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Parallel Manipulation of Bifunctional DNA Molecules on
Structured Surfaces Using Kinesin-Driven Microtubules
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Michael Mertig,* and Stefan Diez*

W nave developed a technique to manipulate bifunctional DNA

molecules: One end is thiolated to bind to a patterned gold surface and
the other end is biotinylated to bind to a microtubule gliding over a
kinesin-coated surface. We found that DNA molecules can be stretched
and overstretched between the gold pads and the motile microtubules,
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and that they can form dynamic networks. This serves as a proof-of-
principle that biological machineries can be used in vitro to accomplish
the parallel formation of structured DNA templates that will have appli-

cations in biophysics and nanoelectronics.

1. Introduction

DNA molecules are unique biological filaments, since
they exhibit a small diameter, a high aspect ratio, and the
capability for sequence-specific recognition and self-assem-
bly. These properties make DNA molecules very promising
candidates for the bottom-up construction of artificial struc-
tures in one, two, or three dimensions to be used in genom-
ics,'! biomolecular materials synthesis,”’ and nanoelectron-
ics.’! For example, 1) metallized DNA molecules** might
provide a novel approach for the construction of nanoelec-
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tronic circuits, as silicon-based technology will face physical
limits,”! 2) surface-patterned DNA molecules will allow the
setup of advanced DNA microarrays,*® and 3) stretched
DNA molecules will enable novel studies of DNA mechan-
ics!'” and DNA-enzyme interactions.'"'?! However, in order
to set up any of these systems, it is necessary to incorporate
the DNA molecules into larger structures in a controlled
manner.* This involves the specific attachment of the
molecules to predefined locations as well as precise control
over their structural conformation.™ For individual mole-
cules both requirements can be fulfilled by manipulation
methods based on atomic force microscopy!” and optical
tweezers.'" To manipulate many molecules in parallel, hy-
drodynamic flow!'" or molecular combing™?! can be
used in combination with an end-specific attachment of
DNA on chemically patterned surfaces.l*'**) However, flow
manipulation and combing methods do not allow for the in-
dependent manipulation of molecules.

Recently, we showed that individual DNA molecules
can be attached to microtubules gliding on kinesin-coated,
unstructured surfaces.””’ We now explore whether this ap-
proach could be advanced to control the parallel, and yet in-
dividual manipulation of many DNA molecules in an engi-
neered environment. The ends of A-phage DNA (A-DNA)
were bifunctionalized with a thiol and biotin such that the
thiolated end specifically attached to gold-coated surface re-
gions. Once attached, the biotinylated ends of the DNA
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molecules were picked up, transported, and stretched by ki-
nesin-driven microtubules. The bindings on both ends of the
DNA were sufficiently strong that the molecules were
stretched up to their full contour length and even beyond
(i.e., overstretched®!). Complex patterns and dynamic net-
works were formed, which may serve as templates for fur-
ther metallization.™>?")

2. Results
2.1. Bifunctionalization of A-DNA with Thiol and Biotin

To achieve distinct binding of the two ends of the DNA
molecules to different substrates, the single-stranded A-
DNA overhangs were specifically functionalized with a thiol

and biotin by three Klenow polymerization reactions®™
(Figure 1a). The functionalization was designed such that in
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Figure 1. Bifunctionalization of A-DNA molecules with a thiol and biotin. a) The functionalization of A-DNA
with biotin and a thiol was achieved through three Klenow polymerization reactions: 1) Two biotin-modified
bases were incorporated; ) a thiol-modified base was added; Ill) the remaining overhangs were filled with
complementary unmodified bases. b) Confirmation of the biotin end-functionalization. T-DNA-B was bound
to streptavidin-coated magnetic beads. The beads were then precipitated using a magnet and the attached
DNA molecules were digested with Hind Ill. Through a second magnetic precipitation, the supernatant was
separated and run together with control A-DNA digested with Hind Ill (control). The digestion fragments are
compared. The biotinylated end (4 kb fragment) is missing in the T-DNA-B column (highlighted band) prov-
ing the successful functionalization of the DNA with biotin. The fragments of the Hind Ill-digested DNA are
shown schematically on the right. ¢) Confirmation of the thiol end-functionalization. A-DNA (column 1) and
T-DNA-B (column 2) incubated with gold colloids are compared using gel electrophoresis. For T-DNA-B a
broad distribution of the DNA is found due to the interaction of T-DNA-B with the gold colloids. This distri-
bution becomes even more visible (black) when the same gel is stained using a gold enhancement tech-

niquelY (columns 3 and 4).
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a first step (in the absence of dATP) the reaction stopped
one base after incorporating two biotin-dCTP molecules at
the right end of the DNA molecule (Figurela,I). In a
second step (in the absence of dCTP), the reaction was stop-
ped after incorporating one thiol-modified TTP group at the
left end of the DNA molecule (Figure 1a,II). In the last
step, the remaining DNA overhangs were filled with com-
plementary unmodified phosphorylated bases (Fig-
ure 1a, IIT). The resulting A-DNA molecules, which had one
end thiolated (T) and the other end biotinylated (B), are de-
noted as T-DNA-B.

2.2. Two-Step Verification of the Specificity of End-Func-
tionalization Reactions

First, to demonstrate the functionalization of one end of
the DNA with biotin, T-DNA-B was bound to streptavidin-
coated magnetic beads,

precipitated with a magnet,

S & and subsequently digested

& & with Hind I11. After the di-
A gestion, the  magnetic
g 0\3‘ ‘ beads and their bound ana-
= lytes were removed using a
23130 second magnetic precipita-

tion. The remaining solu-

2027 tion was subjected to
2322:H gel electrophoresis  (Fig-

9416 ure 1b). While in the con-

?g‘é E" Streptavidin trol of Hind ITI-digested A-

6557 Bead DNA all fragments were
4361_||g—@ visible, the 4 kb band was

missing in the modified
DNA. This result indicated
that the biotinylated end
of the DNA was removed
together with the streptavi-
din-coated magnetic beads,
whereas the thiolated end
was not affected. Second,
to demonstrate functionali-
zation of the other end of
the DNA with the thiol, T-
DNA-B was bound to gold
colloids (Figure 1c) and
subjected to gel electro-
phoresis. In the gel, a
broad DNA distribution
(“smear”) and a slightly
shifted band to higher
DNA fragment lengths was
found (column 2). This can
be attributed to the fact
that several DNA mole-
cules can bind to one gold
colloid, leading to the for-
mation of multicomplexes
with reduced propagation
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in the gel. In contrast, control A-DNA did not show any
binding to the gold colloids (column 1). Thiol functionaliza-
tion was further confirmed by staining the gel by using a
gold-enhancement technique.’" Here, the gold colloids
bound to the T-DNA-B served as nucleation sites for grow-
ing larger gold particles, visible as black smear (column 3).
Control A.-DNA did not show any reaction when subjected
to gold enhancement (column 4).

2.3. Binding of T-DNA-B to Gold-Patterned Surfaces

The efficiency of DNA end functionalization was also
evaluated by using a surface assay based on fluorescence
microscopy. T-DNA-B was incubated for 30 min in a perfu-
sion chamber containing patterned gold microstructures on
glass. After the incubation, the unbound DNA was removed
by washing with phosphate buffer (PB100) containing di-
meric cyanine dye oxazole yellow (YOYO-1) and tris(2-car-
boxyethyl)phosphine (TCEP). Fluorescence images showed
that individual T-DNA-B molecules were specifically attach-
ed to the gold surfaces (Figure 2a). In order to confirm the
T-DNA-B attachment to gold by one end only, the bound
molecules were stretched by applying a hydrodynamic flow
(Figure 2b).

The surface coverage of T-DNA-B molecules was stud-
ied by using gold surfaces with feature sizes of 40x40 pm?
and varying the DNA incubation times. Using a T-DNA-B
concentration of 700 pguL~!, it was found that 2.8+0.7
(mean =+ standard deviation) DNA molecules per 100 um?
were bound to the gold after 5-min incubation. The binding
yield increased to 3.3+0.9, 6.8+0.6, 13.9+0.7, and 14.7+
0.7 molecules per 100 um? after 10, 15, 30, and 60 min, re-
spectively. Apparently, the density of bound molecules ap-
proaches a saturation level of about 14 molecules per
100 um? after 30 min. This density corresponds to a mean
distance between the attached molecules of about 2.7 um.
This distance matches the extension of the measured trajec-
tories of end-specifically conjugated quantum dots shown in
Figure 2d. Thus, steric hindrance is presumably the reason
for the observed saturation, and a 30-min incubation time
was consequently chosen for the further experiments. The
coverage of T-DNA-B on the glass surface was found to be
<0.1 DNA molecules per 100 pm?, independent of the incu-
bation time.

Control experiments showed that neither control A-
DNA nor DNA biotinylated at both ends (B-DNA-B)
bound to the gold surfaces (surface coverage <0.1 DNA
molecules per 100 um?). In contrast, DNA molecules thiolat-
ed at both ends (T-DNA-T) readily bound to the gold pads
on the surface. When a hydrodynamic flow was applied
these molecules often stretched into an arched conforma-
tion, indicative of both ends being attached to the surface
(Figure 2c).

The functionality of the biotinylated end of the T-DNA-
B was checked after binding the thiolated end to the gold
surface. Streptavidin-coated quantum dots (SA-Qdots) were
allowed to bind to the biotinylated ends of the DNA in a
perfusion chamber. In order to prevent nonspecific binding
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10 um

Figure 2. Binding of T-DNA-B to patterned gold surfaces. a) Fluores-
cence micrographs of YOYO-1-labeled T-DNA-B molecules (green)
attached to a gold-patterned surface. The attached molecules exhibit
a coiled conformation and undergo thermally driven motion.

b) Hydrodynamic stretching of one T-DNA-B molecule (marked by the
dotted circle in (a)) into a linear geometry. The hydrodynamic flow
direction is indicated by the arrow; the three panels show the exten-
sion of the same T-DNA-B molecule at different time points under the
influence of increasing flow speed. c) YOYO-1-labeled T-DNA-T bound
to a patterned gold surface. When a flow is applied, the attached
molecules assume an arched conformation (arrowheads). Here, imag-
ing is performed through the substrate, hiding the actual binding
sites of the thiolated DNA ends behind the gold. d) Binding of SA-
Qdots (red) to the biotinylated ends of YOYO-1-labeled T-DNA-B
(green). The thermally driven motion of the SA-Qdots attached to the
biotinylated ends of the T-DNA-B were tracked and are shown by the
white dotted lines.

of the SA-Qdots to the surface, a blocking solution contain-
ing casein was applied after DNA incubation. Dual-color
fluorescence micrographs were acquired using the FITC
channel for the YOYO-1-labeled DNA and the TRITC
channel for the SA-Qdots. It was found that SA-Qdots
bound to about 80% of the attached T-DNA-B molecules
(more than 200 molecules investigated). Specific binding to
the biotinylated DNA ends was confirmed by the spatial
fluctuations observed for the individual SA-Qdots repre-
senting the thermal motion of the DNA molecules by which
they were tethered to the surface (Figure 2d and Movie S1
in the Supporting Information). Only a small number of
SA-Qdots bound directly to the surface (<3 molecules per
100 um?), presumably due to insufficient surface blocking.
No SA-Qdots were found to bind to T-DNA-T molecules.
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2.4. Stretching of T-DNA-B Molecules by Kinesin-Driven
Microtubules

Kinesin-driven microtubules were employed to manipu-
late individual T-DNA-B molecules that were specifically at-
tached to patterned gold surfaces. For this process, streptavi-
din was applied to the incubated T-DNA-B, and a kinesin-
containing motor solution as well as a motility solution con-
taining biotinylated rhodamine-labeled microtubules were
subsequently flowed into the perfusion chamber.

The biotinylated microtubules, which moved on the ki-
nesin-coated surface, bound to the streptavidin attached to
the biotinylated end of the DNA (Figure 3a) and DNA
stretching events occurred (Figure 3b and Movie S2 in the
Supporting Information). A stretching event was defined as
the observation of a DNA molecule that was stretched to at
least a length of 10 um by the action of a gliding microtu-
bule.

76 stretching events that took place on the surface were
analyzed over a field of view of 66 x 66 um”. On average, 6 +
2 stretching events over time periods of about 3 min were
recorded. Imaging was continued until the linkage of the
DNA disrupted either on the microtubule (70% of all
stretching events) or on the gold (4%) or until the DNA
molecule broke somewhere in-between (26 % ). Breakage of
the DNA molecules along their lengths most likely resulted
from photodamage®? or mechanical stress, such as pipet-
ting.! A detailed analysis of the final lengths of the stretch-
ed DNA molecules is shown in Figure 3c. As shown, most
of the molecules reach a length above the contour length of
A-DNA (estimated at 18.6 um™" for the amount of YOYO-1
used in these experiments). These observations show that:
1) the forces of the motors were high enough to fully stretch
(and even overstretch) the DNA molecules, and 2)the
gold-thiol bond was strong enough to withstand the associ-
ated forces. Only in a small percentage, the bonds broke at
the gold site or in very close proximity.

2.5. Parallel DNA Manipulation on Periodically Arranged
Gold Patterns

Regularly patterned surfaces with 10-um gold pads ar-
ranged in a quadratic geometry were used to demonstrate
the simultaneous occurrence of DNA stretching events
(Figure 4 and Movies S3 and S4 in the Supporting Informa-
tion). Figure 4 a illustrates the parallel manipulation of indi-
vidual DNA molecules bound to adjacent gold pads by ki-
nesin-driven microtubules. The DNA molecules were
stretched from the pads to the glass surfaces in independent
directions.

Figure 4b shows one T-DNA-B molecule (DNA 1),
which was picked up and pulled from the lower-left gold
pad over to the upper-left pad reaching a length of 22 pm.
After the microtubule-attached end of DNA 1 crossed the
upper pad, a second DNA molecule (DNA 2) was stretched
diagonally from the upper-left towards the lower-right pad.
This molecule attained a total length of 24 um (not shown).
The stretching events in this example show that the gold-
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Figure 3. Stretching of T-DNA-B by kinesin-driven microtubules.

a) Schematic diagram of the specific attachment of T-DNA-B to the
complementary surfaces. The thiolated end of the DNA binds specifi-
cally to the gold pads. The biotinylated DNA end binds to a biotin-
ylated microtubule via a streptavidin linkage. Using the forces devel-
oped by the kinesin molecules, the microtubules stretch the DNA
molecules to linear geometries. b) Fluorescence micrographs of a
time series [min:s] showing the stretching of a YOYO-1-labeled DNA
molecule (green) by a motile rhodamine-labeled microtubule (red).
The length to which the molecule was stretched is about 20 pm.

c) Histogram of DNA molecules as a function of their final stretching
length (N=76). All events are categorized as follows: detachment
from the gold (green), detachment from the microtubule (blue),
breakage between the gold and the microtubule (red).

patterned surface neither influenced the microtubule motili-
ty nor the pulling of the DNA over the edges of the micro-
patterned gold pads.

Figure 4c shows an example where a DNA molecule is
stretched between a gold pad and a motile microtubule in a
spool-like conformation. Such microtubule spools form
spontaneously on kinesin-coated surfaces in the presence of
crosslinking molecules (such as biotin-streptavidin).?*!
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Figure 4. DNA stretching on periodically arranged gold pads. a) Fluorescence micrographs showing the
stretching of several YOYO-1-labeled T-DNA-B molecules (FITC channel) on a patterned gold surface with 10-
um feature size. Driven by the force exerted by the kinesin, the microtubules (which were also imaged but
are not shown) stretch the DNA molecules to linear geometries. Some of the DNA molecules are bent due
to weaving around motile microtubules. b) YOYO-1-labeled DNA molecules are manipulated by gliding
microtubules (not shown) in such a way that linear geometries are formed. The arrows point to the DNA
molecules that were stretched by the microtubules. c) Fluorescence micrographs showing a rhodamine-
labeled microtubule (red) in a spool-like conformation rotating in place and periodically stretching a YOYO-
1-labeled T-DNA-B molecule (green). The dashed line indicates the location of the gold pad and the arrows
indicate the attachment points of the T-DNA-B to the microtubule. (The time in all images is given in

[min:s])

The result is a rotary motion of the spool generated by the
action of linear motors. In our example, the rotary motion
leads to a periodic stretching and unstretching of the DNA
molecule (see Movie S5 in the Supporting Information).
Before the image recording had started, the DNA molecule
was already stretched to about 10 um while attached to the
spool. The event was imaged up to the time where the
DNA was broken. During this time, the spool was stable
enough to accommodate continuous rotation.

These examples demonstrate the principal feasibility of
parallel and yet individual DNA stretching events between
periodically arranged microstructures as well as the bifunc-
tional coupling of DNA molecules to more intricate motility
systems. In order to use the system for the generation of
regular DNA networks, appropriate techniques to attach
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the stretched DNA mole-
cules to the target struc-
tures need to be devel-
oped. This is a subject for
further research, beyond
the scope of this paper.

2.6. Dynamic Interactions
between Stretched
DNA Molecules

Another example of
the simultaneous manipu-
lation of multiple DNA
molecules by the molecular
motors is given in Figure 5
(see also Movie S6 in the
Supporting  Information).
The intricate network was
formed on top of 40x
40 um?* gold squares by the
activity of kinesin-driven
microtubules on three
DNA molecules.

Already Dbefore our
image recording had start-
ed, DNA molecule 1
(DNA 1, shown in green)
had been stretched to
about 22 um and bound
nonspecifically to the sur-
face such that its ends re-
mained at fixed locations.
A second DNA molecule
(DNA 2, blue) was stretch-
ed to a length of about
20 um by the action of a
motile microtubule (micro-
tubule A). It was then dis-
rupted from microtubule A
and reattached to microtu-
bule B, which had a differ-
ent direction of movement.
After being stretched to a final length of about 22 pm, the
molecule detached from microtubule B and returned to its
attachment point undergoing thermally driven motion. A
third DNA molecule (DNA 3, red) was looped around
DNA 1 approximately in the middle. Microtubule C stretch-
ed DNA 3 first towards the right, leading to an increasing
kink in DNA 1 caused by a DNA-DNA interaction. After
microtubule C changed its direction towards the Ileft,
DNA 1 and DNA 3 were eventually disentangled.

We identified DNA-DNA interactions where two
stretched molecules were woven into Y-type crossings (see,
for example, the middle image on the upper panel of
Figure 5) and X-type crossings, where the two stretched
DNA molecules crossed over each other (see, for example,
the middle image on the lower panel of Figure 5). We ob-
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Figure 5. Dynamic interactions between stretched DNA molecules. Fluorescence micrographs of YOYO-1-
labeled DNA molecules bound and stretched on a gold surface and schematic interpretations deduced from
the full video sequence (time shown in [min:s]). In the stretching events shown here, the DNA molecules
are woven together to form loops and junctions by motile microtubules (shown in the drawings). Different

DNA molecules are shown in different colors.

served a number of additional networks simultaneously
formed by multiple DNA molecules.

3. Discussion

We have shown in a cell-free environment that individu-
al bifunctionalized T-DNA-B molecules can be specifically
attached with the thiolated end to micropatterned gold sur-
faces while the biotinylated ends are picked up and manipu-
lated by kinesin-driven microtubules. Using the forces gen-
erated by the motors, we observed parallel and yet individu-
al DNA stretching events, DNA-DNA interactions, and dy-
namic network formation.

Binding the thiolated end of T-DNA-B to gold surfaces
(instead of using complementary oligonucleotides or thiol
derivates of biotin") yields several advantages. First, no ad-
ditional surface functionalization is necessary, and secondly,
a high force resistance in stretching is obtained."! We veri-
fied that our system is well defined by specifically attaching
streptavidin coated quantum dots to the biotinylated ends
of the DNA.
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We specifically manipu-
lated individually attached
DNA molecules by using
kinesin-driven microtu-
bules and investigated the
mechanical stability of the
DNA molecules. Because a
high density of kinesin
motors was used
(>3000 um~?), the generat-
ed forceP was large
enough to stretch and even
overstretch individual
DNA molecules.!!*#28]
Stretching up to 150% of
the contour length of A-
DNA was observed prior
to detachment or break-
age. However, due to the
large influence of the fluo-
rescence labeling on the
molecular elasticity of the
DNA# it is not
straightforward to deter-
mine the stretching forces
generated by the motile
microtubules. For example,
common force—distance
measurements on  un-
stained A-DNA molecules
reveal a characteristic pla-
teau at 65 pN[I1®2841 fo].
lowed by an abrupt exten-
sion before the duplex un-
binds at forces of about
150 pN.*2l In contrast, a
considerable shift of the
overstretching transition to higher forces, and thus the dis-
appearance of the 65-pN plateau, when the intercalator
YOYO-1 is used as fluorescence dye was reported.'*) How-
ever, this particular result cannot be used for a quantitative
analysis of our experiment, since we labeled the DNA at a
much lower dye-to-nucleotide ratio. Therefore, thorough in-
vestigation of the influence of YOYO-1 on the entropic and
mechanical properties of DNA is necessary to further evalu-
ate the observed stretching events. Once the detailed force—
extension curve of the utilized DNA molecules is known,
new possibilities for studying both DNA duplex elastic be-
havior and the collective behavior of the kinesin motor
action®! will arise. Nevertheless, conceptually similar to ear-
lier demonstrations**! our DNA-stretching experiments
show that it is possible to carry out biophysical investiga-
tions where all the involved components — including force
generation and detection — work autonomously at the mo-
lecular level.

It was also possible to quantify the number of DNA rup-
ture events upon stretching. 70% of the stretched DNA
molecules detached at the microtubules suggesting that the
connection between the DNA and the gold substrate is
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stronger than the one between the DNA and the microtu-
bule. This observation is in accordance with the reported
energy of the streptavidin-biotin single-ligand receptor
being 96 kImol %4l while the thiol-gold interaction is
167 kJ mol .41 Although in our experiments two biotins
on the microtubule and two biotins on the DNA could po-
tentially form bonds with streptavidin, most likely only one
bond was formed, partially due to steric hindrance. Any
nonspecific binding energy of DNA via phosphate moieties
is on the order of a few kJmol'.***l Moreover, one has to
take into account that our experiments were carried out on
a second or minute time scale, and therefore the unbinding
force is lower than that required for a faster pulling. These
results also show that the force developed by kinesin on the
microtubule tracks can compete with the biotin-streptavidin
breaking force.’!! We suppose the interest of such a method
lies in the possibility to nondestructively exert and measure
forces on other biological ligands or even artificial polymers
using the same geometry.

Our molecular manipulation technique permitted the
alignment and stretching of DNA molecules on the gold-
patterned surfaces. We were able to manipulate many DNA
molecules simultaneously and to assemble DNA networks.
An interesting extension will be the construction of multidi-
mensional DNA networks, for which microtubule motility
and DNA-attachment needs to be guided in a three-dimen-
sional manner.?

Although not demonstrated here, the dynamic DNA
networks observed in our experiments can be stabilized at
any time by stopping the microtubule movement. %
Therefore, the described network formation can be seen as
an engineering analogue to the basic biological principle of
structural evolution. In cells, the structures are continuously
formed by assembling and disassembling complex units, by
selecting and stabilizing these units through the recruitment
of additional proteins.

4. Conclusions

This report illustrates a new strategy for designing and
preparing complex patterns of DNA molecules on engi-
neered surfaces. The highly specific binding and the parallel
yet individual manipulation of DNA molecules by means of
kinesin-driven microtubules is expected to be useful for
nanotechnology as well as for biophysical studies. The re-
sulting DNA structures serve as a proof-of-principle that bi-
ological motors can be used in molecular manufacturing.

5. Experimental Section

Substrate preparation: Patterned gold surfaces were pre-
pared on glass cover slips (Corning, US) by evaporation. TEM
grids with 400 lines per inch (Plano GmbH, Germany) and hole
grids with 6.5 pm and 10 pm hole diameters and a center-to-
center spacing of 19 pm and 20 pm, respectively, were used as
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masks. The film thickness was typically 90 nm for the 40-um
pads and 230 nm for the 10- and 6.5-pm pads.

Glass cover slips and patterned gold surfaces were cleaned
by sequential immersion in fuming nitric acid (100%, 1 min for
the 40-um pads and 20 s for the 10-um and 6.5-pm pads) and a
neutralization solution (hydrogen peroxide (30 wt% in water;
Sigma, Germany), ammonium hydroxide (28-30 wt% in water;
Acros Organics, Germany) and water in a 1:1:5 ratio) for 5 min
and 2.5 min, respectively. The neutralized surfaces were soaked,
extensively rinsed, and stored in water.

All experiments were performed in 100-pum-thick perfusion
chambers of about 40 pL volume, built from cleaned cover
glasses and cleaned patterned gold surfaces separated by a
double-sided tape spacer.*®

End-labeling of the A-DNA: A-phage dsDNA (\-DNA; New Eng-
land Biolabs Inc., UK) was used, containing 48502 base pairs.
In its native form, it has a contour length of about 16.5 pm. The
molecule contains 12-base-long, single-stranded overhangs at
both ends that are self-complementary. To properly resolve the
DNA end-labeling, the samples were heated up to 65°C so that
any circular closed molecules were melted. Functionalization
was carried out in three Klenow polymerization reactions. In a
first step, dGTP (Sigma, Germany) and Biotin-14-dCTP (Gibco,
Germany) were incorporated using DNA polymerase |, large
Klenow fragment (New England Biolabs) in NEB2 buffer (10 mm
Tris-HCl, 50 mm NaCl, 10 mm MgCl,, 1 mm dithiothreitol, pH 7.9,
25°C; New England Biolabs). For this, the mixture was incubated
at 25°C for 25 min (activation of the enzyme) followed by 75°C
for 10 min (inactivation of the enzyme). In the absence of dATP
the reaction stopped at the TTP position. The DNA was loaded
for purification in a Microcon YM-100 filter (Millipore, Germany)
and centrifuged at 500 g. By inverting the filter, the purified DNA
was recovered. In the second step, dATP (Sigma, Germany),
dGTP, S“TTP (4-thiothymidine triphosphate, TriLink BioTechnolo-
gies, US) were incorporated using Klenow fragment (3'—5' exo™;
New England Biolabs). The processes of incorporation, filtration,
and recovery were performed as described above. The third step
consisted of filling up the remaining overhangs with dCTP, TTP,
dATP, and dGTP. The final purification step exchanged the NEB2
buffer for phosphate buffer PB100 (a mixture of sodium phos-
phate monobasic and sodium phosphate tribasic (Sigma, Ger-
many), 100 mm, pH 7.5). The purified DNA was recovered by cen-
trifugation at 1000 g.

DNA was also labeled with thiol or biotin at both ends (T-
DNA-T and B-DNA-B, respectively). For T-DNA-T, Klenow fragment
(3 —5’ exo”) in NEB2 buffer and dATP, dGTP, S*TTP and dCTP
were added. For the B-DNA-B, large Klenow fragment in NEB2
and Biotin-dCTP, dATP, dGTP, TTP were used. The DNA was puri-
fied and recovered as described above.

The efficiency of the functionalization reactions were checked
by using gel electrophoresis. 1) 0.1 pg of T-DNA-B was bound to
streptavidin-coated magnetic beads (Dynal, Germany) by incuba-
tion of the sample at room temperature overnight. The beads
were then precipitated using a magnet and unbound molecules
were removed by rinsing with buffer solution. The DNA molecules
bound to the beads were digested with Hind Ill (New England Bi-
olabs). The supernatant was separated again using a magnet
and run in a 0.5% agarose gel (Seakem Gold; Biozym, Germany)
together with the control A-DNA Hind Ill digested, for 1.5 h, at
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80 V. The gel was stained with SYBR Green (Molecular Probes,
UK) in TAE (tris-acetate) buffer for 5 min. 2) 0.2 pg of T-DNA-B
and 0.2 pg of A-DNA were bound to gold colloids (5-nm diame-
ter; Sigma, Germany) by incubation of the sample at room tem-
perature overnight. After incubation, the samples were run in a
0.5% agarose gel. First, the gel was stained with SYBR Green
and imaged. Subsequently, the gel was restained using a gold-
enhancement technique. For this, KAuCl, (600 pL, 23 mgmL™;
Sigma, Germany) was mixed with KSCN (600 pL, 60 mgmL™?;
Sigma, Germany) followed by centrifugation at 5000 g for 1 min.
The pellet was dissolved in 4800 pL of 1 m sodium phosphate
buffer (pH 5.5; Sigma, Germany). Then, 1200 pL of hydrochinone
(5.5 mgmL*'; Sigma, Germany) were added. The gel was incu-
bated with the solution for 15 min, subsequently rinsed with
water, and imaged.

Bulk studies were used to check the efficiency of the end-la-
beling of DNA with the thiol and biotin. YOYO-1 iodide (A=
491 nm; A, =509 nm; 1 mm solution in DMSO; Molecular
Probes, UK) was incubated with T-DNA-B at 37°C for 2 h in a
ratio of eight nucleotides per dye molecule. Thereafter the DNA
was flowed into the perfusion chamber and kept in a humidified
atmosphere. After an incubation time of 5, 10, 15, 30, and
60 min the chamber was rinsed with 100 pL of PB100 to remove
unbound molecules. Subsequently, the perfusion chamber was
incubated with a casein solution for 5min (0.5 mgmL™? in
PB100; Sigma, Germany). Next, a solution containing streptavi-
din-covered quantum dots (SA-Qdots; 605 nm emission, 8 nm;
Quantum Dot Corporation, US) was added. The SA-Qdots were al-
lowed to bind for 5 min. Any unbound molecules were removed
with PB100-containing TCEP reducing agent (tris(2-carboxyethyl)-
phosphine, 100 mm; Molecular Probes, UK). The specific binding
of DNA to gold and to SA-Qdots was observed using fluores-
cence microscopy. The number of bound molecules per pm? was
quantified. As controls, T-DNA-T and B-DNA-B were used as de-
scribed above.

Motility assay: A mixture of rhodamine tubulin, biotin tubu-
lin, and tubulin (Cytoskeleton, US) in a ratio of 3:4:9 and a total
concentration of 4 mgmL™" was polymerized at 37°C in BRB8O
buffer (80 mm Pipes, pH 6.8 with KOH, 1 mm MgCl,, 1 mm EGTA)
enriched by 5% DMSO, 4 mm MgCl,, and 1 mm Mg-GTP (Sigma,
Germany). The solution was diluted 100 times in BRB80 with
10 mm taxol. Dimeric full-length wild-type Drosophila mela-
nogaster kinesin (from the pPK113 plasmid) with the 6-histidine
tagged, expressed in Escherichia coli was purified as described
elsewhere.”” The motility assay was adapted after a standard
protocol.®® Briefly, the perfusion chamber was incubated with T-
DNA-B for 30 min at room temperature. The unbound DNA mole-
cules were removed with PB100. Subsequently, a solution con-
taining streptavidin (8 nm; Pierce, Germany) was added. The
streptavidin was allowed to bind for 5 min. Next, the surfaces of
the perfusion chamber were blocked with a casein solution for
5 min (0.5 mgmL™' in PB100; Sigma, Germany) followed by the
motor-containing solution (10 pgmL™ kinesin with 1 mm ATP
and 0.2 mgmL™ casein in PB100). The motors were allowed to
bind for 5 min. In the last step, a motility solution containing
rhodamine-labeled biotinylated microtubules (32 nm tubulin
dimer), 0.2 mgmL~! casein, 10 um taxol, 1 mm ATP, the anti-fade
solution containing 0.02 mgmL™! catalase, 0.02 mm glucose oxi-
dase, 0.02 mm bD-glucose (Sigma, Germany), 10 mm TCEP, and
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YOYO-1 (1 dye per 8 nucleotides) were added. The speed of the
DNA-loaded gliding microtubules ranged from about 0.18-
0.3 pms™.

Fluorescence microscopy and imaging: The perfusion cham-
ber was mounted on an inverted fluorescence microscope Axio-
vert 200M (Zeiss, Germany). A high-magnification (100x, N.A.=
1.3) oil-immersion objective and the appropriate blue (FITC) and
green (TRITC) optical filter sets were used to image the DNA mol-
ecules, SA-Qdots, and microtubules. Images were acquired
using a 16-bit cooled frame-transfer CCD camera (Micromax, 512
BFT; Visitron, Germany) with 100-ms exposure times and cap-
tured on a computer using Metamorph imaging software (Visi-
tron). Dual-color images at 3-s time intervals were obtained by
interchanging the filter sets between sequential acquisition.
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