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ABSTRACT

Single-molecule fluorescence imaging is a powerful method to measure reversible
reaction kinetics, allowing one to monitor the bound state of individual probe molecules with
fluorescently-labeled targets. In the case of DNA hybridization, previous studies have shown that
the presence of a fluorescent label on a target strand can exhibit significant influence on the
stability of DNA duplex that is formed. In this work, we have developed a super-resolution
imaging method to measure hybridization kinetics of unlabeled target DNA that compete with a
fluorescently-labeled tracer DNA strand to hybridize with an unlabeled probe DNA immobilized
at a surface. The hybridization of an unlabeled DNA target cannot be detected directly, but its
presence blocks the immobilized probe DNA, influencing the measured time intervals between
labeled-DNA hybridization events. We derive a model for the competitive hybridization kinetics
to extract the association and dissociation rate constants of the unlabeled species from the
distribution of time intervals between hybridization events of the labeled-tracer DNA at
individual localized DNA probe sites. We use this methodology to determine the hybridization
kinetics of a model 11-mer unlabeled target DNA strand and then determine how five different
fluorescent labels attached to the same target DNA strand impact the hybridization kinetics.
Compared to the unlabeled target, these labels can slow the association and dissociation rates by
as much as a factor 5. The super-resolution time-interval methodology provides a unique
approach to determining fundamental (label-free) rates of DNA hybridization, revealing the
significant influence of fluorescent labels on these kinetics. This measurement concept can be
extended to studies of other reversible reaction systems, where kinetics of unlabeled species can
be determined from their influence on the reaction of a labeled species with localized probe

molecules on a surface.
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INTRODUCTION

Hybridization between small oligonucleotides control the behavior of systems in
nanotechnology,' aptamer assembly,” genetics assays,” and gene regulation.® To understand the
mechanism of these reactions and to better design their applications, experimental techniques are
needed to measure the kinetics of oligonucleotide hybridization. There are a number of sensitive
methods to measure hybridization between fluorescently-labeled oligonucleotides including
fluorescence-resonance-energy transfer (FRET),” total-internal-reflection fluorescence,® and
most recently, single-molecule fluorescence- and FRET-based imaging.”"> Fluorescence labeling
has drawbacks, however, requiring ligation and purification of a labeled product, which is
especially difficult for oligonucleotides extracted from biological samples. More importantly,
labels can influence the energetics and kinetics of the intermolecular interactions themselves.
Fluorescent nanoparticle labels (e.g. quantum dots or gold nanoparticles) decrease the diffusion
rates of small oligos and interactions with the nanoparticle surface can alter hybridization

kinetics.'® Small organic fluorophores, such as Cy3 or rhodamine dyes, can interact strongly with
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nucleobases, and these interactions can impact the stability of DNA duplexes.
Label-free detection is needed to measure hybridization without the perturbations
introduced by covalently-attached labels, but it is inherently challenging because nucleotides
lack a chromophore that can provide comparable sensitivity as a well-designed fluorescent label.
Traditional label-free techniques detect interfacial binding of molecules by a change in mass for
quartz crystal microbalances,” changes in refractive index for surface-plasmon resonance,” or
changes in local symmetry at the interface for sum-frequency or second-harmonic generation.”*
While useful for analytical applications, these techniques require high surface densities of probe
molecules to capture sufficient target molecules to provide a detectable signal. High surface
densities of probes can influence the measured binding kinetics by steric interactions,” by
rebinding to nearby probe sites,’ or, for systems with high binding affinity, by rate-limiting
mass transport of target species from very dilute solutions to a high surface density of capture
sites. 2028
Competitive-binding assays combine advantages of sensitive label-based sensing with the
ability to measure the equilibrium constants of unlabeled species. In previous work from this lab,
the hybridization between unlabeled target DNA and immobilized probe DNA could be

measured in competition with a small fraction of fluorescently-labeled ‘tracer’ DNA that tracks



the population of available (unoccupied) DNA probe sites as they react unlabeled DNA.*' The
assay was performed using single-molecule imaging to count populations of hybridized labeled
tracer DNA at equilibrium, while varying the solution concentrations of unlabeled DNA.
Association constants for hybridization to an immobilized probe DNA were compared for
identical DNA target strands differing only by the addition of a fluorescent label, which was
found to stabilize the resulting duplex by 3.6 kJmol™, an energy comparable to adding a adenine-
thymine base-pair to the sequence.”’ While this equilibrium competition experiment is useful in
determining the influence of a fluorescent label on DNA association constants compared to
unlabeled DNA, the association and dissociation kinetics of the unlabeled target DNA could not
be determined from the average bound population of labeled ‘tracer’ DNA.

Using a super-resolution single-molecule fluorescence imaging technique called DNA
point-accumulation-imaging-of-nanoscale-topology (DNA-PAINT),”** one can localize and
address individual immobilized DNA probe molecules on a surface. This approach can
determine DNA hybridization kinetics between fluorescently-labeled DNA molecules in solution
and individual immobilized probe DNA molecules, simultaneously tracking the hybridization
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state of many localized probe molecules on a surface.
detect the presence and influence of non-fluorescent molecules on site-selected kinetics of
fluorescent molecules, as shown in recent research that used super-resolution imaging to locate
catalytic sites for the generation of a fluorescent product: by knowing the locations of these sites,
non-fluorescent reactions that compete for access to a catalytic site can be observed.’’ In the
present work, we employ this same concept, using super-resolution imaging of hybridization of
labeled DNA ‘tracer’ to locate individual DNA probe molecules on a surface and monitor the
influence of unlabeled target DNA on the hybridization of the labeled tracer. The time intervals
between hybridization events of the labeled tracer are sensitive to competition with unlabeled
target DNA. When unlabeled target DNA hybridizes with an immobilized probe strand, it blocks
the site thereby preventing hybridization with the labeled tracer DNA. The unlabeled target alters
the distribution of time intervals between labeled-tracer DNA hybridization events, with a time
response that is sensitive to both association and dissociation rates of the unlabeled target strand.
A differential rate model of the competitive hybridization kinetics is derived and verified with
Monte-Carlo simulations and then used to extract hybridization rate constants of unlabeled target

species in competition with a labeled-DNA tracer. We compare the hybridization kinetics of the



unlabeled target strand to those of equivalent target DNA strands having one of several
covalently  attached labels: Cy3, PEG-tethered Cy3, dsDNA-tethered Cy3,
carboxytetramethylrhodamine (TAMRA), and Alexa Fluor 532 (Figure S1). Since the kinetics
are measured using the same substrates, immobilized probes, and instrumentation, we can
compare the kinetics of labeled and unlabeled species without artifacts or bias from using
different methods for label-based versus label-free detection. Our results show that the
fluorescent labels significantly impact hybridization association constants by factors of 0.3 to 3.5
compared to an unlabeled strand and that underlying changes to association and dissociation
rates vary significantly with the structure of the fluorescent label and with the tether used to

attached it to the target DNA strand.

EXPERIMENTAL SECTION

Oligonucleotides and buffers for hybridization experiments. DNA was produced by
both the University of Utah HSC Core DNA synthesis facility using solid-phase phosphoramidite
chemistry with reagents from Glen Research and Biosearch, and by IDT with reagents from
Thermo Scientific. DNA samples with a covalently-attached fluorescent labels were HPLC
purified, while all other oligonucleotides were cartridge-purified. The DNA sequences used
include the “capture” strand synthesized with a 3’ alkyl-amine modification for covalent-
coupling to the glycidyloxysilane surface, with a repeating sequence: 5’-(AC)o-3’-NH,. “Probe”
DNA strands contain a repeating “GT” segment complementary with the capture sequence to
allow capture at the surface, along with a target-recognition sequences: 5’-(GT)y TTC GGT ATA
TCC CAT. The “unlabeled target” DNA strand is complementary with the last 11 base pairs of
the probe DNA: 5’-ATG GGA TAT AC. The DNA sequences of “labeled targets” have the same
sequences as the “unlabeled target”, but with several different fluorescent labels (Figure S1)
attached to the 5’ end as shown in Scheme 1. “Tracer” DNA has a 5° PEG-linked Cy3 dye and
shares sequence overlap with the labeled target, but has two nucleotides removed from the 3’
end: Cy3-(PEG)s-5’-ATG GGA TAT to allow faster exchange. Hybridization experiments were
carried out in sodium phosphate buffer solutions, 15 mM phosphate at pH 8.0, with 200 mM
sodium chloride supporting electrolyte.

DNA capture substrate preparation. DNA hybridization substrates were prepared on
glass coverslips (Corning Gold Seal, Thermo Scientific). Coverslips were rinsed with ultrapure

water (GenPure UV) three times and then cleaned with acid piranha solution for 20 minutes: 1:3



30% hydrogen peroxide: 96% sulfuric acid (caution: corrosive, strong oxidizer, reacts
explosively with organic solvents). Coverslips were then rinsed with ultrapure water three times
and cleaned with RCA base bath®® at 70°C for 20 minutes: 1:1:5 30% hydrogen peroxide
solution: 30% ammonium hydroxide solution: ultrapure water. Coverslips were rinsed with
ultrapure water and dried at 120°C for 30 minutes, before being cooled to 80°C for 10 minutes.
Slides were then sealed in a jar containing a vial with 250-uL of 3-glycidoxypropyl-
trimethodxysilane and placed in an 80°C oven for 90-120 minutes to deposit a uniform silane
layer on the glass with few defect sites.**>* Substrates were then removed from the deposition
chamber and placed in a 120°C oven for 90 minutes to drive off unreacted silane and promote
cross-linking of the trifunctional silane layer.

After the oven treatment, 3’-amine-modified capture DNA was immobilized on the
glycidoxy-modified glass coverslips by placing a 15 pL droplet of 100 uM capture DNA in
100-mM pH-10.0 sodium-carbonate buffer on a coverslip. Another coverslip is placed on the
first to squeeze the droplet into a thin film to maximize surface coverage of the coverslip while
minimizing the reaction volume. Coverslips were placed in a 40°C oven for 4-12 hours to allow
immobilization of capture DNA and then rinsed with ultrapure water. Coverslips were then
placed in a solution of 20 mM 3-amino 1-propanesulfonic acid in 100 mM pH 10.0 carbonate
buffer for 8 hours at 40°C to passivate unreacted glycidoxy groups. Substrates were then rinsed
in water and stored in ultrapure water for up to 14 days at 2°C before use.

Fluorescence microscopy and image acquisition. DNA-modified coverslips were
sandwiched into a microfluidics flow cell comprising a top-plate with inlet and outlet ports and
thin double-stick tape gasket material (3M 9495MP), as described previously.”! Hybridization
between probe and fluorescently-labeled target DNA was monitored at the coverslip-solution
interface using an Olympus IX-71 inverted microscope with objective-based TIRF
illumination.’® A fiber-coupled 532 nm laser (BWTek) was used as an excitation source. Light
from the fiber was collimated by an achromatic doublet lens (Thorlabs), passed through an
aperture to control beam diameter, sent through a quarter wave plate (Thorlabs), a shutter
(Uniblitz), reflected from a dichroic mirror (Semrock), and focused with an achromatic doublet
(Thorlabs) onto the back-focal plane of the microscope objective (60x, 1.45NA, Olympus). The
focus is translated off the center-axis of the objective to produce a collimated excitation beam

that is internally-reflected at the sample-solution interface. Fluorescence from the sample is



collected by the objective and sent through the dichroic mirror, emission filter (Semrock), and a
1.6x magnifier and imaged on the CCD detector. The temperature of the microscope system and
sample was controlled by enclosing the microscope in a fiberboard cabinet and using a
proportional-integral-derivative controlled heater-fan assembly (Omega HVL14900) to maintain
temperature at 27.1£0.1°C monitored by a NIST-traceable thermometer (VWR).

Fluorescence images were collected using an Andor iXon DU897 electron-multiplying
charge-coupled device camera with exposure times designed to minimize photobleaching while
still sampling the hybridization kinetics. Tracer hybridization for the 9-mer labeled target was
monitored in either continuous videos with 200ms exposure times, or time-lapse videos with 100
ms exposures and 300-ms intervals. The total laser energy exposure experienced (37.5 or 23.9
Wem™? during exposures) by the Cy3 fluorophores is comparable to previous work from this lab,
where we observed minimal influence of photobleaching on the measured dissociation rate.*° For
the present experiments, we find that increasing the excitation intensity by 50% has no detectable
influence on the 9-mer dissociation rate. For the longer-lived 11-mer labeled targets (Alexa
Fluor, TAMRA, Cy3, PEG-Cy3, dsDNA-Cy3), we collect images on longer (2-4s) time-lapse
intervals, and additionally, for the Cy3 and Alexa Fluor duplexes, we employ an oxygen-

3538 (Supporting

scavenging enzyme buffer to reduce photobleaching and photoblinking
Information). The kinetics of Cy3-labeled targets were found to have the greatest sensitivity to
oxygen-dependent photobleaching. With oxygen scavenging, the impact of photobleaching on
the measured rate of the Cy3-labeled 11-mer target dissociation is small, ~1% (Figure S2). All
images were collected in a 300x300 pixel area of the CCD, corresponding to 50x50um in the
sample plane. The camera was operated without electron-multiplying gain at slow 1MHz readout
to avoid photoelectron-amplification noise and minimize read noise.” Images were acquired as
10-40 min 16-bit monochrome FITS-image stacks with Andor SOLIS software 4.27.30001.0.
Image Analysis. To analyze these images, an intensity-threshold algorithm®” was used to
locate individual molecules which accounted for the spatial distribution of intensity background
due to the high concentration of labeled DNA in the evanescent wave.’® Each single-molecule
point-spread-function was fit to a 2D Gaussian function to locate its position. Sample drift is
corrected by performing a spatial-temporal cross-correlation analysis of all located molecule

coordinates.'? Drift-corrected super-resolution molecular coordinates were tracked within a

generous detection radius of 80 nm in subsequent image frames to measure labeled-molecule



residence times. Each individual single-molecule “event” is then used to locate probe sites and

measure hybridization kinetics. Details are in Supporting Information.

RESULTS AND DISCUSSION

Kinetics of fluorescently-labeled tracer DNA hybridization. To immobilize probe
DNA at the interface, a mixture of 200 pM probe and 30 nM tracer DNA is injected over a slide-
with immobilized AC-repeat capture DNA, while monitoring the population of tracer DNA at the
interface (Scheme 1). Probe DNA is captured by its complementary GT segment, while Cy3-
labeled tracer DNA hybridizes with the recognition region of the probe DNA allowing the
population of captured probe to be monitored in real-time with fluorescence microscopy. Once
the population of probe-tracer duplexes reaches a desired surface density, probe-accumulation is
terminated by rinsing the cell with buffer for 10-15 minutes removing tracer DNA along with
unbound or partially hybridized probe DNA. A solution of 30-nM tracer DNA can then be
reinjected into the flow cell to allow imaging of its hybridization with the immobilized probe
DNA, Figure 1B. This result is compared with a blank measurement where 30-nM Cy3-labeled
tracer DNA is introduced prior to immobilization of probe DNA, producing an average of 15+5
molecules per image (Figure 1A), which is 3% of the 470+£30 hybridized tracer DNA molecules
observed with probe DNA immobilized (Figure 1B).

Fluorescence videos of probe substrates in equilibrium with 30-nM tracer DNA in
solution show transient single-molecule binding events occurring at discrete probe molecule sites
(Supporting Information). We track individual tracer hybridization events that appear in tight
clusters at each probe molecule using super-resolution localization,"' and these drift-corrected
molecule coordinates are plotted as a 2D histogram map (Figure 1B inset). The size of the
clusters of hybridization events around immobilized probes is determined by the localization
precision (~40 nm).*® In contrast, substrates with no immobilized probe DNA exhibit sparse
maps of dispersed tracer DNA adsorption events with a few clusters suggesting sites of stronger
nonspecific adsorption (Figure 1A inset).

Locations of probe DNA molecules are identified by requiring a minimum of 3
hybridization events within an 80-nm radius, which rejects spurious adsorption sites, more than
half of which produced only a single event. Probe sites were also discarded if they were closely
spaced (within 160 nm) in order to prevent cross-talk between adjacent probes that might skew

the hybridization statistics. Based on these criteria, we identify ~5200 immobilized probe



molecules within a 50um-by-50um area, at which a total of 69,000 hybridization events are
observed in 5 min with 30-nM tracer. With no probe DNA immobilized, the same substrate
exposed to the same tracer DNA concentration produced only 56 sites that meet the same
criteria, indicating only ~1% of the identified probe molecule sites are a result of nonspecific
interactions. Of the approximately 7000 nonspecific adsorption events observed in a blank data
set, only about 5% appear at specific surface locations while remaining 95% are at random,
uncorrelated (single-event) locations on the surface. Restricting our observation to 5200 probe
sites, each having an 80-nm detection radius, the total detection area is ~4% of the field-of-view.
By confining the observation to this limited area, only ~280 of the 7000 nonspecific adsorption
events would randomly land on a probe site, contributing a negligible 0.4% of the hybridization
events at probe sites. Imposing super-resolution spatial criteria on the interrogation probe-
molecule hybridization, therefore, greatly improves the selectivity of measurement by reducing
the impact of non-specific adsorption.’****

After restricting the analysis of hybridization events to spatially-resolved probe molecule
sites, histograms of the durations and time intervals between hybridization events can be
generated, shown in Figure 2. These histograms are plotted as cumulative survival histograms, so
that the quantity in each bin represents the number of events that survived at least that amount of
time.* The histograms are fit well by a single-exponential decay probability function (Equation
1), characteristic of first-order dissociation and pseudo first-order association kinetics:

p(t) = Nexp(—t/7) (1)
where t represents the average association or dissociation lifetime, t,, Or Tofr respectively, and N
represents the total number of hybridization events.

To assess the uniformity of the kinetics amongst the population of probe molecules, the
distributions of association and dissociation lifetimes at each individual probe molecule are
determined from a maximume-likelihood estimate (MLE) of the mean of an exponential

distribution,* with an offset to subtract bias from the duration of the first sampled time-bin, j 30
TMIE = (% il ni) -T(G —1/2) )

where T is the bin width, N is the total number of events, and #; is the number of events in bin i.

Analysis of the 5-20 hybridization events sampled at each probe molecule, distributions of

maximume-likelihood association and dissociation lifetimes over the population of probe-

molecules are plotted in the insets of Figure 2. These distributions are well described by a



Poisson-Erlang (PE) distribution®**®

which predicts the distribution of .-lifetime samples drawn
from an exponential distribution (Supporting Information, Equation S1). The width of the PE
distribution is determined by the average number of sampled events (more samples result in
tighter distributions) plus any heterogeneity in lifetimes as a result of molecule-to-molecule
variability. Comparing the standard deviation predicted by sampling statistics (Equation S2) with
the standard deviation of the measured lifetime distributions, we find < 20% excess width of the
experimental distributions (Supporting Information, Table S1). The impact of this excess lifetime
variation on determining the hybridization kinetics is negligible, as discussed below.

Modeling hybridization kinetics with unlabeled competitors. Having determined that
reversible hybridization between probe and labeled-tracer DNA is well described by
homogeneous first-order kinetics, a model can be developed for the microscopic rates governing
hybridization in the presence of an unlabeled competitor, as shown in Figure 3A. The solution
species in the model and their concentrations are the labeled-tracer, [L], and unlabeled-target
DNA, [U]. These species compete to hybridize with free probe DNA molecules, [P], generating
probes that are hybridized with either labeled-tracer, [LP] or with unlabeled-target, [UP],
respectively. In this model, target and tracer DNA from solution only hybridize with unoccupied
probe DNA [P], that is, they do not displace each other. This assumption is reasonable, since the
11-mer unlabeled-target is only 2 base-pairs longer than the 9-mer labeled-tracer, so that the rate
of toe-hold strand displacement should be negligible.*’ This hypothesis was confirmed by
observing no detectable dependence of the dissociation rate of the labeled tracer with
concentration of the unlabeled 11-mer target (see below and Supporting Information, Figure S5).
Upon dissociation of either labeled-tracer or unlabeled-target from a probe molecule, the probe
returns to the unbound state, [P]. The sum of the concentrations of all probe species is equal to
the total number of probe sites: [Py,] =[P] + [UP] + [LP]. We define first-order rate constants
for dissociation of labeled tracer and unlabeled target DNA, k°,p and &°,, and second-order rate
constants for association with probe DNA from solution, k°,,; and £°,,,, respectively.

Monte-Carlo simulations were employed to explore how probe DNA hybridization with
unlabeled target DNA affects the time intervals between tracer hybridization events, and whether
these hybridization intervals can be used to determine the rate constants of the unlabeled target
DNA hybridization. The simulation tracks the state of a probe DNA molecule undergoing
competing hybridization with tracer and target DNA. The lifetime of each hybridized state is
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determined by a random time drawn from an exponential probability distribution with a
characteristic rate constant, k:
p(t; k) = kexp(—kt) (3)

As shown above in Figure 2, this is a reasonable model for hybridization dissociation kinetics.
Dissociation times are drawn from either labeled-tracer or unlabeled-target distributions,
governed by their respective rate constants, k°ys or kK’ Association times for labeled tracer and
unlabeled target, which compete to hybridize with available probe sites, [P], are drawn from
exponential distributions with rates: ko, = k°ou[L] and kony = k°on[U], respectively, where the
faster rate determines which species generally hybridizes first. Monte-Carlo simulations
(Supporting Information) were run to generate 17,000-70,000 tracer hybridization events using
input rate constants similar to those expected for the tracer and target DNA. A constant tracer
concentration is assumed, so that the quantity k., = k°,, [L] is not varied, and the dissociation
rates, k.; and ko, also do not change with concentration. The unlabeled-target association rate
koni = K°onu[U] is varied to simulate an experiment conducted with varying unlabeled target
concentrations. From these simulated trajectories, we predict time intervals between tracer
molecules leaving and a new tracer molecule arriving as a function of [U]. Histograms of
association-time intervals from these simulations, along with the input rate parameters, are
plotted in Figure 3B. By increasing the association rate of an unlabeled target, the association-
time-interval distributions deviate significantly from a single-exponential decay profile and
exhibit short-lived and long-lived components, the relative magnitudes and lifetimes of which
vary with kyp,.

To extract rate constants from these distributions, we model this competing hybridization
process as a pair of differential equations describing the change in population of occupied and
unoccupied probe molecules. The hybridization interval distributions are analogous to a
concentration-step experiment, where all probe molecules are initially unoccupied with tracer or
target DNA.* This initial condition represents the state of the probe immediately after a tracer
molecule dissociates and establishes time-zero for the measurement of an interval between
hybridization events. Unlabeled-target or labeled-tracer DNA can then hybridize with the
unoccupied probes, and we monitor the probe while it is not hybridized with tracer DNA, [UP] +
[P] until the interval ends, when a new fluorescent tracer DNA hybridizes with the probe. The

dissociation rate of the tracer does not affect the time intervals between tracer association events
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and is not included in the model. A pair of differential equations describes the change in
population of unoccupied probes (4) and probes hybridized with unlabeled target (5) following

dissociation of the labeled tracer:
a[p]

it = ~RnulUIPT + Ky [UP] = Gy [L]P] @
d[dUtP] = kgnu [U] [P] - kgffu[UP] (5)

We solve this system of differential equations for the time-evolution of [P(t)] + [UP(t)],
using the boundary conditions [P(0)] = Py, [UP(0)] =0, and [LP(0)] = 0. The solution can be
represented by the sum of two exponential decay functions with decay rates, k; and k;, and pre-

exponential factors, 4; and 4,, which are functions of the hybridization rates, Kouu, ko, and ko

P(t) + UP(t) = Py [Are*tt + Ajeket] (6)
where: k= Forr u+k°n21+k°"u+kq 7
k, = koffu+konzl+k0nu—kq )
, = tonthorpubonuti ©
A, = konl_kﬁg;;konu_kq (10)

kq = \/kgffu + kgnl + kgnu - 2koffukonl + 2koffukonu + 2konlkonu (11)

This time-response function for the tracer hybridization intervals, Equation 6, can be fit to the
simulated intervals in Figure 3B to extract the rate parameters to compare with those used to seed
the simulation. For the fit to be sensitive to the initial fast exponential decay (represented by a
smaller number of points), the squared residuals were weighted by t in the minimization. The
simulation and fitting routine were run 5 times to estimate uncertainties, and the rate parameters
from the fit match the seeded rate constants within their uncertainties (Figure 3B inset). To
confirm the rate parameters are unique solutions, we performed a covariance analysis by
systematically varying one rate constant and floating the others in the least-squares fit. This
analysis shows that if the value of one rate is changed, then the other rates cannot be varied to
compensate without significantly reducing the quality of the fit, showing that the rates are

independent and the solution is unique (Supporting Information, Figure S6). As discussed above,
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individual immobilized probe molecules exhibit a distribution of hybridization association times
having a ~20% excess standard deviation compared to the uncertainty predicted by sampling
statistics. The influence of this excess error was tested by introducing 20% normally-distributed
variation in the hybridization rates used to seed the Monte-Carlo simulations above. The
additional error did not significantly impact the extracted parameters from a fit of Equation 6,
where the unlabeled target association and dissociation rates at higher [U] exhibited less than 2%
relative error compared to their seeded values (Supporting Information, Table S2).

Competitive hybridization experiments. Having developed and qualified a method to
extract the kinetics of unlabeled target strand hybridization from the analysis of time intervals
between tracer-DNA hybridization events, we apply this method to interpret experimental data of
competitive hybridization between 11-mer unlabeled-target and 9-mer labeled-tracer DNA.
Competitive hybridization was measured at individual immobilized probe DNA molecules using
solutions of varying unlabeled target (5-100 nM) and fixed tracer DNA (30 nM) concentration.
At high concentrations of unlabeled target DNA (50-100 nM), probes are occupied with
unlabeled target more than 75% of the time, which slows the tracer hybridization on-rate. To
collect sufficient tracer hybridization events to characterize the hybridization interval distribution
at high unlabeled target concentrations, the length of image acquisition is increased from 5 min
to 27 min. After data from all unlabeled target concentrations were acquired, the flow cell was
rinsed and a solution of pure 30-nM tracer DNA was imaged to locate all the probe molecule
coordinates in the field of view. These probe sites are filtered to exclude a ~5% fraction whose
tracer-DNA kinetics falls well outside the Poisson-Erlang distribution, providing a homogeneous
population of probe sites for testing competitive hybridization. The 95% remaining probe sites
are used to fix coordinates to record hybridization events at individual probe molecules versus
unlabeled target DNA concentration. The resulting hybridization event distributions (Supporting
Information, Figure S7) reveal a small (12%) population of sites whose numbers of tracer events
are unaffected by high concentrations of unlabeled target. These probe sites exhibit similar
hybridization events as expected for solutions containing only tracer DNA, indicating that the
unlabeled target does not hybridize with this population of probe molecules. This may be due to
damage at the guanine or adenine bases needed to pair with the 3’ end of the longer unlabeled
target, or interactions between the probe DNA and the surface or capture strand that prevent

duplex formation with the longer unlabeled target. Regardless of their origins, these probe sites
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are at known locations and easily excluded from the analysis, which can be deployed on the 88%
of sites that demonstrate a competitive response to the unlabeled target. The ability to deal with
site-dependent heterogeneity in the analysis of single-molecule kinetics is a clear benefit of
imaging and analysis of interactions with individually-addressed molecular probe sites over
ensemble methods, where site heterogeneity cannot be resolved or mitigated.***

The association and dissociation times for the probe sites that respond to the unlabeled
target were pooled and plotted as survival-time histograms. The dissociation-time histograms and
fitted rates show no detectable dependence on the unlabeled competitor concentration
(Supporting Information, Figure S5), which verifies that competitive hybridization does not
affect the stability and lifetime of the probe-tracer duplex. This confirms the assumption made in
development of the competitive model that a 2-base-pair overhanging region on the unlabeled
target is insufficient to induce toe-hold strand displacement that would shorten the tracer-duplex
lifetime. Unlike tracer dissociation times, the time-intervals between tracer hybridization events
increase significantly at higher unlabeled-target concentrations, as probe molecules are occupied
by the competitive unlabeled target DNA and unavailable for tracer hybridization. Association
times are plotted as histograms in Figure 4A, with examples shown for 0-, 20-, and 100-nM
unlabeled target DNA.

To extract rate parameters for target and tracer hybridization, Equation 6 was fit to the
data in Figure 4A, where the bi-exponential models that best fit the data are plotted as solid lines.
The rate parameters from the interval-time model, kou, konu, and k,z, were determined from four
independent data sets, and the resulting association and dissociation rates of the unlabeled 11-
mer target and their uncertainties are plotted in Figure 4B-C. The results show that the
dissociation rate of the unlabeled target is independent of its concentration, consistent with
unimolecular dissociation of the target-probe duplex, resulting in an average, £’y
0.032+0.001 s™! (Figure 4B). The association rate of the unlabeled target, k,,,, increases linearly
with target concentration with a zero intercept (Figure 4C), corresponding to a pseudo-first-order
reaction; the slope of the line is the association rate constant of the unlabeled 11-mer target, k%,
=1.74 (+0.02) x 10° M"'s”", which is comparable to that of the 9-mer tracer, %,y = 1.48 (+0.04) x
10° M's™, which is also a parameter extracted from the data in Figure 4A.

The validity of these results can be checked in several ways. First, the kinetics of the

tracer association and dissociation versus tracer concentration were measured in the absence of



14

the competitive unlabeled target. The results (Supporting Information, Figures S8 and S9) show
that the tracer dissociation rate is independent of its solution concentration, consistent with a
simple first-order process, exhibiting a 25-fold faster dissociation rate (k%,; = 0.79+0.02 s
compared to the unlabeled 11-mer target strand, whose two additional base-pair interactions adds
significant stability. The association rate of the labeled tracer DNA is linear with its
concentration in solution (Supporting Information, Figure S9) and the rate constant determined
from the slope, k%, = 1.58 (+£0.04) x10° M'ls'l, is within the uncertainties of the value found
from the above competitive analysis, k%, = 1.48 (£0.04) x10® M's™. To further validate the
hybridization rate constants of the unlabeled strand from the competitive hybridization model,
we compare the association constant K, determined from the ratio of rate constants with K,
determined from a competitive hybridization isotherm at equilibrium. Since the tracer is only
able to hybridize with unoccupied probe molecules, it provides information about the fraction of
probe sites hybridized with unlabeled target DNA, allowing determination of its K,.' We
calculate the fraction of time the probes are hybridized with tracer directly from the occupied and
unoccupied lifetimes of each probe molecule. The fraction occupied is given by the ratio of
maximum-likelihood-estimated (MLE) dissociation lifetimes of each probe molecule i, f,5f;
from Equation 2, divided by the sum of the MLE association and dissociation lifetimes, %, ;,
and ©,5f;, averaged over all probe molecules, N:

O([U]) = 2yich Tolti (12)

N ToffitToni
The resulting fraction hybridized with tracer DNA at each unlabeled target concentration is
plotted in Figure 4D. Since the tracer occupies a significant fraction of the probe sites in the
absence of unlabeled target (~6%), the equilibrium model includes hybridization of the probe by
both tracer and target DNA. The expression for 8;([U]) thus depends on the labeled tracer
concentration and its association constant, K; = &’/ ko = 2.0£0.1 uM'l see above, as well as
the association constant and concentration of the unlabeled target, K, and [U],

(13)

9 — KL[L]

L™ 14k [L]4+K,[U]
which is derived in Supporting Information, Page S16. A nonlinear least squares fit of Equation
13 to the equilibrium response in Figure 4D gives K, = 60+10 uM™. K, determined from

measured rate constants above, K, = K ou/k’op = 54+4 pM'l, matches the equilibrium result
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within their uncertainties, indicating that the competitive kinetic results are consistent with the
equilibrium response.

Impact of dye labeling on DNA hybridization Kinetics. With knowledge of the
hybridization kinetics of unlabeled DNA strands, super-resolution imaging was used to measure
the kinetics of fluorescently-labeled variants to determine the impact of labeling on hybridization
of the same 11-mer target DNA to the same immobilized probe DNA, on the same substrate, and
under the same conditions. We measured hybridization kinetics of five fluorescently labeled
targets having an identical 11-mer recognition sequence as the unlabeled target above, but with
different fluorescent labels on the 5’ terminus. These include labels available as phosphoramidite
reagents for direct attachment during solid-phase DNA synthesis, Cy3 and carboxytetramethyl
rhodamine (TAMRA), and an amine-reactive Alexa Fluor 532 (AF532) label attached to a 5’
hexylamine modifier on the DNA (see Figure S1). We also compared different tethers linking a
Cy3 label to the 11-mer DNA: a flexible 6-unit PEG tether and a rigid-18 base-pair double-
stranded DNA tether. Hybridization kinetics were measured for labeled targets in a similar
manner to the tracer (only) hybridization experiment described above. Because of the longer
dissociation times of the 11-mer labeled targets (>60 sec), however, time-lapse imaging on

longer (2-4s) time intervals and oxygen-scavenging enzyme buffer’ >*

were employed to reduce
photobleaching and photoblinking (see Supporting Information).

The dissociation and association rates of all five dye-labeled 11-mer targets are plotted
versus their solution concentrations of the corresponding target DNA in Supporting Information
Figures S10 and S11. The resulting rate constants, £°,; and k°,,, and association constants, K, =
K’ onlk’ o, for the unlabeled and five labeled 11-mer targets are plotted in Figure 5, with numerical
results tabulated in Supporting Information Table S3. All of the dye labels significantly impact
the association constant compared to the unlabeled strand hybridization, by reducing both £°,,
and k%, The Cy3 label has the greatest impact on the K,, increasing it by 3.4-fold compared to
the unlabeled strand, which is consistent with equilibrium-based competitive hybridization
measurements on a similar 10-mer duplex®' and melting assays on labeled DNA.? The increase
in stability is due to a significantly slower £°,5 while £°,, is only reduced ~6% compared to the
unlabeled target. Comparison of the duplex dissociation rates of Cy3-labeled versus unlabeled

DNA by surface-plasmon resonance showed similar trends, with a significantly slower dissocia-

tion of the Cy3-labeled strand."* Molecular dynamics simulations indicate that Cy3 has strong pi-
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stacking interactions with the terminal base-pair of the duplex, adding stability comparable to
that of another base-pair interaction by increasing the barrier to dissociation.'® Structurally-
specific interactions between Cy3 dye labels and dsDNA have been found to impact emission
yields and used to probe the dynamics of hairpin hybridization."

The association equilibrium constant for hybridization of the TAMRA-labeled target is
only 60% higher than that of the unlabeled target, which is consistent with previous work
showing TAMRA’s relatively small impact on duplex DNA melting temperatures.* Melting
experiments, however, do not reveal the impact of a dye label on the hybridization kinetics.
Although the change in duplex stability is small, TAMRA significantly slows both k°,, and &’y
by 3.5 and 5.4-fold, respectively, indicating a significant increase in the transition-state barrier to
both hybridization and dissociation. Fluorescence lifetime and quenching assays indicate that

TAMRA interacts with guanosine,'”*"!

of which there are three in the target sequence. These
intramolecular TAMRA-guanine interactions, which could impact both single-strand DNA
structure and duplex stability, appear to increase the energy barrier to both duplex formation and
dissociation, slowing both £°,, and k°,; with a resulting small net change in K.

Like TAMRA, AF532 increases the association constant K, by less than a factor two
(80%) compared to the unlabeled target strand. However, AF532 has a significantly smaller
impact on the kinetics of duplex formation and dissociation: k°,, is reduced by only 20%, and
K’ o 1s reduced by 50%. This suggests that AF532 does not interact as strongly with DNA as
TAMRA or Cy3. Although the chromophore of AF532 is similar to TAMRA, its sulfonated
structure is engineered to reduce interactions with other dyes and increase water solubility
through the addition of anionic sulfonate groups.”® Sulfonation of other dye labels has been

shown to decrease their interactions and stabilization of duplex DNA,"**

presumably through
electrostatic repulsion with the backbone phosphate groups. The longer linker on the AF532
label, from the succinimidyl ester conjugation to a terminal amine-modifier (see Figure S1), may
also contribute to a reduction of the impact of the label. Of the three labels tested, AF532
presents the best choice for applications where the behavior of labeled oligos needs to match
unlabeled species since it has the smallest combined impact on the kinetics and thermodynamics
of duplex formation. Labeling effects on duplex stability are, however, sensitive to DNA

18,20

sequence,” and especially the identity of the terminal base pair, so these conclusions may not

apply to all applications and DNA sequences.
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To determine whether longer spacers could mitigate DNA:dye-label interactions, we also
investigated DNA with two different tethers between the Cy3 label and the 5’ end: a flexible 6-
unit PEG spacer and a more rigid 18-base-pair double-stranded DNA segment (Figure S1). The
dsDNA-linker has a Cy3 label on the 5’ end of an 18-mer oligonucleotide hybridized to a
complementary 18-nucleotide segment on the 5° end of the target sequence. This segment has a
high melting temperature, ~59°C,>* to ensure the duplex remains hybridized at the working
temperature of 25°C. As shown in Figure 5 and Table S3, the PEG tether did not affect the K,; it
slightly reduced £°,, and k°,; by ~16% compared to the Cy3-target with no spacer. The PEG
spacer is expected to be flexible, and it appears to present no barrier to Cy3 interactions with the
single-stranded DNA target or the duplex. This result is consistent with duplex DNA melting
data that showed a relatively small 1°C change in melting temperature with the addition of the
same 6-unit PEG spacer between the 5’ terminus and a Cy3 label.” In contrast, the dsDNA
linker significantly alters the duplex stability compared to the proximately-bound Cy3 target: the
K, is reduced by a factor of 12 as a result of a 5-fold reduction to £°,, and a 2.5-fold increase in
Ko This &’y is within 30% of the dissociation rate of unlabeled target, which suggests that the
rigid linker prevents Cy3 from interacting with and stabilizing the duplex. However, £°,, is
greatly reduced compared to both the Cy3-labeled and unlabeled targets. This tether increases the
molecular weight of the target DNA by ~4-fold, which would reduce the rate of successful
hybridization by slowing the diffusion coefficient and corresponding collision frequency and by
reducing the relative area of the reactive single-stranded region of the target and increasing steric
hindrance.” These results indicate that highly flexible linkers are not able to prevent the
stabilizing effects of dye labels, and while rigid dsDNA linkers can prevent these interactions,

they come with a significant cost of reducing the association rate.

CONCLUSIONS

In this work, we have demonstrated a single-molecule fluorescence competitive assay at
individual DNA probe sites to measure the hybridization kinetics of unlabeled oligonucleotides.
This methodology provides a unique single-molecule approach to acquiring information on
fundamental rates of DNA hybridization, free of the impact of fluorescent labels. Hybridization
kinetics were determined by measuring how an unlabeled DNA target affects intervals between

hybridization events of a labeled tracer DNA competing for individual probe-DNA molecules
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immobilized on a surface. A rate model was developed to predict how unlabeled target DNA
alters the distribution of time intervals between labeled-tracer DNA hybridization events, and the
model was used to extract association and dissociation rates of the unlabeled target DNA. The
predicted rate constants are consistent with the competitive equilibrium response determined by
measuring the average hybridized fraction of probe DNA with tracer DNA at varying
concentrations of competing target DNA. Similar analysis of single-molecule binding intervals
has been used to correct association rates to account for incomplete labeling of target
molecules.”® This previous analysis, however, required identical rate constants for the labeled
and unlabeled species. As the present results show, labels can significantly impact hybridization
kinetics, necessitating an analysis that allows for unique rates for each species.

Comparing the hybridization rate constants of labeled and unlabeled DNA shows that the
fluorescent labels attached directly to the terminal base pair decrease the dissociation rate by
factors of 2-5, and decrease the association rate by as much as a factor of 3.5. Attaching the
fluorescent label by means a flexible PEG tether does little to reduce the impact of a dye label;
arigid dsDNA tether, however, nearly eliminates the label impact on the dissociation rate but at
a cost of much slower association due to the size of the tether. These results are generally
consistent with previous equilibrium measurements of the impact of dye labeling on the duplex
association constant. In some cases, an apparently small change in association constant masks
the significant but proportional changes in association and dissociation rates. The present work
allows us to measure and compare the kinetics and association constants of labeled and unlabeled
DNA hybridization under the same conditions with the same probe-strand immobilization and
detection scheme. This capability could help in the selection of specific labels to minimize
perturbations to the association or dissociation rates depending on the needs of the assay and the
allowable label interactions, which can be sensitive to DNA sequence and structure.'®**> The
single-molecule competitive DNA assay could be used to determine the kinetics of other ternary
DNA reactions such as analyte binding in structure-switching aptamers.’’” These assays often
rely on the competitive association of a DNA aptamer probe strand with a labeled DNA read-out
strand and an unlabeled target analyte. Intervals between hybridization of the aptamer probe with
the labeled read-out strand could be employed to determine the unlabeled analyte binding
kinetics, while avoiding fluorescent labeling of the analyte which could significantly alter its

aptamer binding affinity.® In general, this measurement concept could be extended to studies of
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a variety of other reversible reaction systems, where kinetics of unlabeled species can be
determined from their influence on the reaction of a labeled species with localized probe

molecules on a surface.
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FIGURES AND SCHEMES

Sequences

Capture 37-(CA),

Probe 5°-(GT), TTC GGT ATA TCC CAT
Labeled tracer 3’- TAT AGG GTA-Dye
Unlabeled target 3”- CA TAT AGG GTA
Labeled target 3°- CA TAT AGG GTA-Dye

Hybridization scheme
Probe: 0.1-1 nM
Tracer

1. Capture DNA oA 2, Immoblllze probe DNA

substrates
TR v\‘
T DNA:
0m

q

Target DNA:

0 to 100 nM
3. Rinse unbound probe 4. Image hybridization
Scheme 1. DNA sequences and hybridization. Upper:
Sequences of capture, probe, tracer, unlabeled, and labeled
target DNA. Lower: Hybridization scheme showing:
1. Injection of mixture of probe and tracer DNA; 2. Capture
of probes at surface monitored using tracer DNA; 3. Rinsing
to remove uncaptured probe; and 4. Injection of solutions of
tracer and unlabeled target to measure hybridization kinetics.
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Figure 1. Hybridization selectivity for tracer DNA
binding to probe DNA. A) Image of 30-nM tracer
DNA over a blank surface with capture strands but
no probe; B) after probe immobilization. Insets:
histogram maps of events with located probe sites.
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Figure 2. Hybridization kinetics of tracer DNA.
A) Histograms of dissociation lifetimes and B)
association times. Insets: probe-site distribution
of MLE of dissociation lifetimes (A) and
association lifetimes (B) with calculated
Poisson-Erlang distributions.
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Figure 3. Monte-Carlo simulations of competitive hybridization.
A) Hybridization model with rates and concentra-tions defined.
B) Hybridization intervals from simulation (points) fit to
Equations 6 (lines); Inset: rates used in the simulation (left) and
rates determined from fit.
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Figure 4. Hybridization kinetics of the unlabeled target.

A) Interval histograms for 30-nM tracer DNA with 0 (blue),
20-nM (orange), and 100-nM (yellow) unlabeled target
DNA (points), with fits to Equation 6 (lines). B) Plot of
dissociation rate of unlabeled target DNA from fits above
with a linear least-squares fit having a slope indis-
tinguishable from zero at 95% confidence. C) Association
rates with linear least squares fit with zero intercept (line).
D) Fraction of sites hybridized with tracer calculated from
average lifetimes with fit to Equation 13 (line).
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Figure 5: Hybridization kinetic rate constants of 5’
fluorescently modified target DNA: A) dissociation rate

o o
constant, k o B) association rate constant, k o and C)
association constant, Ka. Labeled targets kinetics were

measured by molecule tracking, and unlabeled target
kinetics were measured using competitive hybridization

scheme. Error bars are 2 standard deviations of the mean.
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