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ABSTRACT: The ability to accurately map the 3D geometry of single-molecule complexes in trace samples is a challenging goal
that would lead to new insights into molecular mechanics and provide an approach for single-molecule structural proteomics. To
enable this, we have developed a high-resolution force spectroscopy method capable of measuring multiple distances between
labeled sites in natively folded protein complexes. Our approach combines reconfigurable nanoscale devices, we call DNA
nanoswitch calipers, with a force-based barcoding system to distinguish each measurement location. We demonstrate our approach
by reconstructing the tetrahedral geometry of biotin-binding sites in natively folded streptavidin, with 1.5-2.5 A agreement with

previously reported structures.

he ability to determine the spatial organization of

biomacromolecular complexes has led to new insights
into biological mechanism and therapeutic development."”
Despite advances in computational tools for predicting protein
structure,>™> challenges remain in the prediction of multi-
protein complex assembly, mechanical properties, and
conformational transitions. Technologies such as super-
resolution microscopy’ ” and structural biology methods
such as cryoEM'?™"” have opened new avenues for measure-
ment, yet applications to fields such as proteomics have been
constrained due to limitations in resolution, accuracy, and
throughput on one hand, and the challenge of working with
trace, heterogeneous samples on the other. Emerging single-
molecule approaches show promise, as single-molecule
fluorescence resonance energy transfer (smFRET),"*™*¢ force
spectroscopy,’’*” and nanopore”' methods have been used to
study biomolecular geometry and dynamics. AFM studies have
demonstrated reconstruction of folded protein geometry,”**
although measurements were largely limited to a single
pairwise distance per molecule. Resolving the challenge of
making multiple atomically precise distance measurements
within natively folded single-biomolecular complexes could
enable applications in single-molecule proteomics, including
three-dimensional geometry determination from trace samples
and studies of molecular interactions, heterogeneity, and
structure—function relationships.

To enable this, we developed an approach that combines
reconfigurable nanodevices with single-molecule force spec-
troscopy. We previously introduced DNA nanoswitch calipers
(DNC) and demonstrated applications to protein-sequence
fingerprinting by measuring the distances between specific
residues within denatured peptides, chemically labeled with
DNA handles.”* Each DNC consists of a DNA tether
containing a pair of grabber sequences complementary to the
DNA handles on an analyte of interest; when these grabbers
engage two handles on an analyte, a section of DNA loops out
(Figure 1). When sufficient force is applied to the DNC tether
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at its two ends, one grabber is released, and the change-in-
distance between the two ends reports the distance between
handles. Here, by combining DNC with force-based barcodes
to augment our ability to disambiguate labeled sites, we
measure the distances between multiple coordinates on the
surface of an intact, natively folded protein complex and
reconstruct the three-dimensional geometry of these coor-
dinates (Figure 1). As a demonstration, we reconstruct the
geometry of biotin-binding sites in streptavidin by measuring
pairwise distances between binding sites, using symmetry to
calculate their relative positions in 3D space. Streptavidin is a
tetramer consisting of four identical, noncovalently attached
units,” in which biotin-binding sites form an irregular
tetrahedron with opposite sides of equal length®®*” (Figure
24).

As a first step in validating our approach, we used DNC to
measure a single distance between pairs of biotin-binding sites
for each single-molecule complex (Figure 2). We first loaded
one long biotinylated ssDNA strong handle and one short
biotinylated ssDNA weak handle on each caliper and then
added tetrameric streptavidin for bivalent capture (Figures 2
and S1). The shearing force of the weak handle in our
experiments (~26 pN) was significantly lower than the biotin—
streptavidin unbinding force,”* ! so the biotin oligonucleotide
generally remained attached to the streptavidin complex.
Within each measurement cycle, force was applied to each
DNC using optical tweezers and varied between a low force
and a high force; at the high force of ~26 pN, a sudden change
in extension (AL) results from shearing of the weak handle,
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Figure 1. Overview of single-molecule 3D mapping with DNA nanoswitch calipers (DNC). (Left) Natively folded biomolecular complex labeled
with ssDNA handles: a strong handle (purple) that serves as an anchoring site for DNC and shorter weak handles (red). (Middle) Multiple
distances are measured between red and purple handles using a DNC actuated by mechanical force. Each DNC has one “grabber” complementary
to the weak handles and one complementary to the strong handle. As force is cycled between low and high forces, the caliper alternates between
looped and linear states, due to engagement then release of the weak handle. (Top right) Distribution of measured distances d calculated by
subtracting the change in length AL from the effective loop length L, which serves as a reference to convert changes in length to absolute distance.
(Bottom right) Reconstructed geometry for positions of DNA-labeled sites in the folded biomolecular complex.

and at the low force of ~0 pN, rebinding of the weak handle
occurs, relooping the DNC tether (Figure 2C—E). The
effective loop length (L,) was determined by performing
calibration measurements of the DNC constructs at the
distance-measuring force;** the distance d was then calculated
as d = Ly — AL (see Methods and Figure 2C). Analyzing the
distance distribution of each molecule (e.g,, Figure 2F) yields a
single distance for each, which when aggregated over multiple
molecules shows three distances as expected (Figures 2G and
S2). Assuming an irregular tetrahedron with D2 dihedral
symmetry, as indicated from X-ray crystallography,”* we used
these distances to reconstruct the three-dimensional geometry
of the biotin-binding sites of streptavidin (Supplementary Note
1), closely matching the previously established structure
(RMSD = 1.54 A) (Figures 2H and S3).

While systems such as biotin—streptavidin are relatively
robust and able to withstand the ~26 pN forces exerted during
measurement, lower forces may be needed to study more labile
molecular complexes. To demonstrate the ability of DNC to
study less mechanically stable structures, we performed
distance measurements on the folded DNA G-quadruplex
structure, which has been shown to denature at ~20 pN,18
using shorter ssDNA weak handles to reduce the force applied.
By tuning the length of the weak handles to 9 bases, which can
be sheared at ~10 pN during DNC measurements, we
measured the 5'—3’ distance in the folded structure in the
presence of potassium ions and obtained results that agreed
with the expected G-quadruplex structure> (PDB 2HY9)
(Figure S4).

Next, to enable the measurement of multiple distances per
single-molecule complex, we developed a barcoding system
that enabled each binding site to be identified based on force—
extension behavior. This increases the resolution of DNC
measurements by enabling handles that are closer than the
resolution of a single distance measurement to be distin-
guished, with increased localization precision obtained by
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averaging repeated distance measurements, in the spirit of
super-resolution approaches such as PALM,” FPALM,** and
STORM.*® Here, we used hairpin barcodes in the weak
handles to help resolve all distances between biotin-binding
sites in a single-streptavidin molecule. We incorporated long,
short, and “no hairpin” structures in the weak handles, with
hairpin-unfolding length serving as a barcode (Figure 3A,B).
Constructs were assembled in a similar manner to that before
but with subsequent incubation with barcoded biotinylated
weak handles so that biotin-binding sites were fully occupied
(see Methods and Figure SS). This yielded a distribution of
molecules with either unique or degenerate barcodes, leading
to some variation in the total number of unique distances and
barcodes we could measure on each molecule. We slowly
ramped the force up to ~15 pN to probe hairpin unfolding,
jumped to moderate force (~20 pN) to measure the distance
between biotin-binding sites, jumped to high force (~30 pN)
to shear open the DNC loop, and then jumped back to
moderate force to determine the change in length (~20 pN)
(Figure 3C—E). The effective loop length (L,) of the DNC at
the moderate distance measuring force was determined as
previously described”® and used to calculate the absolute
distance d (Figure S6). Repetitive cycles of force application in
each streptavidin—biotin complex enabled us to observe the
stochastic binding of all weak handles (Figure 3E,F and Figures
S7 and S8) and determine their distances from the strong
handle.

Aggregating all of the distances measured over different
molecules, which were bound with different numbers of DNA
handles, yields a distance distribution that shows three primary
peaks at the expected distances (Figure 3G). As in our previous
example, by analyzing these three distances in light of the
expected irregular tetrahedral symmetry, we can reconstruct
the three-dimensional geometry of the biotin-binding sites in
streptavidin. As before, the geometry of the binding sites
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Figure 2. Single-molecule distance measurements of streptavidin—biotin complexes with only two biotin sites occupied. (A) Structure of
streptavidin—biotin complex (PDB entry 6M9B) (left) with a schematic representation (right) where spheres indicate biotins bound to
streptavidin. (B) Schematic of streptavidin bound to two biotinylated ssDNA handles illustrating three distinct configurations. The longer (purple)
strong handle provides strong attachment to the DNC, while the shorter (red) weak handle shears off at lower force. Biotinylated handles are
hybridized to the DNC construct prior to the introduction of streptavidin to yield one pair of handles per molecule (Figure S1). (C) DNC tethered
between two optically trapped microbeads and actuated by force to measure distances between biotin-binding sites in streptavidin. DNC looping
occurs when both handles are engaged; unlooping occurs when the weak handle shears off at high force; relooping occurs with weak handle
rebinding at low force. (D) Data showing DNC extension over cycles of low and high force (raw data in black, 200-point sliding window average in
red). (E) Zoom-in of blue rectangle in D, showing change in extension due to DNC unlooping. (F) Distance histogram calculated by subtracting
AL from effective loop length (L,). (G) Histogram of per-molecule average distances for 27 molecular complexes. Plus—minus values indicate
sigma fitting parameters from the multipeak Gaussian fit. (H) DNC determined positions of carbon in the carboxylic group of each biotin (black

spheres) superimposed on the crystal structure (PDB 6M9B).

determined using DNC agrees closely with measurements from
X-ray crystallography (RMSD 2.34 A) (Figures 3H and S9).

While we used symmetry here to aid in geometric
reconstruction, using computational analysis, we also explored
whether reconstruction could be accomplished without this
prior knowledge. We simulated DNC measurements, using the
known crystal structure as the ground truth, to determine how
well the expected 3D geometry of the biotin—streptavidin
complex could be recovered from a set of all pairwise distance
measurements, where full incorporation of barcodes enables all
handles to be uniquely identified. As described in Figure S10
and Supplementary Note 2, we find that reconstruction from
the assigned Euclidean distance matrix (EDM)*° does a
reasonably good job of recovering the ground truth provided
the measurement resolution is sufficient.

Interestingly, we found in our experiments that when a
single streptavidin complex was fully occupied by biotinylated
DNA handles, the apparent distance between the two closest
biotin-binding sites was shorter than expected (Figure 3F). To

further investigate, we performed additional experiments in
which only one distance per complex was measured through
attached DNA-biotin handles, while the remaining two biotin-
binding sites were putatively occupied by biotin (Figure S11).
We again found a population exhibiting shorter than expected
distances (Figures S12 and S13), confirming our observation
that when the streptavidin complex has all sites occupied, it can
exhibit subtly different physical properties than when only two
sites are occupied. As described in Supplementary Note 3 and
Figure S14, differences in the structural properties of free vs
biotin-bound streptavidin®"*’ could contribute to a shorter
apparent length between the two closest biotin-binding sites.
In summary, we have developed a technique to measure
multiple distances on natively folded single-molecule com-
plexes using barcodes to enhance the spatial resolution of
DNC on a per-molecule basis and help facilitate 3D
reconstruction. We measured the distances between biotin-
binding sites in a streptavidin molecule using three hairpin
barcodes as a proof-of-concept example. We successfully
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Figure 3. 3D mapping of streptavidin—biotin complex with force-based barcodes to resolve multiple distance measurements per molecule. (A)
Schematic showing incorporation and readout of hairpin barcodes incorporated into weak handles (red). First, hairpin opening enables handle
identification from the change in length, and then loop opening at a higher force enables the distance between handles to be measured as before.
Dropping the force enables rebinding to another handle. (B) Outline of distance measurement strategy consisting of a force ramp for hairpin
readout, followed by jumps in force to ~20 pN to measure the distance, ~30 pN to shear the weak handle, ~20 pN to measure the change in
length, and then ~0 pN to enable rebinding. Three cycles are shown, illustrating unfolding signatures of the three barcodes. (C) Extension vs time
data for a DNC over multiple force cycles (raw data in gray, smoothed in red). (D) Zoom-in of a section (indicated by purple arrows) from C
depicting the sequential readout of all three barcodes. (E) Force vs extension curves of repeated cycles depicting the measurement of all three
barcode lengths in one streptavidin molecule. (F) Scatter plot of measured barcode lengths vs handle distances in a single molecule. For each
cluster, red circles indicate mean, and error bars indicate standard deviation. (G) Histogram of per-molecule distances aggregated over multiple
molecules. Plus—minus values indicate sigma fitting parameters from the multipeak Gaussian fit. Blue vertical lines indicate expected distances
between biotin-binding sites based on the crystal structure (PDB 6M9B). (H) Superposition of the DNC determined the position of the carbon in
the carboxylic group of each biotin (black spheres) on the crystal structure.

reconstructed the three-dimensional tetrahedron geometry of study the three-dimensional positions of residues in single
biotin-binding sites in the streptavidin molecule, which agrees biomolecules or biomolecular complexes that should lead to
closely (RMSD 2.34 A) with that determined from X-ray new applications in single-molecule proteomics, including the
crystallography. DNC is a powerful and accessible technique to determination of three-dimensional molecular conformations
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from trace biological samples and the discovery of new
biomarkers for diagnostics and allosteric modulators for
therapeutics.
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