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Abstract

Forces in biological systems are typically investigated at the single-molecule level with atomic
force microscopy or optical and magnetic tweezers, but these techniques suffer from limited data
throughput and their requirement for a physical connection to the macroscopic world. We
introduce a self-assembled nanoscopic force clamp built from DNA that operates autonomously
and allows massive parallelization. Single-stranded DNA sections of a DNA origami structure
acted as entropic spring and exerted controlled tension in the low piconewton range to a molecular
system, whose conformational transitions were monitored via single-molecule Forster resonance
energy transfer. We used the conformer switching of a Holliday junction as a benchmark and
studied the TATA-binding protein-induced bending of a DNA duplex under tension. The observed
suppression of bending above 10 pN provides further evidence of mechano-sensitivity in gene
regulation.

The most widely used single-molecule force spectroscopy techniques to study minute forces
and mechanical properties of biomolecules are atomic force microscopy and optical or
magnetic tweezers. These methods helped to explore the unfolding and folding of proteins
(1, 2), the elasticity of DNA (3), and the folding trajectory of proteins in force clamp
configurations (4). Despite this great success, two limitations persist. One is the low data
throughput arising from the serial nature of conventional force spectroscopy. Recent
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attempts to overcome this problem include the development of increased parallel data
acquisition in magnetic tweezer experiments (6) and centrifuge force microscopes (7). The
second limitation is the requirement of a physical connector to a micrometer-sized object
that enables interaction with the macroscopic world (5). These typically long and flexible
connector molecules are an intrinsic feature of all established techniques and make them
susceptible to drift and noise. Further, they prevent the investigation of DNA interacting
systems that induce only minor conformational changes, such as many gene regulatory
proteins, e.g. transcription factors. One previous attempt to reduce noise is the construction
of DNA origami bundles as rigid spacers in optical traps (8). Regardless, any tether prohibits
access to biologically relevant complex environments such as the inside of living cells.

A promising approach toward the complete removal of the invasive connection is the
construction of autonomous, nanoscopic manipulation tools. Earlier efforts on the molecular
scale to sense forces autonomously, although not in an adjustable fashion, include simple
nanomechanical DNA devices (9-11) and intracellular protein force sensors (12). Here, we
use programmable DNA self-assembly (13—18) to construct a nanoscopic device that
overcomes both limitations. Extending pre-stressed DNA origami tensegrity (19), we use the
entropic spring behavior of single-stranded DNA (ssDNA) to exert defined and tunable
forces on molecular systems. Conceptually, the ssDNA connects the system of interest with
two immobile anchor points (Fig. 1A). By adjusting the number of bases between the fixed
anchor points, the contour length of the ssDNA is changed, directly affecting the entropic
force acting on the system under study. The fixed distance imparted by the rigid DNA
structure and the given contour length of the ssDNA provide an approximately constant
force over time (also see supplementary text S1) (20). In analogy to the nomenclature of
established constant force experiments, we call our device a nanoscopic force clamp.

In the experimental realization, the ssDNA spring spans the gap of a rigid, bracket-shaped
DNA origami clamp and is part of the long scaffold strand that forms the backbone of the
DNA origami structure (Fig. 1B). For our design, we located the multiple cloning site
(MCS) of the M13mp18 scaffold in the middle of the spring, which allowed us to insert and
probe any DNA sequence of interest via standard cloning procedures. Additional ssDNA
scaffold was stored in reservoir loops on both ends of the clamp. This enabled us to cost-
efficiently build multiple objects with ssDNA springs of different lengths, providing a
flexible design with adjustable force (19). Individual structures were assembled for each
chosen length of the ssSDNA spring with a unique subset of only ten oligonucleotides (staple
strands) (Fig. 1C and figs. S1 to S3). For a zero force control, we enzymatically cut the
single-stranded spring to release any tension from the region of interest (Fig 1C).

To calculate the resulting force for a given contour length, we approximated the ssSDNA as a
purely entropic spring using a modified freely-jointed-chain model (3) with the contour
length L= N* Lpwith Nbeing the number of nucleotides and L g the length per single
base (supplementary text S1). For Lg we used 6.3 A +08 A froma length comparison of
five different crystal structures of sSDNA segments (21).

We thermally annealed the force clamp structure, providing ~ 1012 force clamps in a single
one-pot reaction. The chosen annealing ramp avoided temperatures above 65°C to minimize
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thermal degradation of the scaffold (fig. S4 and supplementary text S2) (20). We confirmed
successful assembly via agarose gel electrophoresis (Fig. 1D and fig. S5), bulk FRET
experiments (fig. S6) and transmission electron microscopy (TEM) (Fig. 1E and figs. S7 to
S13).

To demonstrate the functionality and sensitivity of our force clamp, we cloned a sequence
into the scaffold that, together with three other oligonucleotides, forms the well-studied four-
way Holliday junction (HJ) (22). In the presence of magnesium, the HJ forms an X-like
structure by pairwise coaxial stacking of its helical arms. The chosen sequence is known to
constantly switch between the two stacking conformers iso I and iso II (Fig. 2A) (22), a
process that can be efficiently monitored with the help of a donor-acceptor FRET pair
positioned on two of the arms (Fig. 2B and fig. S14). We chose four force variants ranging
from O pN to 4.0 pN and confirmed their successful assembly (figs. S15 to S23). We
immobilized these structures on a coverslip surface and monitored donor- and acceptor-pair
intensities from individual force clamps over time in a confocal single-molecule setup with
alternating laser excitation (ALEX) (20, 23).

Figure 2C and 2D show exemplary FRET traces and FRET histograms from thousands of
transitions for each constant force experiment (more traces in figs. S24 and S25). A low
FRET population was centered at the FRET efficiency £ = 0.42 (corresponding to iso I) and
a FRET population at £= 0.85 (corresponding to zso II). With increasing force, the
equilibrium shifted toward the iso Il conformation with almost zero low-FRET population
left at 4.0 pN. We used two-state hidden Markov modeling (24) to calculate the transition
rates between the low- and high-FRET conformations for each of the forces. The transition
rate from low- to high-FRET (&p;,) increased from 4.7 s1+04s51at0OpNto18.3 s7!

+ 1.4 57! at 4.0 pN. Meanwhile, the rate from high- to low-FRET (&j,,,) decreased from 3.2 s
14065 at0OpNto1.7s1+0.4 s7! at 4.0 pN (Fig. 2E). These rate changes are in good
agreement with reported values from combined FRET and optical- and magnetic-tweezer
measurements (22, 25). Importantly, the heterogeneity of the HJ (26) was preserved in our
measurements (fig. S26), indicating that the force clamp itself did not influence the
dynamics of the HJ.

Next, we studied the force dependency of the TATA-binding protein (TBP) induced bending
of a DNA duplex. Such DNA distortions are an integral function of many transcription
factors and DNA binding proteins. Although the correlation between transcriptional
regulation and chromosome organization is well known, it has been challenging to quantify
the impact of the DNA condensation state and the chromosome organization (e.g. the extent
of strain in the DNA) on transcription factors such as TBP.

The general transcription factor TBP is found in the archaeal and eukaryotic domain of life.
It recognizes the minor groove of the adenine- and thymidine-rich TATA-box in the core
promotor sequence and introduces a severe bend of ~ 90° in the DNA. Together with
transcription factor B (TFB/TF(II)B), TBP is responsible for the site-specific recruitment
and orientation of RNA polymerases at the transcription start site. To date, force
measurements of this system have been futile, at least partly because the TBP-induced
changes in the DNA topology are not easily detectable through the long tethers that are
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unavoidable in standard force spectroscopy experiments. Fluorescence readout in
combination with our high throughput method helped us to circumvent this problem.

We used TBP from the hyperthermophilic archaeal organism Methanocaldococcus
Jannaschii (MjTBP) (Fig. 3A), which bends the promotor DNA in a one-step bending
mechanism without the need for the second transcription initiation factor TFB/TF(II) (27),
and inserted a promoter sequence (derived from the Sulfolobus spindle-shaped virus 1 (SSV)
T6 gene promoter), which contains a TATA-box motif and is recognized by MjTBP, into the
scaffold (Fig. 3B and fig. S27). We chose six force clamp variants ranging from O pN to 11.4
pN and confirmed their successful assembly (figs. S28 to S40). The complementary strand
of the 51 base pair long SSV T6 promotor was hybridized to the scaffold during folding.
Bending was monitored by single-molecule FRET via a donor-acceptor pair flanking the
TATA-box (Fig. 3C and fig. S27). Here, we chose in-solution over surface measurements to
drastically increase the data acquisition throughput (28). Fluorescence bursts of donor and
acceptor were recorded before and after the addition of MjTBP.

Figure 3D shows the FRET efficiency histograms with MjTBP for the six different forces.
Each histogram includes at least 10,000 measured force clamps, although the average
recording time per sample was only ~ 30 min. All histograms showed a bimodal distribution
with a low-FRET population centered at £= 0.42 (corresponding to the undistorted state)
and a high-FRET population centered at £= 0.74 (corresponding to the bent state). The high
FRET population disappeared gradually with increasing force and the TBP-induced bending
was almost completely suppressed at 11.4 pN (full £ - S histograms in fig. S41). We
calculated the probability of the bent state Pp,, via its relative occurrence within the
bimodal FRET distribution and plotted P, as a function of force (Fig. 3E). Ppep,is well
described by the free energy difference of the unbent and bent state expressed through a
Boltzmann distribution (Fig. 3E and supplementary text S3) (20). An estimate of the change
in binding affinity and Gibbs free energy is given in fig. S42.

The presented DNA origami force clamp provides a new tool to quantify the sensitivity of
transcription factor-induced distortion to DNA tension and thus to chromosome
organization. This adds new information to the growing picture of transcriptional regulation
and protein-DNA interactions in general. Our nanoscopic force clamp expands the range of
available single-molecule force spectroscopy techniques and makes new molecular systems
accessible to sensitive force spectroscopy analysis. The self-assembling clamps are easy to
prepare and can be used to study any DNA-interacting and DNA-modifiable system, e.g.
proteins conjugated with short DNA tethers. Simple operation and highly increased
throughput compared to standard techniques facilitate the generation of force spectroscopy
data with a dynamic range of 0 to 12 pN, which easily can be extended to ~ 50 pN
(supplementary text S4) (20). As our method provides the flexibility to perform both on-
surface and in-solution experiments, we further envision moving from elaborate and costly
single-molecule tools toward simple and readily adaptable ensemble assays.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

A self-assembled molecular force clamp built from DNA allows highly parallelized force
spectroscopy measurements without interference from the macroscopic world.
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Fig. 1. DNA origami force clamp.
(A) ssDNA connects the molecular system of interest (red rectangle) with two immobile

anchor points. Reducing the number of nucleotides spanning the distance d'leads to a
smaller number of adoptable conformations of the ssDNA chain and thus results in a higher
entropic force. (B) Scheme of the DNA origami force clamp structure. ssDNA exits the
clamp duplexes in a shear conformation (left inset: scaffold in black, staple in blue) and
spans the 43 nm wide gap. ssDNA reservoirs are located on each side of the clamp. The
system of interest (here a DNA duplex) is probed in shear conformation (right inset). (C) For
each constant force variant (three variants are shown here), individual origami samples were
assembled. (D) Agarose gel of the three variants after annealing with the monomer (M) and
dimer band (D) of the origami structure highlighted. (E) Average TEM micrographs of the
three variants (left) and single negative-stain TEM image of the 6 pN variant (right). Scale
bars: 20 nm.
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Fig. 2. Holliday junction conformer transitions under force.
(A) Schematics of the HJ switching between two stacked isomers; Cy3 donor (blue) and Cy5

acceptor (red). (B) Force clamps were immobilized on a BSA-covered glass surface via
biotin-streptavidin coupling. The HJ system is mounted in the force clamp with one of the
four HJ-strands being the scaffold (black strand in inset). (C) FRET traces with the FRET
efficiency E (gray line) and two-state hidden Markov fit (black line). (D) Histograms over all
recorded FRET traces with Gaussian fits for the two FRET populations in blue (low-FRET)
and red (high-FRET). Only traces with > 20 transitions were included in the analysis; n is
the total number of transitions. (E) Dwell times for both states (Tjou,i» Thign,) Were extracted
for each trace. Transition rates (Kjow , Kpjgn) Were first extracted from a mono-exponential
decay fit for each dwell time histogram, then averaged and plotted (semi-log plot) as a
function of force. Red squares: low- to high-FRET (kp;ep); blue circles: high- to low-FRET
(k7ow)- Solid lines are exponential fits where the exponent relates rates to the applied force.
Y-axis error is the standard error of each average rate; x-axis error is the uncertainty of the
calculated force (fig. S15)
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Fig. 3. TBP-induced DNA bending under force.
(A) TBP from M. jannaschii (PDB: 2Z8U) (29). Two pairs of phenylalanines located in the

DNA binding domain promote DNA bending. (B) The SSV T6 promotor including the
TATA-box mounted on the force clamp; Atto532 donor (blue) and Atto647n acceptor (red).
(C) TBP binds the minor groove of the TATA-box and bends the duplex by almost 90°, thus
changing the distance between donor and acceptor. (D) FRET histograms and Gaussian fits
for the low-FRET (blue) and high-FRET (red) population. Nis the number of molecules
measured for each force. (E) Semi-log plot of the probability of the bent state Py, as a
function of force. The solid line is a Boltzmann distribution fit. Y-axis error is the standard
error of Py, X-axis error is the uncertainty of the calculated force (fig. S28).
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