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Single-molecule force spectroscopy (SMFS)
is a powerful technique to characterize the energy landscape
of individual proteins, the mechanical properties of nucleic
acids, and the strength of receptor—ligand interactions.
Atomic force microscopy (AFM)-based SMFS benefits from
ongoing progress in improving the precision and stability of
cantilevers and the AFM itself. Underappreciated is that the
accuracy of such AFM studies remains hindered by
inadvertently stretching molecules at an angle while
measuring only the vertical component of the force and
extension, degrading both measurements. This inaccuracy is
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particularly problematic in AFM studies using double-stranded DNA and RNA due to their large persistence length (p ~ 50
nm), often limiting such studies to other SMFS platforms (e.g., custom-built optical and magnetic tweezers). Here, we
developed an automated algorithm that aligns the AFM tip above the DNA’s attachment point to a coverslip. Importantly,
this algorithm was performed at low force (10—20 pN) and relatively fast (15—25 s), preserving the connection between
the tip and the target molecule. Our data revealed large uncorrected lateral offsets for 100 and 650 nm DNA molecules [24
+ 18 nm (mean + standard deviation) and 180 + 110 nm, respectively]. Correcting this offset yielded a 3-fold
improvement in accuracy and precision when characterizing DNA’s overstretching transition. We also demonstrated high
throughput by acquiring 88 geometrically corrected force-extension curves of a single individual 100 nm DNA molecule in
~40 min and versatility by aligning polyprotein- and PEG-based protein—ligand assays. Importantly, our software-based
algorithm was implemented on a commercial AFM, so it can be broadly adopted. More generally, this work illustrates how
to enhance AFM-based SMFS by developing more sophisticated data-acquisition protocols.

atomic force microscopy, DNA overstretching, protein folding, polyprotein, single-molecule force spectroscopy

ver two decades ago, atomic force microscopy
(AFM)-based single-molecule force spectroscopy
(SMFS) emerged as a powerful tool to measure the
dynamics and energetics of individual proteins' and protein—
ligand interactions.”” Notwithstanding several early successes
in studying DNA at high force by AFM,"* optical traps and
magnetic tweezers rapidly emerged as the SMFES modality of
choice for studying mechanical properties of DNA, RNA, and,
more generally, protein—nucleic acid interactions.””® Histor-
ically, this bifurcation in biomolecular systems studied by AFM
arose from two well-documented issues: (i) the comparatively
poor force precision and stability of AFM and (ii) the
widespread use of nonspecific attachment schemes in AFM-
based assays.”””
Sub-piconewton sensitivity and stability on a commercial
AFM can now be routinely achieved by eliminating” or spatially
patterning'” the gold coating of the AFM cantilever, enabling
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equilibrium studies of membrane-protein folding by AFM.''
Efficient site-specific attachment of DNA to AFM tips and
coverslips facilitates repeated stretching of the same individual
DNA molecule tens to hundreds of times, improving
throughput.'” Thus, the field of nucleic acid force spectroscopy
is poised to leverage two significant advantages of AFM. First,
modern commercial AFMs are user-accessible, particularly
compared to custom-built optical traps. Second, AFMs can
accommodate significantly shorter, and therefore stiffer, linkers
relative to optical traps, improving spatiotemporal resolution.'”
Yet, one key issue remains: force accuracy. Accuracy is
degraded because double-stranded nucleic acids are stiff, with
a persistence length (p) of ~50 nm,'* and therefore adopt
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extended conformations in comparison to polyethylene glycol
(PEG) or unfolded protein (both of which have p ~ 0.4
nm).""® This extended conformation, in turn, leads to the
DNA’s anchor point to the coverslip not being positioned
directly under its attachment point to the AFM tip (r,ge)- As a
result, the DNA is stretched at an unknown angle while
measuring only the vertical component of the applied force
(Figure la). Indeed, more than a decade ago, theoretical work
predicted significant errors in the absolute force applied to the
DNA when pulling at an angle.'® More recently, concerns with
pulling geometry have been extended beyond stiff polymers to
include flexible linkers'” commonly used in protein—protein
and protein—ligand studies."®

Pioneering experimental work by Ke et al. investigated the
accuracy of DNA studies via AFM and showed that pulling at
an an%le compromises both force and extension measure-
ments.”” Such results confirmed earlier theoretical concerns'®
and have been verified by subsequent work.”’ To illustrate this
problem, we show a force-extension curve for a DNA molecule
pulled vertically and at an angle (Figure 1b, blue versus red,
respectively). As expected, the molecule pulled at an angle
appeared to undergo DNA’s well-studied overstretching
transition”"> at a force considerably below the canonical 65
pN because only the vertical component (F,) of the total force
(F) applied was measured, recapitulating a similar reduction
seen in earlier work when stretching a polymer of pyranose at
an angle.23 Interestingly, for stiff polymers like DNA, the
extension measurement is corrupted beyond a simple geometric
misalignment resulting from a substantial 7. This complexity
arises because the attachment point to the tip is more likely to
occur a substantial distance up from the apex of the tip (zoget),
an error that is convolved with the 7,4, between the
attachment points when trying to determine DNA extension
(Figure la).

In an important first step toward a general solution to this
problem, Kuhner et al. scanned the tip in a series of squares of
increasing size at constant height over the surface when
studying a flexible polymer.”> Rivera et al. then adapted an
orbital-based scanning scheme to determine the direction to the
anchor point while stretching DNA by developing a software-
based algorithm coupled with custom hardware integrated into
a commercial AFM.”* However, these two implementations led
to either a peak force of >300 pN*’ or a relatively high force
(~80 pN) over long periods (~80 s).”* Such force profiles
often lead to the rupture in one of the linkages connecting the
tip to the surface through the biomolecule of interest and is
particularly problematic for the site-specific coupling ubiq-
uitously used in DNA studies (i, streptavidin—biotin and
antidigoxigenin—digoxigenin)®~® since these bonds may only
last only a few seconds to tens of seconds at 80 pN.

Here, we developed and implemented an automated
algorithm on a commercial AFM that aligns a target molecule’s
attachment point to the tip above its attachment point to a
coverslip. Our constant-force algorithm avoided applying a high
peak force during initial direction finding and accelerated the
subsequent alignment. As a result, our method was relatively
fast (15—25 s) and performed at low force (10—20 pN). This
improved throughput, allowing us to experimentally measure
Toftser and its distribution. As expected, the average value was
substantial for 100 nm DNA (24 + 18 nm; mean =+ standard
devidation (SD), N = 321) and 650 nm DNA (180 + 110 nm,
N = 174). From the same data set, we also determined the z g,
and its distribution, which yielded similar values of 26 + 13 and
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Figure 1. Improving the accuracy of AFM-based SMFS. (a) Cartoon
defining the geometry of stretching DNA before and after
alignment when using site-specific attachment chemistry (red
pyramid, blue sphere). Since double-stranded DNA is a stiff
polymer, an unaligned assay experiences significant lateral offset
(Pofiser), in addition to a vertical offset (zg,) arising from the DNA
attaching to the cantilever at a point vertically displaced from the
tip apex. For clarity, only one instance of each of the surface
chemistry moieties is shown. However, the AFM tip is densely
coated. Hence, it is common for the DNA to bind vertically
displaced from the tip apex, as illustrated. The surface density of
the DNA was chosen to promote stretching a single molecule as
opposed to multiple in parallel. (b) Force-extension curves in an
aligned (blue) and an unaligned (red) geometry with different
Zoggser- Importantly, the aligned curve shows DNA overstretching at
the correct force (~65 pN) while the unaligned curve does not.

230 + 120 nm, respectively. Vertically aligning a DNA-based
AFM assay yielded a 3-fold improvement in the accuracy and
precision when using DNA’s overstretching transition”"* as a
force standard.”® We also demonstrated high throughput by
acquiring 88 geometrically corrected force-extension curves of a
single individual 100 nm DNA molecule in ~40 min. Finally,
given recent concerns with geometry-induced errors in AFM-
based SMFS with flexible linkers,'” we also demonstrated rapid
(8—10 s) geometric correction of a short polyprotein (L = 92
nm) and protein—ligand PEG-based (MW = 10 kDa) assay.
Therefore, a diverse range of widely used AFM-based assays
can immediately benefit from improvements in precision and
accuracy by implementing a vertical stretching geometry.
Given our goal to improve the accuracy of AFM-based
SMFS, we used target molecules (DNA or protein) site-
specifically attached to a coverslip and an AFM tip."” A key
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Figure 2. Three-step algorithm for efficient alignment. (a) Illustration of the parabolic motion of the z-position of the PZT stage (zp;1) when
stretching DNA under constant measured force (F,) at different lateral displacements. Vertical pulling geometry is achieved at the minimum
point of this parabola. (b) Illustration of two-dimensional (2D) alignment under constant force shows z,, mapping out a 2D parabolic-like
surface. The three steps of the alignment algorithm are projected onto this surface: an initial orbital scan (black circle), motion toward the
approximate anchor point (red dots), and a refinement in anchor point location (green cross). (c) Quantifying the steps of the alignment
process. (Top panel) To determine the direction toward the surface anchor point, the change in zp;1 (Azp;1) under constant force is recorded
as the stage executes lateral circular motion. The direction of the arrow is determined from the peak and the minimum in Az, and points
toward the anchor point. (Middle panel) To find the approximate location of the anchor point (i.e., the minimum in Azp,y while stretching
the DNA under constant force), Azp, was measured during a series of discrete steps along the direction determined by the orbital scan. Note
that the step size along the x- and y-axes varies depending on the angle of motion relative to these measurement axes. Dashed line to guide the
eye. (Bottom panel) To refine the location of the anchor point, Azp;1 was sequentially measured along each coordinate axis, and the resulting
data were fit to a parabola with the location of the minimum used as the updated estimate for the anchor point along each axis. This final 2D

refinement process was usually repeated 2—3 times.

feature of this recently developed assay is the target molecule
was covalently coupled to a PEG-coated surface while being
attached to a PEG-coated tip via a streptavidin—biotin linkage.
Covalently coupling ensures that the target molecule remained
on the surface after rupture from the tip so it could be
subsequently remeasured. The PEG coating on both the tip and
the coverslip suppressed nonspecific adhesion that would
otherwise obscure unfolding transitions of more dynamic
biomolecules such as ribozymes®® and DNA hairpins*’ that
oceur 8at low force by traditional AFM standards (10—15
pN).”

RESULTS AND DISCUSSION

Rapid Algorithm for Vertical Alignment. We developed
a three-step algorithm for aligning a target molecule’s surface
anchor point directly below its attachment point to the tip
(Figure 2). The two critical design requirements for our
algorithm were minimizing the applied force during alignment
process and achieving a rapid alignment. The key insight was to
perform the vertical alignment at constant force. We illustrate
this concept with a one-dimensional (1D) sketch (Figure 2a),
which shows that lateral offsets away from vertical alignment
under constant measured force (F,) were compensated for by
raising the vertical stage position (zpzr). Hence, vertical
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alignment under constant F, was transformed into a task of
finding the lowest zp,p in two dimensions (2D) (Figure 2b).
The three steps in our algorithm were (i) determining the
direction to the anchor point, (i) finding the anchor point, and
(iii) refining its location (Figure 2c). All stage motion was done
under closed-loop control. For succinctness, we illustrate the
algorithm by providing user-specified settings for 650 nm DNA.
Table S1 (Supporting Information) provides these values for all
of the constructs studied, and Figure S1 provides a flowchart
illustrating the logic of vertical-alignment algorithm embedded
within a higher-level data-acquisition scheme.

To initiate an individual experiment, we brought the tip into
contact with the surface for 2 s at a relatively low force (100
pN), approximately 10-fold less than the force used to promote
nonspecific adhesion.”® We then retracted the tip at a constant
velocity (v = 1 um/s). Our vertical-alignment algorithm was
then triggered after detecting a good candidate molecule. To do
so, we programmed the AFM controller to monitor the
measured force in real time and automatically stop retraction
when F > 20 pN at an extension (xpy,) greater than ~20% of
the target molecule’s contour length. This criterion suppressed
false positives arising from nonspecific adhesion between the
tip and the surface at low extension. Importantly, to improve
force control, we programmed our AFM controller to respond
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to the average force (smoothed to 1 kHz) rather than high-
bandwidth data (50 kHz). Subsequent data during aligned
force-extension curves were recorded at 50 kHz or 5 MHz,
depending on the application.

Upon detection of successful attachment, the algorithm’s first
step was to determine the direction to the anchor point using
an orbital-based method, akin to Rivera et al.’s earlier work.'® In
particular, after activating a force clamp, we recorded zp, 1 while
moving the stage at a constant velocity in a small circle, where
the radius of the circle varied with the contour length of the
target molecule (e.g, 7S nm for a 650 nm DNA) (Figure 2c, top
panel). We next determined the approximate direction toward
the anchor point by analyzing zp;r. The needed direction
pointed from the maximum in zpzy to the minimum in zpyr.
For simplicity of presentation, we plot Azp,r rather than its
absolute value.

To find the location of the anchor point, we moved the stage
along the determined direction in a series of fixed-size steps
(e.g, 150 nm for 650 nm DNA) while averaging zp,1 over 250
ms of data under constant F (Figure 2c, middle panel). This
section of the algorithm stopped once zp, increased. We then
moved to the lateral location (xp,r, ypzr) associated with the
lowest recorded zpyr.

The third step of the algorithm moved the stage at constant
velocity for a fixed distance (150 nm for 650 nm DNA) in each
direction along the x- and y-axes, while zp,; was measured
under constant F. We set the range of this motion (eg, 150
nm) to generate a parabolic-shaped trace of zp,y versus lateral
motion (Figure 2c, lower panel), which then allowed a simple
fit to this trace to determine the minimum point in zp,p along
each coordinate axis. Note, when there is no clear minimum
(see Figure 6b, green trace), the algorithm used the lateral
position at the minimum value for zp,r. Finally, we moved the
stage to that lateral location. This refinement procedure was
then repeated multiple times (typically 2—3) until two
subsequent anchor point locations agreed to within a user-
defined precision (eg, 7 nm for 650 nm DNA). We then
lowered the tip into gentle contact with the surface (F = 100
pN), which provides a revised determination of the surface
height after alignment. The assay was now aligned with high
precision for subsequent force spectroscopy studies (A0 ~ 7/
650).

Although the run time for individual molecules varied, our
algorithm typically took 15—25 s to execute for 100 nm DNA
and was quicker for polyproteins (8—10 s). Hence, the
algorithm was relatively fast in comparison to prior work (80
s).”* When using DNA containing a single terminal biotin, this
combination of speed with low applied F allowed a high
percentage (94%; N = 94) of initial attachments to become
vertically aligned with the tip (i.e., without a rupture between
the DNA and the tip). The two primary limitations on the
execution time of our algorithm were (i) averaging the
Brownian motion of the cantilever and (ii) communication
between the AFM controller (ARC2, Asylum Research) and
the PC-based software controlling the AFM (Igor Pro,
WaveMetrics). We chose parameters for each step of the
algorithm that balanced the need for execution speed while
ensuring a precise signal for determining the vertical pulling
position. We note that the parameters used in these
experiments (Table S1) were determined when measuring
with a long, soft cantilever [L = 100 ym; k = 8 pN/nm
(Olympus)] that had its gold coating removed for improved
force stability.” For cantilevers with lower noise and better
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Figure 3. Characterization of geometric errors when pulling on
DNA. (a,b) Force-extension curves acquired after alignment for
100 and 650 nm long DNA, respectively. (c,d) Distribution in
lateral offset () for 100 and 650 nm DNA determined from 321
and 174 DNA molecules that were geometrically aligned,
respectively. (e,f) Distribution in vertical offset (zog.) for 100
and 650 nm DNA determined from the same set of data.
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temporal resolution'%*”*° or higher-strength mechanical link-

ages to the tip,””*” we anticipate quicker algorithm execution
without compromising alignment precision.

Importantly, our software-only alignment scheme was
implemented on a commercial AFM (Cypher ES, Asylum
Research). Hence, it can be immediately implemented at no
cost on Asylum Research AFMs or custom-built AFMs
controlled by an Asylum controller.””™* To promote such
adoption, we have shared the source code for our algorithm and
accompanying documentation via GitHub.*® Our algorithm is
extendable to other commercial AFMs that support adequate
flexibility in creating user-defined data-acquisition protocols.

Characterizing the Uncorrected Geometry of an AFM-
based DNA Assay. Prior studies have not experimentally
documented the distribution in misalignments when stretching
DNA by AFM (i.e,, Togier Zofiser)- TO address this issue, we first
measured a set of force-extension curves for two different
length DNAs (100 and 650 nm) (Figure 3a,b) by probing the
surface in a grid-based raster scan (Figure S1). We next
deduced r.g, by computing the difference in lateral stage
position before and after alignment (Figure 3c,d). To deduce
Zofsep We initially fit each aligned force-extension curve to an
extensible worm-like chain model,”” which yielded an apparent
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contour length LiP. We then calculated the vertical offset using
Zogier = Lo — LiF? (Figure 3e,f). Such characterization required
our site-specific coupling to ensure that the target molecule was
stretched across its full contour length, independent of where it
attached to the tip. To confirm this assumption, we analyzed
force-extension curves that exhibited the complete over-
stretching of DNA. The resulting analysis showed that width
of the overstretching plateau was the expected 70% of target
molecules contour length,”"** regardless of z,g, (Figure S2).
To facilitate this characterization, we used a more mechanically
robust coupling to the streptavidin-coated tip by using a DNA
molecule terminally labeled with four biotins spaced once every
helical turn via a PCR primer.

Our analysis showed the lateral offsets were substantial and
broadly distributed. In particular, for 100 nm DNA molecules,
Tofiset Fanged from 1 to 80 nm and an average value of 24 + 18
nm (mean + SD; N = 321) (Figure 3c). We observed a similar
broad distribution for 650 nm DNA molecules with a range
from 7—631 nm and an average value of 180 + 110 nm (mean
+ SD; N = 174). In other words, we determined that the
average lateral offset for both DNA lengths was approximately
1/4L,.

Interestingly, the vertical offset was similar in size or even
slightly larger than the lateral offset. Specifically, z g, ranged
from 2 to 74 nm for 100 nm DNA with an average value of
average Z g of 26 + 13 nm (mean + SD) (Figure 3e). For 650
nm DNA, we measured a range of 31—527 nm for with an
average value of 230 = 120 nm (mean + SD) (Figure 3f). In
retrospect, such large vertical offsets could have been
anticipated given that the streptavidin coating of the cantilever
is not restricted to the tip apex but densely deposited over the
entire cantilever. Specifically, the number of streptavidin
molecules increases at a given vertical displacement away
from the tip apex due to increasing surface area. Hence, there
are an increasing number of binding sites, which favors
attaching with a larger vertical displacement from the tip
apex. This bias, coupled with a stiff polymer, then leads to a
substantial average zg..

Improving the Precision and Accuracy of DNA
Studies. To characterize the degree of improvement resulting
from vertically aligning an AFM-based DNA assay, we
quantified DNA’s overstretching transition,”"”” a force standard
for SMES assays.25 The overstretching force (Fqgr), here
defined as the force value at the midpoint in the force plateau
(Figure 4, inset), is highly reproducible and varies minimally
with ionic conditions,’ temperature,39’40 and stretching rate.”
Nonetheless, we used the same ionic conditions, temperature,
and force definition as a recent optical-trapping result that is
used here as the reference value FRO%FF =65.0 £ 0.5 pN (mean +
standard error of the mean; N = 22) (Figure S, green dashed
line).*" Specifically, we stretched 84 100 nm DNA molecules in
a standard AFM assay and 93 ones after alignment (Figure S3).
Unaligned records yielded Fogr = 58.5 + 5.0 pN (mean + SD)
versus Fogr = 67.0 + 1.8 pN for aligned ones (Figure 4, red and
blue, respectively). Force precision was determined from the
standard deviation in the distribution, whereas force accuracy
was determined from AF/F3ey, where AF is the difference
between the measured mean of Fqgp reported here and Fogr.
Hence, vertical alignment yielded a ~3-fold improvement in
both the precision and accuracy of determining Fogr when
comparing unaligned versus aligned assay. Interestingly, the
aligned assay now had a force accuracy of 3% and was therefore
likely limited by the precision in calibrating cantilever stiffness,
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Figure 4. Histograms comparing the overstretching transition force
(Fost) of 100 nm DNA with and without vertical alignment (blue
versus red, respectively). More quantitatively, aligned records
yielded Fogp = 67.0 + 1.8 pN (mean + SD; N = 93) while the
unaligned ones gave 58.5 + 5.0 pN (mean + SD; N = 84). Under
the same ionic conditions and temperature, recent optical-trapping
results yielded Fogp = 65.0 + 0.5 pN [mean + SD; N = 22 (green
diamond and dashed line)], where the error bars represent the
uncertainty in the measurement.*' Hence, vertical alignment led to
a ~3-fold improvement of both the precision and accuracy of AFM-
based SMFS studies of DNA stretching. (Inset) Canonical force-
extension curve illustrating the definition of Fgy as the force value
midway through the overstretching transition.

which is reported to be 3% when comparing the same
individual cantilever among leading laboratories.”” Looking
forward, the improved precision and accuracy of vertically
aligned assay offers a means to benchmark future advances in
cantilever calibration schemes and verify calibrations of
individual cantilevers, particularly when using cantilevers with
modified geometries to enhance force precision and stability.

High-Throughput, Geometrically Corrected Stretch-
ing of 100 nm DNA. To demonstrate increased accuracy
coupled with relatively high throughput, we repeatedly
measured the same individual 100 nm DNA in a fully
automated fashion by embedding our vertical-alignment
algorithm (Figure 2) within a higher-level data-acquisition
protocol (Figure S1). Specifically, after rupture of the
streptavidin—biotin bond linking the DNA to the tip, we
brought the tip back down into gentle contact with the surface
to promote reattachment as the assay was vertically aligned. If
successful attachment was detected based on the above criteria
(eg, F>20 pN at xpy, > 20 nm), the data-acquisition protocol
would trigger the vertical-alignment algorithm and then record
a force-extension curve at constant velocity (v = 1 ym/s). We
note that it was important to run the vertical-alignment
algorithm for each individual attachment because DNA’s
extended conformation leads to reattachment at a different
location on the tip, both horizontally and vertically. After 10
unsuccessful attachment attempts, the stage was raster scanned
laterally to search for another molecule.

To illustrate this improved throughput, we measured 88
vertically aligned force-extension curves in ~40 min from a
single individual DNA molecule (Figure 5). Importantly, this
time incorporates all the required functions, including acquiring
the initial force-extension measurement to determine if a
molecule was attached, executing the vertical-alignment
algorithm, measuring the aligned force-extension curves, and
saving the resulting data. As in Figure 4, the accuracy of the
data was improved with each force-extension curve showing the
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overstretching transition at ~65 pN, a result that also
confirmed a single molecule was studied. In contrast, when
we relied upon nonspecific adhesion, only 0.6% of attempts
yielded such high-quality force-extension curves, defined as
those containing only a single rupture.'”” Moreover, these
unaligned force-extension curves typically did not show
overstretching at the canonical force of 65 pN (Figure la and
Figure 4). Thus, it is noteworthy that we can now acquire
vertically aligned force-extension curves of DNA more rapidly
than unaligned ones acquired with the traditional AFM assay
based upon nonspecific adhesion.

The importance of aligning at low force is illustrated by the
force-extension curves shown in Figure Sa. For this assay, we
used DNA labeled with a single biotin, and a majority of these
88 curves did not exhibit the full DNA overstretching transition
(in contrast, see Figure 1a, blue). We attribute this rupture to
the failure of the single biotin—streptavidin linkage rather than
the mechanically stronger covalent bond coupling the DNA to
the coverslip and the streptavidin to the AFM tip. In other
words, in the current application, this widely used protein—
ligand bond for DNA studies only sustained 65 pN for
relatively brief durations. Hence, successful alignment at low
force is critical to achieving high throughput.

More broadly, we envision extensions of the present
algorithm where a series of individual molecules are probed
hundreds to thousands of times, providing enhanced statistical
significance coupled with improved accuracy. To do so, further
optimization of the higher-level data-acquisition protocol
(Figure S1) and the alignment algorithm is required. For
instance, the current algorithm failed to reattach to the target
molecule due to episodic lateral drift or a rupture during a large
lateral movement as seen by examining the positions of the 88
vertically aligned pulls (Figure Sb, dashed line). These and
other confounding factors should be amenable to programmatic
solutions.

Improving Polyprotein Studies. Polyproteins are the
substrate of choice for AFM studies focused on the dynamics
and energetics of protein folding."'®*** Tt has long been
argued that polyprotein assays, like PEG-based assays, suffer
from minimal geometrically induced decrease in force
accuracy.” In part, this assumption has been based on the
lower expected end-to-end distance for a polyprotein, which
typically consists of multiple compact, folded domains linked by
short flexible polypeptide linkers (p = 0.4 nm).' As a result,
polyproteins at zero applied force do not adopt the extended
conformations sampled by double-stranded nucleic acids (p =
50 nm).

We tested this assumption by using our algorithm to align a
polyprotein-based assay (Figure 6a). Given the expected small
Toisey We used only the final refinement step of our algorithm,
again using multiple iterations (Figure 6b,c). Our substrate was
a recently developed short polyprotein'” containing four
domains of NuG2, a fast folding variant of GBI that has
been extensively investigated by AFM."”*® To ensure end-to-
end stretching of the polyprotein, we used the same site-specific
coupling chemistry as in our DNA assay, including a
streptavidin—biotin linkage to the AFM tip. Another challenge
to aligning a polyprotein is the spontaneous unfolding of
domains at elevated force. So, akin to our DNA assay, we
initially stretched the polyprotein to an extension that typically
unfolded all four domains (Figure 6d, red trace) and triggered
execution of alignment algorithm for records beyond that
extension that also reached 30 pN. After alignment at a
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Figure S. High-throughput, geometric-corrected SMFS data from
an individual 100 nm DNA. (a) Three representative force-
extension curves from a set of 88 curves acquired during a ~40 min
period, where the same individual molecule was repeatedly probed.
The number indicates a trace number from this series consisting of
88 such curves. (b) Lateral location of the anchor point as
determined by the alignment algorithm. Open circles represent the
surface location of the force-extension curves shown in panel a. The
final force-extension curve was associated with a large lateral jump
in anchor point determination (dashed line).

constant force of 20 pN, the resulting force-extension curve
displayed a horizontal shift to longer extensions, and such shifts
can be quite substantial [e.g, 7o = 25 nm (Figure 6d, blue
trace)]. For completeness, we note though that occasionally
our initial stretching did not fully unfold the polyprotein, and
the final domain unfolded during the alignment routine. While
undesirable, such unfolding was accommodated for by the
algorithm via several additional cycles of final stage alignment.

Using this algorithm, we then characterized the average rg.,
for the polyprotein (Figure 6e). While the absolute value was
modest [10 + 8 nm (mean + SD; N = 73)], it was measurable
even for our short polyprotein (L, = 92 nm including unfolded
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Figure 6. Aligning a polyprotein-based assay for improved accuracy. (a) Illustration of the assay before and after alignment when pulling on a
polyprotein consisting of four domains of NuG2, denoted (NuG2),. Like the DNA assay, the polyprotein was attached to the AFM tip via a
streptavidin—biotin linkage. (b,c) Change in zp;1 (Azp;r) as a function of lateral motion along each coordinate axis after fully unfolding the
polyprotein and executing the alignment algorithm under F = 20 pN. When sufficient curvature was exhibited, the resulting data were fit to a
parabola (black lines) to determine the anchor point of the protein. This 2D alignment process was repeated three time along each axis, with
each iteration denoted by a separate color. The r,g,, for this molecule was 25 nm. (d) Force-extension curves before and after alignment for
the same individual molecule (red versus blue, respectively). Note that the large initial r,g,, could lead to the misinterpretation of the first
domain unfolding as surface adhesion and, hence, this initial force-extension curve as showing only three of the four domains of (NuG2),
unfolding. (e) Distribution in r g, for (NuG2), determined from 73 geometrically aligned molecules.

NuG2 domains, unstructured peptide spacers, and PEG linkers
associated with site-specific attachment). Of course, when
including the first rupture at low extension in the final analysis,
this geometric error is compounded and becomes more
significant, even for the average offset of 10 nm [0 =
sin ™ (romer/Lo) = 22°)] where Lg is the contour length prior
to the unfolding of the first domain (~27 nm in Figure 6d).
Lateral offsets larger than the mean r.g,, will lead to a larger
angular misalignment. This simple calculation is perhaps even
more relevant when embedding a target protein within a larger
polyprotein construct, particularly when the target protein is
the first domain to unfold.'” In such an assay, all of the target
protein’s unfolding events are subject to a reduction in force
accuracy due to angular misalignment. Hence, looking forward,
improved force accuracy afforded by the alignment algorithm
presented here is expected to improve AFM-based SMFS
studies of not only nucleic acids but also proteins and protein—
ligand interactions.'” To explicitly illustrate this generalization,
we have also aligned the canonical protein—ligand assay—
biotin binding to streptavidin—when using a longer PEG
linker, as is common in such assays (Figure $4)."

CONCLUSIONS

We have developed an efficient algorithm to correct for
geometric errors in AFM-based SMFS. Our three-step
algorithm was comparatively fast (15—25 s), performed at
low force (10—20 pN), and implemented on an unmodified
commercial AFM. For DNA-based assays, we not only
improved accuracy and precision but also did so with improved
throughput, acquiring 88 geometrically corrected force-
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extension curves in ~40 min. Such high throughput, in turn,
allowed us to characterize the distributions in lateral offsets
DNA-, polyprotein-, and PEG-based assays. These results
provide important experimental data that quantify the impact of
uncorrected pulling geometries. In particular, the mean lateral
offset for DNA-based assay was large, ~1/4L, for the two
lengths of DNA measured (100 and 650 nm). Hence, achieving
a vertical pulling geometry is critical to accurate AFM-based
SMEFS using double-stranded nucleic acids given their
substantial persistence length (S0 nm). More generally, our
present work highlights how implementing more sophisticated
data-acquisition protocols on a commercial AFM improves data

quality and quantity.

METHODS

DNA Preparation. To achieve site-specific attachment, we
prepared labeled DNA via PCR. The forward primers for the two
lengths of DNA (100 and 650 nm) were terminally labeled with
DBCO. The reverse primer contained four biotins. These primers
were used to amplify the DNA using KOD Hot Start DNA polymerase
(Novagen). The template for these PCR reactions was M13mpl8
(New England BioLabs), and all DNA primers (Table S2) were
purchased from Integrated DNA Technologies. The resulting PCR
product was then subjected to a series of purification steps: (i)
QiaQuick PCR purification kit (Qiagen); (ii) gel purification using a
1% agarose gel with the desired band excised with a razor blade
followed by DNA extraction using a Freeze ‘N Squeeze DNA gel
extraction spin column (Bio-Rad) and concentration using an Amicon
Ultra 0.5 mL 10K centrifugal Filter (Millipore); and (iii) a final
QiaQuick PCR purification to remove residual agarose. The highly
purified DNA product was eluted in TE [10 mM Tris-HCI (pH 8.0) 1
mM EDTA] and stored at 4 °C.
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Polyprotein Labeling. We used a polyprotein terminally labeled
at each end with a cysteine. The detailed protocol for purification was
recently published.'” To achieve a polyprotein terminally labeled with
DBCO at one end and biotin at the other end, we incubated purified
polyprotein (~50 uM) with 10 molar equiv of maleimide-DBCO
(Click Chemistry Tools) for 30 min at 37 °C before adding 10 molar
equiv of maleimide-PEG2-biotin (ThermoFisher). Labeling was done
in labeling buffer {25 mM sodium monophosphate (pH 7.1), 150 mM
NaCl, and 1 mM TCEP [tris(2-carboxyethyl)phosphine]}. The
labeling reaction continued in the dark overnight at 37 °C. We
removed the excess label using a size-exclusion column (Superdex 75
10/300 GL, GE Healthcare) equilibrated with labeling buffer. Peak
fractions were pooled and concentrated using a 10000 Da MWCO
centrifugal concentrator (Amicon) to a final protein concentration of
0.5—2 mg/mL. In this scheme, only half of the polyproteins, at best,
will be labeled with both DBCO and biotin, but only such
heterobifunctionally labeled polyproteins were efficiently stretched
between an azide-functionalized surface and a streptavidin-labeled tip
(see below).

AFM Assay Preparation. Details of our surface functionalization
protocol have been published.'” Briefly, we initially cleaned the glass
coverslips in concentrated KOH, rinsed with ultrapure water, and
dried using dry nitrogen gas. We then exposed the coverslips to UV-
ozone radiation (BondWand, Electro-Lite Corp.) for 1 h and then
immersed them in a solution of 0.15 mg/mL silane-PEGyy_ggo-azide
(PG2-AZSL-600, Nanocs Inc.) dissolved in toluene at 60 °C for 3 h.
Coverslips were then rinsed in toluene, isopropyl alcohol, and
ultrapure water. We then rapidly dried the coverslips using dry
nitrogen gas. We placed a 20 uL drop of DBCO-labeled biomolecules
(5—40 ng/uL DNA or S0 ng/uL protein) onto the azide-PEG-coated
coverslip and incubated them overnight at 4 °C. Varying the
deposition concentration was used to coarsely tune the yield of
attachments to single molecules and the ratio of single attachments to
multiple attachments. Although the surface concentration was not
optimized for achieving the highest yield of single attachments in the
present work, we note that this protocol has achieved yields for high-
quality force-extension curves resulting from stretching single
molecules of 15% for the polyprotein-based assay and 19% for 650
nm DNA when scanning the surface in a raster-based pattern.'”
Finally, we rinsed the coverslips with PBS [10 mM phosphate buffer
(pH 7.4), 140 mM NaCl, 3 mM KCl] buffer to remove any unbound
molecules and stored them in buffer at 4 °C until use.

To improve force stability, we removed the gold and underlying
chrome from BioLever Long cantilevers [L = 100 ym; k = 7 pN/nm
(nominal), Olympus], providing sub-piconewton stability over 100 s.”
Prior to functionalization, we then cleaned the AFM tips with toluene,
ethanol, and water. Next, we exposed the AFM tips to UV ozone
radiation for 1 h and then immersed them in a solution of 0.15 mg/mL
silane-PEGyy_goo-maleimide (PG2-MLSL-600, Nanocs Inc.) dissolved
in toluene at 60 °C for 3 h. AFM tips were rinsed in toluene, isopropyl
alcohol, and ultrapure water. We then immersed the AFM tips in a
saturating concentration of thiol-labeled streptavidin [0.2 mg/mL
(SAVT, Protein Mods LLC)] for 3 h in PBS (pH 6.75). The
streptavidin-coated AFM tips were then rinsed in three serial washes of
PBS (pH 7.4) and stored in PBS (pH 7.4) at 4 °C prior to and
between use. Finally, to demonstrate geometric alignment of a PEG-
based protein—ligand assay, we used a longer PEG construct.
Specifically, we functionalized the surface with a 100:1 mixture of
silane-PEGyqy-joc-methoxy (PG1-SL-10k, Nanocs Inc.) relative to
silane-PEGypy-gr-biotin (PG2-BNSL-10k, Nanocs Inc.) in conjunc-
tion with our streptavidin-labeled tips prepared as described above.

AFM Experiments. All experiments were performed on a Cypher
ES AFM (Asylum Research) in PBS (pH 7.4). The sample
temperature was held constant at 25 °C using a temperature-
controlled, closed-fluidic liquid chamber. We determined each
cantilever’s stiffness using the standard thermal method.*® After
calibration, the larger data-acquisition protocol (Figure S1) probed the
surfaces at various locations to find molecules tethered to the surface.
Within one cycle, the algorithm brought the tip toward the surface at
constant velocity (v = 1000 nm/s for DNA, 500 nm/s for NuG2) until
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a user-defined force was achieved, typically 100 pN. To promote site-
specific attachment at this comparatively low force, the tip was held in
contact at constant F for 2 s. Next, the tip was retracted at constant
velocity (1000 nm/s for DNA, 600 nm/s for NuG2). If a molecule of
interest was attached, which is defined as reaching a preset force at a
minimal extension change, the algorithm stopped retraction. After
such triggering, the rest of the alignment algorithm was executed, as
outlined in Figure 2. Finally, after this alignment, the tip was brought
into gentle contact with the surface (F = 100 pN), and we then
acquired an aligned force-extension curve by retracting the tip at
constant velocity (1000 nm/s for DNA, 400 nm/s for NuG2) while
digitizing at S0 kHz or 5 MHz, depending on the application.
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