3’end of receptors, template-gray, template-orange, linker, connector-dark, updater, and
transducer-blue.



Table S2. Activities of enzymes in different buffer compositions and temperatures*.

Buffer NEBuffer NEBuffer NEBuffer BRB80 BRBS80 BRBS80 BRBS80
2 3.1 4 Na K Na/Mg K/Mg
Name Unit
Tris HCI mM 10 10
Tris acetate 20
PIPES mM 80 80 80 80
NaCl mM 50 100
CH;COOK mM 50
NaOH mM 165 165
KOH mM 165 165
MgCl2 mM 10 10 1 1 10 10
(CH;COO):Mg mM 10
EGTA mM 1 1 1 1
DTT mM 1 1
BSA ug/mL 100
pH at 25°C 7.9 7.9 7.9 6.9 6.9 6.9 6.9
Enzyme 7(°C) NEBuffer NEBuffer NEBuffer = BRB80 BRBS80 BRBS80 BRBS80
2 3.1 A Na K NaMe KM
Bst DNA 25 50 64 84
Polymerase 35 58 59
LargeFragment 45 61 63
Klenow 25 77
Fragment 35 68 76
(3'—>5' exo-) 45 74
25
Nt.BstNBI 35
45
25
Nb.BbvCI 35
45

*As buffer composition, we employed standard Tris buffers (NEBuffer2, NEBuffer3.1,
NEBuffer4) from New England Biolabs, USA. and homemade BRB buffers (PIPES dissolved by
NaOH or KOH in addition to 1 or 10 mM of MgCl,). Enzymes used in reference 47 were Bst DNA
polymerase and Nt.BstNBI, which are suitable for Tris buffer and higher temperature (45 °C).
Because we were afraid that these enzymes were not suitable for kinesin/MT system that work in
BRB buffer and relatively low temperature, we switched to Klenow Fragment and Nb.NbvClI in
this work. The buffer composition is summarized in the top half of the table to illustrate the
difference among the buffers. In the bottom half of the table, the activity of each enzyme is shown
in % unit (background color is blue for 0 and red for 100). The values were calculated from the
images of gel electrophoresis experiments dedicated for the quantification. Note that some of the
activity became below 0 or above 100 due to the variance to measure the band intensity from the



images. Each sample that contains 100 nM DNA and enzyme was incubated under the specified
temperature for 100 min and then subjected to 12% acrylamide gel. After applying 200V to the
gel for 30 minutes, the gel was stained by SYBR GOLD purchased from Invitrogen, USA. The
DNA sequences used to quantify the Bst DNA polymerase, was CATTCTGACGAG (primer) and
CTCGTCAGAATGCTCGTCAGAAT (template). For Klenow Fragment, we used
CGAGTCTGTT (primer) and AACAGACTCGAACAGACTCG (template). Nt.BstNBI was
quantified using DNA duplex formed from AACAGACTCGAACAGACTCG and
CGAGTCTGTTCGAGTCTGTT, whereas Nb.BbvCl used CACCCTCAGCAACTCC and
GGAGTTGCTGAGGGTG. We decided our buffer composition for further experiment from the
results.



Table S3. Labeling ratios of DNA to tubulin dimers.

DNA Infeed conc. of Final conc. of Final conc. of = Labeling ratio of
receptor (WM) tubulin dimers receptor in receptor to
(uM) tubulin dimers tubulin dimers
(uM) (%)
Receptor-1 500 9 6 68
Receptor-2 500 8 6 78




Movie S1.

Autonomous assembly and disassembly of gliding microtubules regulated by a molecular
controller. Scale bar: 25 pm.
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