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ABSTRACT: Motor proteins such as myosin, kinesin, and dynein | F, ~150pN
are essential to eukaryotic life and power countless processes
including muscle contraction, wound closure, cargo transport, and
cell division. The design of synthetic nanomachines that can
reproduce the functions of these motors is a longstanding goal in
the field of nanotechnology. DNA walkers, which are programmed
to “walk” along defined tracks via the burnt bridge Brownian ratchet
mechanism, are among the most promising synthetic mimics of
these motor proteins. While these DNA-based motors can perform
useful tasks such as cargo transport, they have not been shown to be
capable of cooperating to generate large collective forces for tasks
akin to muscle contraction. In this work, we demonstrate that
highly polyvalent DNA motors (HPDMs), which can be viewed as cooperative teams of thousands of DNA walkers attached to
a microsphere, can generate and sustain substantial forces in the 100+ pN regime. Specifically, we show that HPDMs can
generate forces that can unzip and shear DNA duplexes (~12 and ~50 pN, respectively) and rupture biotin—streptavidin bonds
(~100—150 pN). To help explain these results, we present a variant of the burnt-bridge Brownian ratchet mechanism that we
term autochemophoresis, wherein many individual force generating units generate a self-propagating chemomechanical gradient
that produces large collective forces. In addition, we demonstrate the potential of this work to impact future engineering
applications by harnessing HPDM autochemophoresis to deposit “molecular ink” via mechanical bond rupture. This work
expands the capabilities of synthetic DNA motors to mimic the force-generating functions of biological motors. Our work also
builds upon previous observations of autochemophoresis in bacterial transport processes, indicating that autochemophoresis
may be a fundamental mechanism of pN-scale force generation in living systems.
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Walker-type DNA motors,' >' which use two or more
DNA “feet” to translocate across nanoscale tracks, are
among the most promising synthetic analogs of biological
motor proteins such as myosin, kinesin, and dynein.22 These
DNA motors can be used to transport”'>'* and assemble®”’
nanoscale cargo, but have not been shown to generate
sustained piconewton (pN)-scale forces. Force generation is
a fundamental property of biological motors, and processes
such as muscle contraction, wound closure, mechanosensation,
and cell motility all require collective action of many motors,
each exerting 1—10 pN via ATP-fueled powerstrokes. The
development of DNA-based motors that can generate pN-scale
forces may enable next-generation motors and actuators that
can power similar tasks.

DNA walker translocation can be described using the burnt
bridge Brownian ratchet (BBBR) mechanism. This mechanism
involves binding between DNA feet and complementary
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foothold is followed by irreversible destruction of the foothold,
release of the foot, and translocation of the motor to bind fresh
foothold sites.' ™ The BBBR mechanism is generally known to
exhibit low chemomechanical coupling and thus produce less
force per motor (~10—100 fN as estimated via experimentally
informed simulations and modeling)**™>® than the pN-scale
forces generated via the ATP-fueled powerstroke mechanism
of motor proteins. Nonetheless there is, to our knowledge, no
fundamental limitation on the ability of BBBR motors to
cooperate and generate larger collective forces. Indeed,
simulations by Samii et al. predict that increasing the
polyvalency (i.e, the number of DNA feet) of a burnt-bridge
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Figure 1. HPDMs mechanically rupture tension gauge tethers (TGTs). (a) HPDMs are silica (gray) microspheres coated with DNA (blue) “feet”.
(b) These feet bind with RNA (red) “fuel” strands that are attached to an underlying gold substrate (yellow) to form (c) “tethers” that are cleaved
by the enzyme RNase H (green). We doped a small fraction (denoted by y) of DNA strands into the RNA monolayer that also bind to DNA feet to
form DNA-DNA duplexes that we refer to as TGTs. These TGTs are impervious to RNase H, so when an HPDM encounters a TGT it must
generate force (denoted Fyppy) surpassing the TGT’s tension tolerance (T,,) in order to rupture the TGT and continue moving. (d) BF
microscopy snapshots of an HPDM rolling on a TGT-free substrate and a final fluorescence image of the Cy3-tagged RNA. Yellow denotes the
HPDM'’s measured trajectory. (e—g) Displacement vs time curves, denoted r(t), of 30 representative HPDMs with (e) y = 0%, (f) ¥ = 0.01%
(which should stall HPDM motion if Fyppy < Ty1), and (g) y = 1%. Black curves show the average of 700+ HPDM:s per condition, denoted R(%),
and blue shading denotes 95% confidence interval of our estimate of R(t), as calculated via 3,000 iterations of a bootstrapping algorithm. The y =
0% condition is a negative control showing that we could demonstrate RNase H-mediated HPDM translocation in our experiment, and the y = 1%
condition is a positive control showing that TGTs can stall HPDM motion at high y values. The y = 0.01% condition demonstrates largely
unperturbed HPDM translocation, which is consistent with the hypothesis that Fyppy > Ty

motor from two to four increases the collective force generated HPDM particles are introduced to the substrate, they sediment
in a linear fashion.”> However, it is still an open question as to and bind to the substrate via 15 base pair (bp) hybridization
whether (and, if so, to what extent) cooperative force interactions between their DNA feet and the substrate’s RNA
generation by multiple DNA-based motors can be imple- fuel (which together form “tethers”, Figure lc, all sequences
mented in practice. Herein, we demonstrate progress toward are listed in Table S1). The HPDMs remain stationary until
addressing this question by showing that highly polyvalent the addition of ribonuclease H (RNase H), which is an enzyme
DNA motors (HPDMs), which have thousands of DNA feet, that selectively hydrolyzes the phosphodiester backbone of
can generate and sustain 100+ pN forces. This work suggests RNA in DNA-RNA hybrid duplexes (Figure 1c). RNase H is
that BBBR motors can be scaled to generate and sustain highly specific and does not covalently modify DNA or single-
cooperative pN-scale forces. stranded RNA. At standard conditions, the RNA strands in

HPDMs are DNA motors that autonomously move across DNA-RNA tethers are cleaved at a maximal rate of k., = 25
planar RNA-functionalized substrates.'* Translocating at min~"' (ref 14). Because there are hundreds of tethers at any
velocities up to § pm/min across distances approaching the given time, complete detachment from the substrate is
millimeter length scale, HPDMs are the fastest and most prevented by the HPDM’s high polyvalency. This combination
processive DNA-based motors reported thus far. An HPDM is of rapid fuel consumption and continuous substrate attach-
composed of a S um silica bead coated with a dense monolayer ment allows HPDMs to rapidly translocate for hours or longer,
of DNA oligonucleotide feet at a surface density of ~91,000 consuming ~10* RNA fuel strands per minute (calculation in
molecules/um? (Figure la; see Figure Sla for surface Supplemental Note 1). Due to the large size of an individual
functionalization scheme). The DNA feet are complementary microparticle (S y¢m), HPDM motion can be monitored using
to RNA “fuel” strands, which are anchored to the substrate at a bright-field microscopy (BF, Figure 1d). Because RNA
surface density of ~50,000 molecules/um” (Figure 1b; see cleavage is irreversible, fluorescence imaging of the Cyanine-

Figure S1b for surface functionalized scheme). When the 3 (Cy3)-tagged RNA fuel (Figure 1d) reveals a ~400 nm-wide
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region of ~50% reduced intensity in the HPDM’s wake that we
call a depletion track. HPDMs generally exhibit superdiffusive
motion due to depletion track avoidance, but sometimes
become “self-entrapped” within their own depletion tracks and,
as a result, substantially slow or stall for minutes or longer."*
Notably, HPDMs roll as they translocate, as is most clearly
illustrated by the ballistic (linear) motion of dimerized or rod-
shaped HPDMs.'*

As with conventional DNA walkers, HPDM translocation
can be described using a BBBR mechanism. According to this
framework, the particle initially adopts a position that
maximizes the number of tethers formed. When the bound
RNA is degraded by RNase H, the HPDM displays increased
Brownian motion that leads to forward translocation and
enables subsequent binding to new RNA fuel strands.
Repetition of this cycle with thousands of tethers per minute
results in forward translocation of the HPDM at ym/min-scale
speeds.

Because the RNA-coated substrates lack inherent direction-
ality (i.e., the HPDM is surrounded by fuel on all sides, save for
directly behind it), we initially assumed that tethers would not
act in a cooperative manner and thus assumed that HPDMs
could not produce persistent forces beyond the fN range.
However, we made multiple observations that were not
consistent with this assumption. For example, we found that
HPDMs move in a ballistic manner at subminute time scales
(i.e., HPDMs travel persistently for seconds or longer, Figure
S2). Because the momentum of microscale objects undergoin,
Brownian diffusion generally dissipates within microseconds,”
this observation suggested that tethers act in a more
cooperative manner than originally thought. Ballistic HPDM
motion also resembles the persistent motion of microparticles
observed by Vecchiarelli et al.”® in studies of the bacterial
partition system, wherein a BBBR mechanism generates a
persistent chemophoretic force that can ballistically transport
cargo such as plasmids across gm-scale distances. We were also
unable to stall HPDM motion by doping noncleavable DNA
into the RNA fuel monolayer. This second observation
suggested that HPDMs were generating the 10s of pN of
force required to rupture DNA duplexes.”” Together, these
results led us to hypothesize that HPDM motion is coupled to
a chemophoretic driving force (Fyppy) that is substantially
greater than the fN-scale forces originally expected for
uncoordinated DNA walkers.

To test our hypothesis that HPDMs generate pN-scale
forces, we started by rigorously testing HPDMs’ ability to
mechanically rupture short DNA duplexes, which have well-
characterized force-induced dehybridization properties, using
an ensemble-level particle tracking experiment. We then
compared the results of this experiment to mass-action
simulation models, allowing us to estimate that HPDMs
generate ~150 pN of force. To validate these findings, we next
implemented single-molecule localization measurements to
directly visualize DNA duplexes that have been mechanically
ruptured by HPDMs. We then employed single-molecule
imaging to show that HPDMs can also mechanically rupture
the biotin—streptavidin bond, which is often described as the
strongest noncovalent bond found in nature. We next
demonstrated that HPDMs can easily rupture DNA duplexes
arranged in the unzipping geometry, revealing that HPDMs
can act as autonomous lithographic probes to mechanically
pattern dense arrays of DNA duplexes (or “molecular ink”)
within the wake of their depletion tracks. Finally, we extend
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upon existing conceptual frameworks to help describe the
mechanism of HPDM force generation, which we term
autochemophoresis.

We first replaced a percentage of the RNA fuel with a DNA
analog with the same sequence. We quantitatively denote this
percentage as y (Figure 1b). We anticipated that each DNA
strand on the planar substrate could hybridize to a DNA foot
on the surface of the HPDM, thus creating a nonhydrolyzable
duplex that is akin to the tension gauge tether (TGT).* TGTs
are stable DNA duplexes that are engineered to mechanically
rupture at specific magnitudes of tension, described as the
tension tolerance (T, roughly 34 pN for a 15 bp duplex).
Because TGTs irreversibly denature at specific values of T,
one application of TGTs is to quantify the minimum pN-scale
forces”?' ™" exerted by individual cell surface receptors. In
our experiments, substrate-bound TGT strands display
identical sequences to (and thus behave similarly to) RNA
fuel strands but are immune to RNase H-mediated degradation
because they form DNA-DNA duplexes. As such, feet will
occasionally pair with TGT strands to form RNase H-
impervious tethers, resulting in either HPDM stalling if
Fippym < Ty or TGT rupture and continued HPDM motion
if Fyppym = T (Figure 1c). Note that the zero-force lifetime of
a 15 bp duplex at room temperature is ~10” s (the zero-force
activation energy barrier is ~35 kyT, as calculated using the
mathematical framework presented in ref 29). Thus, force-
induced bond rupture is a requirement for continued HPDM
motion after the engagement of a TGT.

We tested for force-induced rupture of TGTs at the
ensemble level using a high-throughput particle tracking
experiment and a custom MATLAB-based particle tracking
code (Figures S3—5). As a negative control, we simultaneously
tracked 721 HPDMs rolling in the absence of TGT strands (y
= 0%) for 30 min. For each HPDM, we calculated r(¢), which
is the displacement from the initial position as a function of
time (Figure 1d), and then we averaged all r(t) curves to
obtain R(t), the ensemble average displacement as a function
of time (Figures le and S6). We next replaced a small fraction
of RNA strands with TGT strands. Based on our estimate that
k; = 10* s7' (where k, is the steady-state rate of tether
formation, see Supplemental Note 1 for calculation), we
predict that when y = 0.01% (that is, 1 in every 10,000 RNA
strands is replaced with a DNA TGT strand) HPDMs will
encounter TGTs at a rate of 1 min™". In this scenario, if Fyppy
< 34 pN, HPDMs will become immobilized upon
encountering TGT strands and, as such, all HPDMs will be
immobilized within a few minutes. In contrast, if Fyppy > 34
pN HPDMs should continue rolling processively when y =
0.01%. We tested this by tracking 982 HPDMs on a substrate
with ¥ = 0.01% and found that R(t) was unperturbed when
compared to the y = 0% control (Figures 1f and S6), which
supports the hypothesis that HPDMs can rupture TGTs. A
statistical comparison of the r(30 min) populations (Figure
S6) showed no difference in the median values between the y
=0% and y = 0.01% conditions (4.0 and 4.2 ym, respectively, p
= 0.09, Wilcoxon rank sum test). As such, these results suggest
that Fippy = 34 pN. As a positive control, we found that when
x = 1% (HPDMs encounter 100 TGT strands per second)
virtually no HPDM motion was observed (Figure 1g, p < 0.001
when compared to the (30 min) populations with y = 0.01%
or y = 0%, Wilcoxon rank sum test).

We next sought to quantitatively estimate Fyppy. To
accomplish this task, we first developed a series of mass-action

DOI: 10.1021/acs.nanolett.9b02311
Nano Lett. 2019, 19, 6977-6986


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02311/suppl_file/nl9b02311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02311/suppl_file/nl9b02311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02311/suppl_file/nl9b02311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02311/suppl_file/nl9b02311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02311/suppl_file/nl9b02311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02311/suppl_file/nl9b02311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02311/suppl_file/nl9b02311_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02311/suppl_file/nl9b02311_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.9b02311

Nano Letters

Ay,

4 in-l
(10" min") Stalled
States

—
#(25 min)

denotes # of
TGTs bound
to HPDM

1-TGT model:

2-TGT:

& — [
—
<H—H

ster [l H<=H—E

Generalized ‘
—_— — —_— —>
N-TGT model: [ — - =l < - = [El— [
d
. ] . v
B
24
=3
=]
S 2
551
0
0

b f 1
%=0.01%
6 ;\;
B < 041
:3;4 O,s(b :(G’V
;2 21GT
1-TGT model 8
0
0 10 20 30 6
t (min) =
2
200
z
3
~ 150
= 100

11 13 15
TGT length (bp)

so (%)

Figure 2. Quantitative estimate of Fyppy. (a) Block diagrams for 1-TGT, 2-TGT, and 3-TGT simulation stall models as well as a generalized N-
TGT model. In these models, all HPDMs are bound to zero TGTs at t = 0 and encounter TGTs at a rate of y X 10* min™'. HPDMs bound to fewer
than N TGTs are mobile and mechanically rupture TGTs at a rate of # X 25 min~', where # denotes the number of bound TGTs, and HPDMs
immediately and irreversibly stall when bound to N TGTs. (b) R(t) curve measured experimentally with y = 0.01% (circles, Figure 1d) and
simulated using the 1-, 2-, and 3-TGT stall models (solid curves) shown in (a). (c) R(t) curves measured experimentally with y ranging from 0% to
1%. (d) R(30 min) with respect to y. Exponential decay fit curve (dashed line) and best-fit y, are shown as well as simulated curves for 1-, 2-, and
3-TGT stall models (solid curves). Circles show measured data points, and error bars show the 95% confidence interval of our estimate of R(30
min), as calculated via 3,000 iterations of a bootstrapping algorithm. (e) N vs ys, simulated with N-TGT models with N ranging from 1 to 10.
Squares denote simulation outputs, while solid black curve shows a linear interpolation fit. Dashed blue lines show interpolations of y;, values
experimentally measured with 11, 13, and 15 bp TGTs. (f) Best-fit values for y5, (top), N (middle), and Fyppy & Ty X N (bottom) as a function
of TGT length. Error bars are 95% confidence interval of fit. Blue curves in all three subplots in (f) denote global fit value of Fyppy = 157 pN, and
light blue shading denotes global fit 95% confidence bounds of +14 pN.

models to predict how R(t) should change as a function of
Fyppm and y (Figures 2a and S7). These models assume that
the number of TGTSs required to stall an HPDM should be
positively correlated with Fyppy. In the “1-TGT” model, a
single TGT is sufficient to irreversibly stall HPDM motion
(i.e, Fyppy < Ty). The 2-TGT model assumes that an
HPDM can generate enough force to break a single TGT but
cannot generate enough force to mechanically denature two

1
> ~ERppu)-

This model produces an R(t) curve that much more closely
resembles the experimentally observed result (Figure 2b).
Further still, the 3-TGT model, in which HPDMs are mobile
when bound to 0, 1, or 2 TGTs but stall when bound to 3-
TGTs, nearly predicts the observed unperturbed behavior
because simultaneous encounter of 3 TGTs is rare when y =
0.01% (Figure 2b). These results suggest that HPDMs
consistently rupture TGTs and may even be strong enough
to rupture three or more TGTs simultaneously, indicating that
Fyppn = 102 pN.

Note that, although we performed statistical comparison of
population medians (which are more appropriate to report
than population means for skewed distributions such as ours),
we chose to display and analyze population means because the
N-TGT models can only predict expected changes in mean
displacement vs time curves. A similar modeling approach that
predicts the expected population median as a function of time
would not be accurate because, in short, the median is not a
linear operator and our models rely on the use of linear
mathematical operations.

We next performed particle tracking of HPDMs on
substrates with y ranging from 0.001% to 1% (Figures 2c

TGTs simultaneously (roughly, Eipppy > T,

tol
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and S8). While no significant differences in the median (30
min) values were observed between the y = 0.001% population
(median of 4.1 yum) and the y = 0% or y = 0.01% populations
(p = 0.19 and p = 0.65, respectively, Wilcoxon rank sum test),
the y = 0.1% and y = 1% populations had median (30 min)
values (1.6 and 0.03 pum, respectively) that were significantly
different from all other tested conditions (p < 0.001, Wilcoxon
rank sum test). We then performed parameter fitting on the
combined data sets to estimate y,, which is the y that leads to
a 50% reduction of R(30 min) (Figures 2d, S6, and S8). The
best-fit ys, of 0.10% =+ 0.05% (bounds denote 95% confidence
interval) is ~100-fold greater than the 1-TGT model’s
prediction of x50 = 0.0011%, whereas the 2-TGT model
more accurately predicts ys, = 0.018% and the 3-TGT model
predicts an even more accurate ys, 0.061%. We then used the
output of our N-TGT simulations and linear interpolation
(Figure 2e, S9) to back-calculate N as a function of x5, and
estimated that N = 4.4 + 1.6 TGTs are required to stall a single
HPDM, allowing us to obtain a crude approximation of Fyppy,
~ N X T,y = 154 + 56 pN (Figure 2f). In Supplemental Note
2, we show that this approximation is reasonable because T\
should accurately reflect the average force at which HPDMs
rupture duplexes. For our N-TGT simulations, we assume that
TGTs form at a rate of y X k; = y X 10* min™" and rupture at a
rate of k, = 25 min™". In Supplemental Note 3 we show that,
although HPDMs likely take 20+ seconds to extend and
rupture TGTs (which is much longer than k3! = 2.4 s), the use
of k, is still reasonable because TGTs must form within a few
seconds of each other in order for their resistive forces to
contribute collectively to HPDM stalling.

Repeating these experiments and calculations with weaker
13 or 11 bp TGTs (T, = 28 pN and 19 pN, respectively)
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increased ys, (0.19% + 0.08% and 0.38% =+ 0.12%) and thus
increased N (5.8 + 1.0 and 7.9 #+ 1.2) in a manner that kept
Fippy fairly constant at 160 + 26 pN and 152 + 23 pN,
respectively (Figures 2f and S10). A global fit of these
combined data sets yielded Fyppy = 157 + 14 pN. Our
estimate of Fyppy & 157 pN indicates that HPDMs possess a
peak chemical energy to mechanical energy conversion
efficiency of ~3.6% (Supplemental Note 4), which is roughly
an order of magnitude lower than that of cytoskeletal motors
but several orders of magnitude higher than our previous
estimate (and could potentially be increased through
optimization). Impressively, this estimate suggests that
HPDMs have a force-generating capacity that far surpasses
that of individual cytoskeletal walkers (1—10 pN) and even the
bacterial pilus machine,"* which is the strongest-reported
molecular motor (100 pN).

To obtain more direct evidence for force-induced duplex
rupture by HPDMs, we pre-assembled biotin-terminated 25 bp
TGTs (T, = 49 pN) on HPDMs and linked an Alexa 647
fluorophore (A647)-functionalized streptavidin molecule to
the terminus of each TGT through biotin—streptavidin binding
(Figure 3a,b). We also replaced ~10% of RNA fuel strands on
the underlying surface with biotin-presenting DNA strands.
Streptavidin is a globular protein that can form high affinity
bonds with up to four biotin molecules simultaneously. As
such, HPDM motion will occasionally lead to biotin—
streptavidin cross-linking between a TGT’s terminal strepta-
vidin and a biotin attached to the underlying surface. The
resulting linkage contains a rupturable TGT duplex and two
biotin—streptavidin bonds. The Ty, of a biotin—streptavidin
bond is ~147 pN (see Methods in the Supporting Information
for calculation), making it substantially stronger than even the
strongest DNA duplexes and one of the strongest noncovalent
bonds found in nature. Therefore, as in the experiments
described above, formation of one of these linkages will either
be followed by HPDM stalling, if Fyppy < 49 pN, or TGT
rupture and continued HPDM motion, if Fyppy > 49 pN.
However, in this case TGT rupture will also result in
deposition of the fluorescent streptavidin molecule onto the
substrate. Therefore, if Fiyppy > 49 pN, then HPDM depletion
tracks will be dotted with fluorescent streptavidin molecules
that can be directly visualized via single-molecule localization
microscopy. As in previous studies that utilize TGTs,
fluorescent streptavidin images can thus be loosely interpreted
as reporting the cumulative history of HPDM force. The
frequency of biotin—streptavidin engagement will depend on
the percent of DNA feet that have been replaced with
streptavidin-capped TGTs, which we denote as y’. The
quantity y’ is functionally very similar to y as defined above
(see Methods and Figure S11 for a description of how we
calculated y').

As expected, we observed highly processive HPDM motion
along with the periodic deposition of streptavidin within
depletion tracks using single-molecule localization microscopy
when y' = 0.5% (Figures 3c, S12, and S13). While some
localizations did appear outside of depletion tracks, quantita-
tive analysis of ~100 HPDMs’ depletion tracks revealed a 40-
fold enhancement of localization density within depletion
tracks when compared to the background (p < 0.001, paired ¢
test, Figures 3e and S14). When repeating this experiment in
the absence of either HPDM-bound TGT strands or substrate-
bound biotin-presenting strands, we observed no significant
change in localization density within depletion tracks (p >
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Figure 3. Single-molecule imaging of bond rupture driven by HPDM
force generation. (a, b) Cartoons depicting force sensor function.
Fluorescent streptavidin-capped TGTs are pre-assembled on HPDMs,
and as the HPDM:s translocate, the streptavidin molecules bind to
surface-tethered biotin strands. Subsequent movement by the HPDM
then generates enough force to rupture the TGT, and the deposited
streptavidin molecules can be visualized using single-molecule
fluorescence microscopy. (a) Zoom-in on single force sensor and
(b) expanded view. (c) Cy3-RNA fluorescence image (left) and
A647-streptavidin image with streptavidin molecules denoted using
yellow arrows. The HPDM, which has several SA localizations
associated with it and therefore produces substantial background
signal, is shown using a blue arrow and a dashed blue circle. An
overlay (right) shows co-localization between the depletion track and
streptavidin molecules. (d) Cartoon depiction and representative data
for experimental test of biotin—streptavidin bond rupture. (e) Surface
density of single streptavidin molecule localizations in depletion tracks
(gray) and the background (red) for 25 bp TGT (¢’ = 0.5%) and
biotin—streptavidin (y’ = 0.03%) rupture experiments as well as a
control experiment conducted with biotin-lacking HPDMs. Results of
statistical comparison (paired t test) between depletion track and
background localization densities are shown, where ** denotes p <
0.01, ¥** denotes p < 0.001, and n.s. denotes p > 0.0S. Error bars are
standard error of the mean. Fluorescence images in (c) and (d) were
filtered with rolling-ball background normalization and contrast
enhancement to better highlight depletion tracks and single
molecules.
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0.0S, paired  test), indicating minimal (if any) contribution of
the shedding of nonspecifically bound streptavidin molecules
to the observed result (Figures 3e and S14).

We next tested whether HPDMs are capable of rupturing
biotin—streptavidin bonds by replacing the biotin-terminated
TGT in the above experiment with a biotin-terminated DNA
strand that is covalently linked to the HPDM (Figure 3d).
Following biotin—streptavidin binding, the HPDM can only
continue rolling if it mechanically ruptures one of the two
biotin—streptavidin bonds (T, = 147 pN), resulting in
deposition of a streptavidin molecule with 50% probability.
As with the TGTs, we observed a 10-fold increase in
streptavidin localization density within these depletion tracks
when »’ = 0.03% (p < 0.01, paired ¢ test, Figures 3d,e and S15).
These localizations tended to be surrounded by “depletion
patches” that were significantly wider than the 400 nm width of
typical depletion tracks, indicating that HPDMs may execute
extended searches to generate the force necessary to rupture
biotin—streptavidin bonds. Via high-throughput tracking, we
found that y5, = 0.08 + 0.06%. When dividing this quantity by
10 (reflecting that only 10% of substrate RNA was replaced
with biotin-presenting strands) and interpolating into our N-
TGT simulation models, we found that N = 14 + 0.3
molecules and Fyppy = 207 + 48 pN (Figure S16). We expect
that this estimate of Fypp), is an overestimation because the N-
TGT models were constructed assuming that HPDM velocity
is unperturbed by bond engagement, which is likely not true in
this case because T, is similar to Fyppy. This hypothesis is
supported by the observation of depletion patches and the
finding that 1 < N < 2. As stated above, when repeating these
single-molecule experiments in the absence of surface-bound
biotin, we generally observed no significant enhancement of
localizations within depletion tracks (Figures 3e and S13) or
HPDM stalling, thus confirming that streptavidin localizations
represent HPDM-mediated and force-induced deposition.

A TGT’s Ty, depends not only on length and sequence but
also on the pulling geometry. All TGTs discussed thus far have
been arranged in the “shear” mode, wherein force is applied to
opposite ends of the DNA duplex (e.g, 5’-5 or 3’-3’). This
pulling geometry maximizes T, because duplex rupture
requires simultaneous denaturation of all base pairs. However,
when force is applied to the same end of the duplex (e.g. 3’
5’), base pairs are unzipped one-at-a-time and, as such, T, is
minimized. In other words, while T\,; = 49 pN for a 25 bp
TGT in shear-mode, T,; = 12 pN for the same 25 bp TGT in
unzip mode™ (Figure 4a). Our previous results suggest that
flipping the orinetation of the TGT from shear-mode to unzip-
mode (Figure 4b) should enable HPDMs to continue
translocating even when bound to several (e.g. 10 or more)
TGTs. As such, we predicted that we would observe processive
HPDM motion at much higher y’ values, which would enable
the deposition of much more dense layers of streptavidin
molecules (rather than periodic, isolated molecules) within
HPDM depletion tracks.

As expected, HPDMs with unzip-mode TGTs displayed
highly processive motion with ¥’ = 5.3% (Figures 4c and S16).
In contrast, HPDMs coated with shear-mode TGTs with ' =
4.4% displayed no motion (Figure S16). Furthermore,
fluorescence microscopy revealed that unzip-mode TGT-
coated HPDMs left dense trails of fluorescent streptavidin in
their depletion tracks (Figures 4c and S17). Quantitative
analysis revealed that ~23% of all depletion track area was
associated with high streptavidin fluorescence signal, compared
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Figure 4. HPDM-mediated nanopatterning enabled by unzip-mode
TGT rupture. (a) Cartoon illustration of the difference between
shear-mode and unzip-mode TGTs. While the two types of TGTs
have the same free energy of hybridization (AG), they have different
T, due to differences in the kinetic pathways of dehybridization. (b)
Cartoon depicting unzip-mode TGTs in the context of our
experiment. (c) Representative fluorescence microscopy images
showing that HPDMs leave a dense trail of SA in their depletion
tracks. The SA image was processed with rolling ball background
subtraction, and both images were contrast-enhanced for clarity. (d)
Log—log plot of best-fit x5, (squares) or y4, adjusted by dividing by
10 (circles) as a function of T. Circle and squares denote best-fit
values obtained from fits to experimental data, bounds denote 95%
confidence interval of the fit, and the blue curve and shading represent
the global fit to the N-TGT simulation output corresponding to
Fupp = 157 + 14 pN.

with 0.7% of the background area (~30-fold enhancement; this
is likely also an underestimate, see Figure S18). We used area
coverage for this analysis, rather than the surface density of
single-molecule localizations, because the high density of
streptavidin molecules generally made it impossible to
discriminate individual molecules. Applying the same analysis
to shear-mode depletion tracks at the highest y’ where
substantial HPDM motion was observed (' = 0.5%) revealed
a more modest ~6% coverage (~10-fold enhancement over
background, Figure S18). While these two data sets were
collected on different days with different y’ values, we also
performed a side-by-side comparison of data collected on the
same day with similar " values and found that the depletion
tracks of HPDMs with unzip-mode TGTs were significantly
brighter in the A647 channel those of HPDMs with shear-
mode TGTs (p < 0.001, Figure S19).

We also performed high-throughput tracking and parameter
fitting of HPDMs coated with shear- and unzip-mode 25 bp
TGTs and found that y¢, = 0.4% + 0.2% and 14.3% + 8.5%,
respectively. We divided these quantities by 10 and performed
global fitting to the combined data sets as described above
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(Figures 2e and S16) and found that N = 3.3 + 1.1 for shear-
mode TGTs and N = 13.4 + 4.6 for unzip-mode TGTs, with
Fippm = 160 + S5 pN. These quantitative estimates are
consistent with those obtained throughout this work, and the
230-fold difference in yi, between the two TGT modes is
consistent with the notion that Fyppy, is consistent between
experiments and is sufficient to drive TGT and biotin—
streptavidin rupture. Adding these data sets to the 11 bp, 13
bp, and 15 bp TGT data sets described above yielded an
(unchanged) global fit of Fyppy = 157 + 14 pN.

These results demonstrate conclusively that SA deposition is
indeed a result of force-induced bond rupture. Furthermore,
these results demonstrate the potential of HPDMs to serve as
autonomous nanopatterning machines; nanopatterning is
commonly performed using externally controlled motors
(e.g, by using an atomic force microscope to perform dip-
pen nanolithography® or cut-and-paste surface assembly™®),
but HPDMs can autonomously create nanoscale patterns of
“molecular ink” via force-induced bond rupture without an
externally controlled motor.

An HPDM is a rigid scaffold connecting many independent
DNA feet that autonomously coordinate to generate
substantial forces while translocating on nondirectional
substrates. To better understand how HPDMs generate such
large forces, we revisit the BBBR framework discussed above.
However, for this discussion, rather than focusing on the
biased Brownian motion of the microparticle, we slightly
reframe our discussion to focus on individual tethers and the
effect that they have on the microparticle. We define
“backwards” and “forwards” HPDM movement as motion
toward and away from the depletion track, respectively, and
define “leftward” and “rightward” motion as opposing 90°
turns from the forward and backward directions.

Considering each tether to act as an entropic spring (e.g.,
using the worm-like-chain model)*’~* with a thermodynamic
drive to minimize its end-to-end extension reveals a mechanical
driving force that we had not previously considered; when a
new tether forms, the tether immediately begins exerting an
entropic tensile force on the HPDM. Force balance principles
dictate that this new force creates a force imbalance that is only
resolved upon movement and reorientation of the HPDM
(Figure S). In other words, when a tether forms, it immediately
shifts the HPDM’s energetic minimum position and
orientation. Because this is the step at which chemical energy
(released from the hybridization interaction) is converted into
mechanical work that moves the HPDM, we contend that
tether formation represents the force-generating powerstroke
of HPDM motion. Note that we use the term powerstroke in
its broadest definition (meaning “the stroke of a cyclic motor
which generates force”). This broad definition applies to
motors across all length scales (e.g., macroscopic to molecular-
scale), so the use of the term powerstroke here should not be
interpreted as strictly relating to a powerstroke model of
cytoskeletal motor proteins.

Force-balance principles also dictate that HPDM movement
following tether formation necessarily results in the extension
of some “resistive” tethers, such that the work performed by
the new tether is converted into mechanical strain energy and
stored in these resistive tethers. The eventual cleavage of these
resistive tethers releases the mechanical strain energy stored
within them in a manner that resembles the release of energy
after a stretched rubber band is cut, thus resulting in additional
motion of the HPDM (Figure S). Because there is a surface
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Figure S. HPDMs generate force through autochemophoresis. When
a new tether forms, it begins exerting an adhesive force on the
HPDM, resulting in movement and reorientation that results in the
extension of resistive tethers. Tether formation is biased away from
the depletion region due to the RNA surface density gradient, which
is self-propagated by the HPDM. Forward HPDM movement
increases the on rate (k,,) of strands in the direction of movement
(shown on the right) while decreasing k., for strands at the back end
of the HPDM (shown on the left), creating a positive feedback loop
that promotes further forward motion. Cleavage of resistive tethers
also releases stored mechanical strain energy that allows further
forward motion of the particle. The repetition of many of these events
can cause the force (F) on a TGT to eventually increase to the point
of bond rupture.

density gradient of RNA fuel in the HPDM’s vicinity (e.g.,
there is more RNA fuel in front of the HPDM than behind it),
tether formation is more likely to occur at the forward-facing
edge of the particle and result in forward motion. In contrast,
because there is generally no surface density gradient of RNA
fuel from left to right (or vice versa), sideways motion is less
favorable than forward motion. Because forward motion is
generally favored, resistive tethers will generally be stretched in
a manner that causes them to resist forward motion. As such, it
follows that the cleavage of tethers also generally favors
forward motion. Forward motion also decreases the distance
between unpaired DNA feet and RNA fuel at the front-edge of
the HPDM, thus increasing the rate of tether formation at the
front edge (Figure S). The reverse is also true; forward motion
increases the distance between feet and fuel strands at the
backward-facing edge of the HPDM and thus decreases their
association rate. This framework also leads to the prediction
that these interacting chemical and mechanical processes result
in a positive feedback loop that allow the tethers to
spontaneously cooperate to generate relatively large collective
forces (Figure S). These processes also likely contribute to the
persistence observed by HPDMs (Figure S2) and have been
discussed previously in relation to the bacterial partition
system in other works. In particular, we refer readers to work
by Hu et al,”’ in which detailed simulations are used to
illustrate many of the points discussed here in greater detail.
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We have principally discussed our conceptual understanding
of how tethers control the energetic minimum position and
orientation of an HPDM. While we have largely ignored the
effect of thermal (Brownian) fluctuations of the microparticle
body, we argue that it is reasonable to do so because the
Brownian motion of the microparticle body is highly restricted
at high polyvalency; calculations suggest that when the particle
is only bound to 1 tether, it can diffuse freely within a ~22 nm-
wide volume (Figure S20). However, when an HPDM is
bound to ~100 tethers, diffusion is restricted to a ~3.5 nm-
wide volume (Figure S20). Regardless of polyvalency, the RNA
and DNA oligonucleotides themselves undergo thermal
fluctuations that allow them to stretch out and pair with
strands within a binding cutoff distance (the separation
distance below which a foot strand and fuel strand can
hybridize) of ~10 nm (Figure S20). Put another way, at low
polyvalency, motion is driven by ratcheted Brownian
fluctuations of the particle body as well as the oligonucleotides,
but at high polyvalency, Brownian fluctuations of the particle
body are quenched and motion is primarily driven by ratcheted
Brownian fluctuations of the oligonucleotides. In Supplemental
Note 5, we perform calculations that suggest that the transition
between these two types of motion occurs gradually with
increasing polyvalency, with a crossover point at which the two
types of Brownian fluctuations contribute equally occurring at
a polyvalency of ~50 tethers.

Adhesion-driven movement of cargo up a concentration
gradient has previously been studied and is called chemo-
phoresis.”’ Because an HPDM moves via a self-propagated
chemophoretic energy gradient,”> we introduce the more
precise term autochemophoresis to describe the mechanism of
HPDM motion. The bacterial partition system, which plays
vital roles in plasmid and chromosome replication and protein
cluster positioning, can also be classified as autochemopho-
retic.”*°%**37" This mechanism has been called a third
fundamental form of directed subcellular cargo transport
(along with cytoskeletal stepping and filament polymerization)
and is speculated to play roles in various biological processes
such as virus—host association.”® However, autochemophoresis
has not been explicitly studied in terms of pN-scale force
generation and is generally assumed to be restricted to the fN
range, which is sufficient to transport nanoscale cargo through
the cellular environment but not to perform many useful tasks
such as cellular contraction, chromosome separation, and
mechanosensation. Given the simplicity of the components
required for autochemophoresis and the findings presented
herein, we speculate that autochemophoresis may also be a
significant mechanism of pN-scale force generation in
biological systems. This means that autochemophoresis may
play roles in biological processes that extend beyond cargo
transport, including mechanotransduction, contraction, and
protrusion. Because HPDM:s are fully synthetic and have many
properties that can be easily tuned, we anticipate that they will
be useful in future studies aimed at understanding the
fundamental principles of autochemophoresis.

To the best of our knowledge, this is the first demonstration
of a DNA-based motor generating pN-scale force to perform
useful tasks such as bond rupture and nanopatterning. Force
generation is a fundamental aspect of biological motors that
has been elusive to the field of DNA nanotechnology. Note
that HPDMs generate forces through the collective action of
thousands of oligonucleotides. Therefore, our ﬁndings
demonstrate that future generations of DNA walkers,' ™
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other hybridization-based DNA machines,”*>™%” and non-

DNA-based burnt bridge molecular motors®® can be used for
engineering application that require pN-scale force generation.
The diversity and potential of such engineering applications
are illustrated by the ubiquity of biological motors like myosin
and kinesin in eukaryotes” and nanotechnology.®”’’ HPDMs
are part of a growing trend towards the development of DNA-
based devices that sense, transmit, and generate forces. The
rate of growth of this emerging field, which we call DNA
mechanotechnology,7l suggests that force generating DNA-
based nanomachines will play increasingly important roles in
diverse areas including biological research and materials
science. While existing HPDMs are relatively large, with
diameters of ~S microns, the contact junction is only 400 nm
wide. As such, we anticipate that the properties of
autochemophoretic force generation should scale down to
the nanoscale. In future works, we will test this hypothesis with
the aim of developing nanoscale HPDMs that can perform
previously impossible tasks such as the powering of nano-
motors and deformation of nanoscale objects.
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