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ABSTRACT Single-molecule fluorescence investigations of protein-nucleic acid interactions require robust means to identify
the binding state of individual substrate molecules in real time. Here, we show that diffusivity contrast, widely used in fluores-
cence correlation spectroscopy at the ensemble level and in single-particle tracking on individual (but slowly diffusing) species,
can be used as a general readout to determine the binding state of single DNAmolecules with unlabeled proteins in solution. We
first describe the technical basis of drift-free single-molecule diffusivity measurements in an anti-Brownian electrokinetic trap.
We then cross-validate our method with protein-induced fluorescence enhancement, a popular technique to detect protein bind-
ing on nucleic acid substrates with single-molecule sensitivity. We extend an existing hydrodynamic modeling framework to link
measured diffusivity to particular DNA-protein structures and obtain good agreement between the measured and predicted
diffusivity values. Finally, we show that combining diffusivity contrast with protein-induced fluorescence enhancement allows
simultaneous mapping of binding stoichiometry and location on individual DNA-protein complexes, potentially enhancing single-
molecule views of relevant biophysical processes.
WHY IT MATTERS The interactions between proteins and nucleic acids (DNA and RNA) are fundamental to many
aspects of life. Single-molecule observations of these processes can provide key insights at the molecular level. In these
experiments, it is important to robustly identify the binding state of the nucleic acid substrate. Using single-molecule
diffusometry, we show the translational diffusion coefficient can be used as a general contrast mechanism to differentiate
protein-bound and free DNA at the single-molecule level. We validate our approach using DNA-restriction enzyme systems
and demonstrate simultaneous mapping of the binding stoichiometry and position of two proteins on the same DNA
substrate. Our method could enable direct single-molecule views of many biophysical processes in protein-nucleic acid
interactions.
INTRODUCTION

Single-molecule fluorescence measurements of pro-
tein-nucleic acid interactions have revealed new in-
sights into the maintenance and processing of
genomic information (see recent reviews (1–7) and
the references therein). In these experiments, access
to the binding state of individual substrate molecules
is essential and can be measured by labeling both the
substrate and the protein with different reporters to
look for colocalization (8,9) or a Förster resonance
energy transfer (10,11) signal. However, the require-
ment to fluorescently tag the protein, often at
site-specific locations, complicates the experimental
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design and limits the maximal allowable protein con-
centration because of background fluorescence
(12,13) (e.g., �10 nM for total internal reflection
microscopy).

Recently, protein-induced fluorescence enhance-
ment (PIFE) has been developed as a powerful alterna-
tive to detect protein-nucleic acid binding without
labeling the protein (14–16). In the PIFE assay, a fluo-
rescent probe on the DNA (or RNA) becomes brighter
when an unlabeled protein binds in its vicinity, and
the degree of fluorescence enhancement depends on
the dye-protein distance within a range of �0–3 nm.
This phenomenon is generally understood as
leveraging the unique photophysical properties of
cyanine dyes (e.g., Cy3, Cy5, and DY547): the binding
of a nearby protein suppresses the otherwise efficient,
nonradiative photoisomerization pathway from the
dye's singlet excited state, likely because of steric
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hindrance (17). Because PIFE elegantly bypasses the
requirement for protein labeling, it has gained popu-
larity in recent years in many single-molecule studies
of protein-nucleic acid systems (14,18–22).

In this work, we aim to develop an alternative
contrast mechanism to probe protein-nucleic acid in-
teractions, using the physical properties of single
molecules, without protein labeling. Measurements
of hydrodynamic properties report on the global
size and shape of macromolecules and are widely
used to characterize biomolecular interactions at
the ensemble (23,24) and subensemble (25) levels.
In addition, single-particle tracking (26) is frequently
used to detect interactions of individual biomole-
cules when diffusion is slow (D < 10 mm2/s), for
example in membrane-bound (27) or viscous cellular
contexts (28,29). Previously, we developed a diffus-
ometry platform based on an Anti-Brownian ELectro-
kinetic (ABEL) trap (30) (Materials and methods) that
is capable of precisely measuring the translational
diffusion coefficient (D) of individual, fast-diffusing
biomolecules (D �100 mm2/s) in solution. Leveraging
this advance, we reasoned that D would be a direct
physical parameter to sense protein-nucleic acid in-
teractions at the single-molecule level. In this work,
we demonstrate this modality and cross-validate
with PIFE (Fig. 1). To link measured diffusivity values
to particular molecular complexes, we extend the
“HullRad” framework (31) to model the diffusion co-
efficient of DNA-protein complexes that could be pre-
sent in experiments. Further, we demonstrate the
unique capability to independently resolve protein
binding stoichiometry and binding location on a sin-
FIGURE 1 Probing DNA-protein interactions by single-molecule diffus
(15–52 bp in length) and two restriction enzymes is used to validate th
site (purple shaded box) 2 bp away from the terminal Cy5 label. Binding
Cy5 (via protein-induced fluorescence enhancement, PIFE) and lower the d
site (brown shaded box) far from the Cy5 label, and only a diffusivity cha
conducted by loading a sample containing labeled DNA (�pM concentra
microfluidic device (right schematic). Individual molecules are captured by
are determined.
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gle short DNA molecule by combining diffusivity
contrast with PIFE.
MATERIALS AND METHODS

Sample preparation

DNA samples were ordered from Integrated DNA Technologies (Coral-
ville, IA) and used without further purification. Detailed construct, infor-
mation including sequences and dye labeling positions, can be found in
Table S1. Duplexes were formed bymixing the labeled and the comple-
mentary strands with a ratio of 1:1.5 in HN100 buffer (20 mM HEPES
(pH 8.0) and 100 mM NaCl), heating to 90�C for 2 min, and gradually
cooling to room temperature (over 30–60 min). Restriction enzymes
(BamHI and EcoRI) were purchased from New England BioLabs (Ips-
wich, MA) (BamHI: R0136M, EcoRI: R0101M) and used without further
purification. The stock concentrations of the enzymes (BamHI: 1.1 mM,
EcoRI: 0.74 mM) were provided by New England BioLabs. ABEL trap ex-
periments were performed in a buffer containing 20 mM HEPES (pH
7.8), 25 mM NaCl, 2 mM CaCl2 with 5–10 pM labeled DNA duplex,
1–10 nM BamHI, and/or 0.4–5 nM EcoRI. An oxygen scavenger system
[50 or 100 nM protocatechuate 3,4-dioxygenase (OYC Americas, Vista,
CA) and 2 mM protocatechuic acid (Sigma, St. Louis, MO)] and 2 mM
Trolox were added to suppress Cy5 blinking and photobleaching (32).
The final sample solution also contained �0.5 pM Atto647N-labeled
single-stranded DNA (50-Atto647N-AAC TTG ACC C), which served as
a fiducial marker of diffusion coefficient measurement consistency
across different experimental runs.
ABEL trap implementation

The ABEL trap was implemented similarly to previously published de-
signs (30,33) using an RM21 microscope frame (Mad City Labs, Madi-
son, WI). Briefly, we implemented a rapid, acousto-optic laser
scanning and photon-by-photonmapping scheme to detect the position
of a fast-diffusing single molecule in solution. The detected molecule
positionswere refined by a hardware-coded (NI, PCIe7852R) Kalman fil-
ter (34) before being used to compute the feedback voltages for
ivity contrast. The binding between short duplex DNA molecules
e method (left box). For each DNA length, there is a BamHI binding
of BamHI is expected to simultaneously enhance the brightness of
iffusion coefficient. Some DNAmolecules also have an EcoRI binding
nge, not PIFE, is expected upon EcoRI binding. The experiments are
tion) and restriction enzyme (�nM concentration) into an ABEL trap
feedback electrokinetic trapping, and their brightness and diffusivity



molecule trapping. With minimal delay (�ms), these voltages were
amplified and applied to a microfluidic sample chamber to counteract
Brownian motion in two dimensions (x and y). The motion of the mole-
cule in the longitudinal direction (z) was restricted by the depth of the
chamber (�700 nm). In this work, excitation was provided by a
638 nm laser (Obis, Coherent, Santa Clara, CA). The scanning pattern
was chosen to be a 32-point “knight's tour” (33) (dwell time: 600 ns
per point), which covers an area of�3 mm� 3 mm at the sample plane.
The focused beam waist (1/e2) was �0.75 mm. The laser power at the
backapertureof theobjectivewas�40mW,which resulted inanaverage
illumination intensity of �500 Wcm�2 at the sample (with beam scan-
ning). Formore details on theABEL trap excitation and detection optics,
see the legend for Fig. S2.

The microfluidic sample chamber was custom made in Princeton
University's nanofabrication facility on ultraviolet-grade fused silica
wafers and passivated with polyethylene glycol (PEG) (35). Specif-
ically, after Piranha cleaning (3:1 mixture of sulfuric acid and
hydrogen peroxide) and �3 min sonication (or �15 min incubation)
in 1 M potassium hydroxide, the trapping chambers were incubated
in a solution containing 500 mg mPEG-silane (MW: 5 kDa; Laysan
Bio, Arab, AL), 10 mL ethanol, 250 mL water, and 50 mL acetic acid
(10 mM). The PEGylation reaction was allowed to proceed at room
temperature for at least 48 h in the dark. Before the experiment, the
chamber was pretreated with 0.5% Tween 20 in HN100 buffer (pH
7.5) (36) and rinsed extensively with ultrapure water.
Single-molecule diffusometry

The diffusion coefficient (D) of a trapped single molecule was esti-
mated using a maximal likelihood approach developed previously
(30). Briefly, the residual motion of a single molecule in the trap con-
sists of (uncompensated) diffusion and voltage-induced electroki-
netic drifts. Analysis of the motion trajectory with a recorded
history of voltage inputs yields single-molecule motion parameters
(both the diffusion coefficient D and the electrokinetic mobility).
Because the photon-by-photon position tracking entails a high degree
of localization uncertainty, an expectation-maximization framework
was developed to iteratively achieve accurate position trajectory
reconstruction and parameter estimation.
Data analysis

All data analysis was performed using customized software written in
MATLAB (The MathWorks, Natick, MA). First, the raw arrival times of
fluorescence photonswere binned at 5ms to identify regions that corre-
spond to individual molecules. An intensity change point algorithm (37)
was applied to aid data segmentation. We used the following rules to
identify the start and end times of a single molecule: 1) a brightness
change from background to a stable high level is the beginning of a sin-
gle-molecule event; 2) a brightness change from a stable high level to
background is the termination of a single-molecule event; and 3) a tran-
sient brightness spike is the signature of a second molecule diffusing
into the trap and data immediately after the spike is assigned to a new
molecule. After segmentation, brightness and diffusivity values associ-
ated with a single molecule were averaged and processed further.
RESULTS

A focus lock improves single-molecule diffusometry
stability

To differentiate molecular complexes by their hydrody-
namic size, it is important to measure single-molecule
diffusion coefficient (D) precisely and reproducibly. We
accomplish this by using an ABEL trap to capture the
molecule of interest in solution, allowing its diffusive
motion to be continuously observed over many sec-
onds. From statistical analysis of the residual in-trap
motion, D of a single molecule can be extracted with
high precision (30). We have previously shown that un-
certainty in D measured with the ABEL trap scales with
1=

ffiffiffiffi

N
p

(N, the number of photons detected from the sin-
gle molecule, Fig. S1). However, focus drift during
recording can prevent the photon-limited precision
from being reached because defocus leads to a larger
scanning beam at the trapping plane, which deterio-
rates the accuracy of the D estimation algorithm
(lateral drifts, on the other hand, do not significantly
affect D estimation). The extent of the focus drift is
often variable between experiments, affecting the dif-
fusometry measurements to varying degrees. To coun-
teract focus drift and thus improve D estimation, we
implemented a focus lock system similar to many
other microscopy platforms (38–41). In this approach,
an auxiliary laser is reflected off the coverslip-sample
interface, and the position of the reflection spot on a
camera, which is sensitive to the objective-sample dis-
tance, is used as a setpoint for z-piezo stage feedback
(Figs. 2 A and S2). Our system achieved a focus stabil-
ity of�8 nm (SD, Fig. 2 B) and effectively eliminated de-
focus-induced drift in diffusion estimation (Fig. 2, C and
D). With the focus locked, we achieved near photon-
limited precision in D estimation over hour-long
experiments (stdðDÞ

D
¼ 0:05, for D�50 mm2/s with 1 s

measurement time, Fig. S1).
Diffusion contrast maps single-molecule DNA-
protein interactions with and without PIFE

To demonstrate the application of diffusion contrast
measurements to DNA-protein interactions, we first de-
signed an experiment to cross-validate our approach
with PIFE. We measured a 15-bp duplex DNA construct
with a BamHI binding site (GGATCC) (Table S1) with
and without BamHI in solution. With Ca2þ in place of
Mg2þ in our buffer solution, BamHI is expected to bind
stably at the recognition sequence without inducing
DNA cleavage (42). The DNA substrate is fluorescently
labeled with a Cy5 dye at the terminal base, and the sep-
aration between Cy5 and the binding site is two base-
pairs. Previously, it was demonstrated that at such a
small distance, Cy5 displays a robust PIFE response
(17). As a result, in our experiment, specific binding of
BamHI is expected to lower the diffusion coefficient of
the DNA and simultaneously increase Cy5 brightness.

WithoutBamHI, individual DNAduplexes (Fig. 3A, top)
showed homogenous brightness (�110 cnts/5 ms) and
Biophysical Reports 1, 100009, September 8, 2021 3



FIGURE 2 A focus lock system improves single-molecule D estimation. (A) Simplified schematic of the focus lock design. A near-infrared laser
is reflected off the coverslip and imaged on to a camera. Changes in the objective-sample distance (d) result in lateral position (xc and yc) shifts
of the camera spot. The difference between the spot position and a user-provided setpoint is used as the error signal for focus stabilization. (B) A
representative distribution of deviations of the objective-sample distance (d) from the setpoint when the focus lock is engaged. The SD (s) is
extracted by a Gaussian fit. (C) An example trapping trace recorded with severe focus drift. Top: brightness in 10-ms bins. Bottom: estimated
diffusion coefficient every 1.4 s. The apparent increase of diffusion coefficient is an artifact due to the excitation beam drifting out of focus. The
dashed line is a linear fit of the data. (D) A representative trace recorded with the focus locked. The measured diffusion coefficient remains
stable over time.
diffusion coefficient (�115 mm2/s) (Fig. 3 A, bottom).
When the measurement was conducted in the presence
of 10 nM BamHI (with Ca2þ in place of Mg2þ to prevent
DNA cleavage), two different populations were seen
(Fig. 3 B). One population was evidently the bare DNA
as itsbrightnessanddiffusivity valuesclosely resembled
those observed in the DNAonlymeasurement. The other
population displayed the behavior expected from specif-
ically boundBamHI-DNAcomplexes: a higher brightness
(�182 cnts/5ms) because of PIFE and a lower diffusion
coefficient (�68 mm2/s). Further, this high-brightness,
low-D-population decreased in abundance when a 10-
fold lower concentration (1 nM) of BamHI was used
(Fig. S3) and was not observed in control experiments
4 Biophysical Reports 1, 100009, September 8, 2021
with mutant DNA (containing a single base change in
the recognitionsequence, Fig. S4A) or a noncognatepro-
tein (EcoRI, Fig. S4 B). We observed a fluorescence
enhancement factor of 1.65-fold, consistent with previ-
ous measurements (15) (1.9-fold enhancement at 1 bp
away). In addition, the measured diffusion coefficient
of the BamHI-DNA complex (�68 mm2/s) agrees with
structure guided modeling (see Modeling the diffusion
coefficient of DNA-protein complexes usingextHullRad).
Importantly, all molecules identified as BamHI-DNA
complexes by diffusivity contrast displayed enhanced
brightness, demonstrating excellent consistency of
both modalities in this example. Nevertheless, a small
fraction of the BamHI-bound complex showed lower



FIGURE 3 Probing BamHI binding to 15-bp duplex DNA using PIFE and diffusivity contrast. (A) DNA without BamHI. Top: representative time
trace showing single-molecule brightness (5-ms bins) and measured diffusivity (every 100 ms) Bottom: D-brightness scatter plot of 221
measured molecules. Every black dot represents the diffusivity and brightness of a single molecule averaged over the trapping period. The un-
derlying density is estimated using a two-dimensional (2D) kernel density estimator. Marginal histograms are fit with a single-component
Gaussian function (fitted mean: 114.8 mm2/s, SD: 3.4 mm2/s). (B) DNA with 10 nM BamHI. Top: representative time trace showing single-mole-
cule brightness (5-ms bins) and measured diffusivity (every 100 ms). Bottom: D-brightness scatter plot of 82 molecules. Both marginal histo-
grams are fit with a two-component Gaussian function, and the relative abundance of the major population is extracted from the fit.
fluorescenceenhancement.Wespeculate that this could
be due to heterogeneity in Cy5's photophysical behavior
or BamHI's binding geometry.

We next measured DNA-protein binding without
PIFE. We used a Cy5-labeled, 40-bp duplex DNA with
an EcoRI binding site (GAATTC) 27 basepairs away
from the terminal Cy5. Previous work suggested that
PIFE should not be detectable at this separation
(15). Indeed, when we probed the DNA substrates
molecule-by-molecule in the presence of 1 nM EcoRI,
we observed homogeneous brightness among the
molecules probed (Fig. 4, top). The diffusion coeffi-
cient, on the other hand, displayed two distinct levels
that correspond to bare and EcoRI-bound DNA
(Fig. 4), respectively. (A minor population with D
�95 mm2/s and brightness �110 cnts/5 ms was also
observed and identified as unhybridized, Cy5-labeled,
single-strand DNA.) Note that in this example, conven-
tional single-molecule fluorescence microscopy,
which records only fluorescence brightness, would
not be able to differentiate bound and unbound DNA
molecules. Diffusivity contrast, on the other hand, pro-
vides a general and reliable mapping of DNA-protein
interactions.
Modeling the diffusion coefficient of DNA-protein
complexes using extHullRad

We next developed a modeling pipeline to associate
measured diffusivity values with particular DNA-protein
complexes. Predicting the diffusion coefficient of bio-
logical macromolecules from atomic coordinates is
well established (43), and many accessible and easy-
to-use tools (31,44) are available. However, these
modeling tools cannot be directly applied to the sam-
ples in our experiments because of the lack of atomic
structures for our full DNA-protein complexes (avail-
able database structures of DNA-binding proteins are
often determined with very short or no substrate
DNA). Inspired by the recently developed HullRad
framework (31), we recognize that without full struc-
tural data, the hydrodynamic properties of DNA-protein
assemblies can still be modeled by a composite
approach based on constructing the smallest envelope
(convex hull) that encompasses the entire complex in
three dimensions. Our pipeline (“extHullrad,” Fig. 5 A)
starts with an existing protein-DNA structure. The
DNA portion is replaced with a cylindrical rod (radius
of 1 nm and 0.34 nm rise per basepair), aligned to the
Biophysical Reports 1, 100009, September 8, 2021 5



FIGURE 4 Diffusivity contrast maps EcoRI-DNA interactions
without PIFE. Top: representative time trace showing single-molecule
brightness (5-ms bins) and measured diffusivity (every 100 ms) Bot-
tom: D-brightness scatter plot of 384 measured molecules. Every
black dot represents the diffusivity and brightness of a single mole-
cule averaged over the trapping period. The underlying density is esti-
mated using a 2D kernel density estimator. The marginal histogram
along the brightness axis is fit with a single-component Gaussian
function, whereas the marginal histogram along the diffusivity axis
is fit with a three-component Gaussian function. The relative abun-
dance of the two major populations are extracted from the fit.
DNA axis and binding site in the original structure. This
allows duplexes of different lengths (much shorter than
the 40–50 nm persistence length of double-stranded
DNA (dsDNA) (45,46)) to be modeled without molecu-
lar details. The combined set of protein atomic coordi-
nates and calculated DNA coordinates is then used as
the input to the original HullRad algorithm (31) (Fig. 5 A,
inner square), in which the convex hull and hydration
shell around a molecular complex is approximated as
a prolate ellipsoid, and an extension of the Stokes-Ein-
stein equation is used to calculate the translational
diffusion coefficient (see (31) for details). The extHull-
Rad routine is implemented in Python and available as
Supporting code.

In Fig. 5 B, we compare the modeling results to sin-
gle-molecule diffusometry measurements. We first
6 Biophysical Reports 1, 100009, September 8, 2021
confirm that measured D values of bare DNA (15, 24,
31, 40, and 52 bp) agree with HullRad modeling
(Fig. 5 B, orange circles). We then compare measure-
ments of two different proteins (BamHI and EcoRI)
bound to substrate dsDNA of different lengths (15–
52 bp, nine datasets in total, Figs. S5–S9). For each
condition, we use the exHullRad pipeline to model the
diffusion coefficient of the DNA-protein complex (start-
ing from Protein Data Bank, PDB: 2BAM for BamHI and
PDB: 1ERI for EcoRI) and compare to experimental re-
sults (Figs. S5–S9). We achieved satisfactory agree-
ment between the modeled and measured D values
of the complexes (a mean error of 5.2% across nine
complexes, Fig. 5 B, triangles). Importantly, it is critical
to model the shape of the DNA-protein complexes used
here, a task that extHullRad was designed to accom-
plish. A naive prediction that assumes complexes are
spherical and uses DfMW�1/3 scaling produced
much larger discrepancies (Fig. 5 B, diamonds).
Diffusion contrast with PIFE probes ternary
complexes with sequence context

Finally, we demonstrate that combining diffusivity
contrast and PIFE enables three-component DNA-pro-
tein reactions to be resolved at the single-molecule
level. We used a 40-bp DNA duplex with both BamHI
and EcoRI binding sites and aimed to identify all
possible binding configurations in the presence of the
two restriction enzymes (Fig. 6 A). As above, the
PIFE-sensitive dye Cy5 is placed 2 bp away from
the BamHI site and 27 bp away from the EcoRI site.
We anticipated that PIFE would report the occupancy
of the BamHI site, and diffusivity would probe the num-
ber of protein molecules bound (i.e., 0, 1, and 2), thus
giving rise to four distinct populations in the D-bright-
ness space (Fig. 6 B). Experiments at several concen-
trations of EcoRI confirmed this pattern with four
populations clearly visible (Fig. 6, C and D). The two
populations at lower brightness (�95 cnts/5 ms), one
with D around 67 mm2/s and the other with D �53
mm2/s, can be assigned as unbound DNA and DNA-
EcoRI complex, respectively, based on the absence of
PIFE and comparison to data shown in Fig. S8 (DNA
only and DNA with one restriction enzyme each). The
two populations at higher brightness (160 cnts/5 ms)
have BamHI bound. Among these, the D �53 mm2/s
population is the DNA-BamHI binary complex based
on a similar D to DNA-EcoRI and comparison to
Fig. S8 B. Finally, the population with the lowest D
(�45 mm2/s) can be assigned to the fully assembled
ternary complex (DNA-BamHI-EcoRI) based on the
high brightness and the larger hydrodynamic size
compared with DNA-BamHI. Furthermore, the relative
abundance of the populations shifted as the EcoRI



FIGURE 5 extHullRad successfully predicts the diffusion coefficient of DNA-protein complexes. (A) Workflow of extHullRad (see text for
details). (B) Comparison of modeled and measured diffusivity values across different samples. Red plus signs: short duplex DNA molecules
(reproduced from (31)) that were used to validate the modeling accuracy of the original HullRad framework. Orange circles: DNA molecules
from this study (15, 24, 31, 40, and 52 bp) measured using focus-stabilized single-molecule diffusometry and modeled using HullRad. Blue tri-
angles: BamHI-bound 15, 24, 31, 40, and 52 bp dsDNA, measured in this work and modeled using extHullRad. Green triangles: EcoRI-bound 24,
31, 40, 52 bp dsDNA, measured in this work and modeled using extHullRad. Blue diamonds: comparison of the measured D of BamHI-DNA com-
plexes with a naive molecular weight scaling D prediction model (DfMW�1/3). Error bars of measured D represent SD values from Gaussian fits
of D histograms (Figs. S5–S9).
concentration was varied from 0.4 to 2 nM (Figs. 6, C
and D and S10), in a way that is consistent with the ex-
pected EcoRI binding site occupancy of each state in
our assignment. Note that in this example, neither the
PIFE signal nor the diffusion coefficient alone would
be able to resolve all binding configurations.
DISCUSSION

This work establishes single-molecule diffusivity as a
general readout to probe DNA-protein interactions in
solution. In contrast to many classic biochemical ap-
proaches for analyzing protein-nucleic acid interac-
tions (e.g., the electrophoretic mobility shift assay
(47), which separates molecular complexes into
distinct gel bands), the method presented here oper-
ates on individual molecules in solution at chemical
equilibrium. From analyzing the relative abundance of
the protein-bound and free DNA species, we estimated
a Kd of �2–5 nM for BamHI and �1 nM for EcoRI
(Fig. S11) under the buffer condition (20 mM HEPES
(pH 7.8) with 25 mM NaCl and 2 mM CaCl2) and
sequence contexts used in this study. These values
are in line with recent solution phase experiments using
fluorescence anisotropy (Kd �9 nM for BamHI with
Ca2þ) (48) but larger than values measured previously
using a filter binding assay (42) (Kd�0.2 nM for BamHI)
and a mobility shift assay (49) (Kd �0.4 nM for EcoRI
without Ca2þ). The discrepancy may be due to differ-
ences in assay medium, sequence context, or the influ-
ence of a fluorophore close to the binding site. Beyond
an equilibrium measurement of binding affinity,
observing single complexes under equilibrium also of-
fers a window into the dynamics and heterogeneity of
protein-nucleic acid interactions (Fig. S12). Information
on the kinetics and relative order of binding steps may
shed new light on the favored pathways of protein-nu-
cleic acid assembly.

Measurements of equilibrium binding in solution
are also possible using fluorescence anisotropy
(50,51), which detects binding through the resulting
slower rotational diffusion of the DNA-protein com-
plex. Compared with translational diffusivity, rota-
tional diffusion is more sensitive to binding, but
anisotropy measurements are often complicated by
the rotational flexibility of the dye label itself. Our
approach based on direct measurements of transla-
tional diffusion is not affected by linker motions of
the fluorescent label.

At the single-molecule level, diffusivity contrast pro-
vides an alternative to PIFE for sensing the binding be-
tween labeled nucleic acid and unlabeled protein.
Using a specially designed DNA substrate, we have
verified that both methods reliably identify protein
Biophysical Reports 1, 100009, September 8, 2021 7



FIGURE 6 Combining single-molecule diffusivity contrast and PIFE identifies all four binding configurations between a dual binding site DNA
and two proteins. (A) Experimental design: a 40 bp DNA containing both BamHI and EcoRI binding sites can undergo sequential binding to arrive
at the DNA-BamHI-EcoRI ternary complex. (B) Four possible binding configurations are possible in solution and can be resolved in the D-bright-
ness parameter space. (C) Experimental D-brightness scatter plot of 199 measured molecules with 5 nM BamHI and 0.4 nM EcoRI. (D) Exper-
imental D-brightness scatter plot of 326 measured molecules with 5 nM BamHI and 1 nM EcoRI. In (C and D), every black dot represents the
diffusivity and brightness of a single molecule averaged over the trapping period. The underlying density is estimated using a 2D kernel density
estimator. The marginal histogram along the brightness axis is fit with a two-component Gaussian function, whereas the marginal histogram
along the diffusivity axis is fit with a three-component Gaussian function. The relative abundance of the populations is extracted from the respec-
tive fits.
binding. Each modality has its advantages and disad-
vantages. PIFE is straightforward to implement on ex-
isting single-molecule fluorescence platforms but
requires strategically placing a sensor dye within a
few nanometers of the binding site. Furthermore,
only a limited selection of dyes (mostly cyanine) are
PIFE sensitive, although other dyes sensitive to their
microenvironment, such as twisted intramolecular
charge transfer fluorophores (52), might provide
further options for experimental design. Diffusivity
contrast requires sophisticated hardware and anal-
ysis algorithms to implement but relaxes design con-
straints associated with PIFE. There is no restriction
on dye type or labeling location on the nucleic acid.
Importantly, PIFE is a photophysical phenomenon,
and combining with other spectroscopic modalities
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(e.g., single-molecule Förster resonance energy trans-
fer) often results in compounded signals requiring so-
phisticated analysis and experimental design to
delineate (53,54). Stacking of cyanine dyes at the
end of DNA duplexes (55) as well as protein-dye orien-
tation (56) can also complicate the interpretation of
PIFE signals (57). Diffusivity contrast, on the other
hand, is based on a physical property of molecular
complexes (i.e., hydrodynamic size) and is completely
orthogonal to spectroscopic readouts. Combining
diffusivity contrast with other spectroscopic readouts
adds an extra dimension (35) that enhances single-
molecule measurements. Moreover, we showed that
diffusivity contrast provides complex-level structural
information through the extHullRad modeling frame-
work. Meanwhile, the time resolution of PIFE



(<10 ms) is much higher than our current implementa-
tion of diffusivity measurement (�200 ms), making
PIFE a more suitable method to probe rapid binding/
unbinding events.

Given the complementary nature of PIFE and diffu-
sivity contrast, combining the two modalities brings
new capabilities. We have demonstrated simulta-
neous mapping of stoichiometry (“how many protein
molecules are bound”) and sequence context
(“where are they bound”) in the interactions between
one DNA substrate and two proteins. Similar ideas
can be used to differentiate specific and nonspecific
binding. We envision that these capabilities will
enable new single-molecule measurements of many
fascinating phenomena in protein-nucleic acid inter-
actions, for example target search (58) and DNA allo-
stery (59).
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