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Abstract

Oligonucleotide aptamers can be converted into structure-switching biosensors by incorporating a
short, typically-labeled oligonucleotide that is complementary to the analyte-binding region.
Binding of a target analyte can disrupt the hybridization equilibrium between the aptamer and the
labeled-complementary oligo producing a concentration-dependent signal for target-analyte
sensing. Despite its importance in the performance of a biosensor, the mechanism of analyte-
response of most structure-switching aptamers is not well understood. In this work, we employ
single-molecule fluorescence imaging to investigate the competitive kinetics of association of a
labeled complementary oligonucleotide and a target analyte, L-tyrosinamide (L-Tym), interacting
with an L-Tym-binding aptamer. The complementary readout strand is fluorescently labeled,
allowing us to measure its hybridization kinetics with individual aptamers immobilized on a
surface and located with super-resolution techniques; the small-molecule L-Tym analyte, is not
labeled in order to avoid having an attached dye molecule impact its interactions with the aptamer.
We measure the association kinetics of unlabeled L-Tym by detecting its influence on the
hybridization of the labeled complementary strand. We find that L-Tym slows the association rate
of the complementary strand with the aptamer but does not impact its dissociation rate, suggesting
an Sn1-like mechanism where the complementary strand must dissociate before L-Tym can bind.
The competitive model revealed a slow association rate between L-Tym and the aptamer,
producing a long-lived L-Tym-aptamer complex that blocks hybridization with the labeled
complementary strand. These results provide insight about the kinetics and mechanism of analyte
recognition in this structure-switching aptamer, and the methodology provides a general means of

measuring rates of unlabeled-analyte binding kinetics in aptamer-based biosensors.



INTRODUCTION

Structure-switching aptamers hold promise as rapid, sensitive biosensors for biomedical
and environmental applications.!? These affinity reagents take advantage of the unique ability of
nucleic acids to form Watson-Crick-Franklin base pairs and adopt 3D configurations that not only
bind target analytes with high affinity and specificity, but can also undergo a change in
conformation or accessibility upon target binding.> A common structure-switching or duplexed
aptamer biosensor uses a short oligonucleotide “complementary strand” that is hybridized to the
aptamer and can be displaced by the conformation change induced upon introduction of ligand.
Dissociation of the short complementary strand can produce a variety of signal responses including
fluorescence,*> colormetric,® and electrochemical,” which can be used to quantify the
concentration of ligand. Aptamers can be generated through SELEX against a broad target scope
including cells, proteins, ions, and small molecules,® and selection methods can be tailored to select
aptamers that undergo the large conformation changes required for use in structure-switching

biosensors.” Recent advances in SELEX include an expanded genetic alphabet,'® non-natural

11-12 13-15

sugar backbones, and incorporation of amino acid-like side chains, offering the promise of
sensors having high affinity, specificity, and nuclease resistance.

Changing the length and position of the complementary strand affects the equilibrium
between the aptamer, complementary strand, and ligand, allowing the dynamic range and
sensitivity of the aptamer biosensor to be optimized.> '*!® For instance, if an immobilized aptamer
biosensor undergoes an Sn2-like mechanism
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increase the response time and sensitivity. To understand the aptamer response mechanism, we
need analytical techniques to measure the underlying kinetics, thermodynamics, and mechanism
of aptamer-ligand and aptamer-complementary-strand interactions.

Single-molecule fluorescence imaging methods'*-?* have demonstrated high selectivity and

sensitivity in DNA detection assays**?’

and provide insight into population heterogeneity,
reversible kinetic processes at equilibrium, and details about statistical distributions of molecular
events that are lost in an ensemble average typical of less sensitive analytical techniques. These
methods have been adapted to study structure-switching aptamers, such as the adenosine!**° and
cocaine’® binding aptamer. In the present work, we address the response mechanism question
raised in Scheme 1 for the L-tyrosinamide (L-Tym) structure-switching aptamer.?’” We address this
question by using single-molecule imaging to characterize the equilibrium and kinetics of both the
labeled complementary strand and the unlabeled small molecule ligand, applying a competitive
kinetics model for competitive DNA hybridization.”® This small molecule-binding aptamer
biosensor is adapted to a surface-based single-molecule assay to study the kinetics of both the
complementary strand and the small molecule target interacting with the aptamer (Scheme 1).
Individual L-Tym aptamer molecules are immobilized at the surface of a glass coverslip with no
fluorescent label, so they are not susceptible to photobleaching and can be observed for long
periods of time. The complementary readout strand in solution is labeled with a Cy3 fluorescent
dye, so that hybridization with the aptamer results in detectable single-molecule fluorescence spots
on the glass surface. Aptamer molecules on the surface are located by identifying sites of repeated
hybridization events with the labeled-complementary readout strand using super-resolution or sub-
diffraction imaging techniques to map their locations.?!** This methodology allows a nearly 20-
fold greater population of immobilized aptamers to be observed within the field of view, increasing
the rate of data collection by a similar factor; more importantly, super-resolution provides better
spatial resolution of active sites to discriminate against non-specific surface interactions.”®!
Hybridization kinetics are determined for each aptamer molecule by monitoring the times required
for the labeled complementary strand to associate and dissociate. L-Tym competes with the
complementary strand to bind to the aptamer, altering the intervals between complementary-strand
hybridization events. The L-Tym analyte is not labeled since a fluorophore attached to a small
target molecule can significantly perturb its binding affinity with the aptamer.>?

Although fluorescent labels conjugated with DNA have been shown to affect the
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thermodynamics and kinetics®® of DNA hybridization, their use is directly applicable to



structure-switching aptamer biosensors where they are often used to facilitate readout. While the
kinetics of the complementary-strand association with the aptamer include the influence of a dye
label, the kinetics of unlabeled L-Tym binding to the aptamer are not monitored without a label,
but are instead determined from changes in time-intervals between the labeled complementary-
strand hybridization with individual immobilized aptamers on the surface. This measurement
approach can allow one to detect the influence of non-fluorescent molecules on the site-binding
kinetics of fluorescent molecules; this concept was pioneered in recent research, where catalytic
sites for generation of a fluorescent product were located and monitored, and non-fluorescent
reactions that compete for access to these catalytic sites were observed.®® In the present work, we
apply this concept to measuring competitive association of immobilized L-Tym-aptamer with its
unlabeled L-Tym target and a labeled-complementary readout strand by applying a kinetic model
recently developed to determine the hybridization kinetics of unlabeled DNA.*3

The trend in the complementary-strand on-rate at varying concentrations of L-Tym follows
the competitive-kinetic model?® and reveals both the association and dissociation rates of L-Tym
with the aptamer, which are similar to rates measured for a free-solution variant of the L-Tym
aptamer.*® Measurements at varying L-Tym concentrations revealed a population of aptamers that
hybridize with the complementary strand, but have no measurable response to L-Tym. Identifying
and excluding this population of inactive aptamers shows the unique capabilities of an individual-
molecule analysis relative to ensemble methods®® 37 and likely explains the lack of full
fluorescence-recovery response previously seen in solution-phase L-Tym aptamer assays.?’ The
results indicate that the structure-switching mechanism of the aptamer is a purely competitive Sn-
1 scheme, where the complementary strand must dissociate before the target ligand can bind and

vice versa.

EXPERIMENTAL SECTION

Super-Resolution Single-molecule TIRF imaging and data analysis. PEG-biotin
modified substrates (Supporting Information) were loaded into an imaging microfluidics flow cell
to allow introduction of samples for fluorescence imaging, as described previously.*®
Fluorescently-labeled oligonucleotides (Supporting Information) were detected at the glass-
solution interface using a total-internal reflection fluorescence microscope with through-the-
objective illumination (Supporting Information). The microscope was enclosed in a temperature-
controlled chamber fixed at 23+0.2°C. Image stacks were collected with time-lapse exposures of

100-ms in 500-ms intervals using a slow readout speed (1-MHz) in order to reduce camera read
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noise. Laser exposure was 54-Wem™ during the 100-ms exposure time. In previous work, we
observed minimal photobleaching of Cy3 fluorophores over the lifetime of the duplex (~5 s in this
case) using similar laser exposure.?’ In this current work, we employ an enzymatic oxygen-
scavenging buffer, which has been shown to further reduce photobleaching.>*** The length of the
video stacks was varied from 10 to 50 min depending on the apparent on-rate of complementary
strand hybridization (which decreased with increasing L-Tym concentration) to ensure that a
similar average of 8 or more hybridization events were observed at each aptamer molecule. Images
were collected with a 300x300-pixel cropped region of the sensor, corresponding to a 50x50-um
field-of-view at the sample plane. Images were collected using Andor SOLIS software version
4.27.30001.0 as monochrome 16bit FITS image stacks. Images were analyzed with super-
resolution techniques by locating the centroid of individual single-molecule spots and fitting a 2D
Gaussian function to the intensity point-spread function.?* Sample drift was corrected using a
spatial-temporal cross correlation analysis that tracks concerted changes in the locations of

I' Corrected coordinates were tracked in time to

aptamer-complementary-strand duplexes.*
determine the arrival time and duration of individual hybridization events with the aptamer, and
clusters of events were grouped together to locate and calculate average association and
dissociation rates for each individual aptamer-molecule binding sites. Uncertainties in plots of the
association and dissociation rates are reported as 90% confidence bounds on the determined

variations in rates with complementary-strand or L-Tym concentration.

RESULTS AND DISCUSSION

Fluorescence imaging and mapping of aptamer-binding sites. Aptamers were
immobilized onto substrates as illustrated in Supporting Information, Scheme S1. Substrates
modified with biotin are incubated in an imaging flow cell with 10-nM streptavidin solution to
generate capture sites. A mixture of dilute biotin-modified aptamers and Cy3-labeled
complementary strand is then injected into the flow cell while imaging the substrate. The DNA
aptamer is captured at the surface through a biotin-streptavidin binding interaction,*” while
monitoring the buildup by detecting the fluorescent complementary strand that simultaneously
undergoes reversible hybridization with the aptamer. Once the aptamer density reaches ~300
complementary-strand molecules, accumulation is halted by rinsing with imaging buffer solution.
Rinsing removes unbound biotin-aptamer and weakly-hybridized complementary strand, while
retaining the immobilized DNA aptamer due to the slow dissociation of the biotin-streptavidin

interaction (lifetime~50 h).*3
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The immobilized aptamer molecules are located by tracking the arrival of fluorescent

complementary strands using DNA point-accumulation-imaging-of-nanoscale-topology or DNA-

PAINT,?!"2* where complementary strands stochastically visit specific locations on the surface as

a result of reversible hybridization at individual
immobilized aptamer molecules. Fluorescent spots
corresponding to individual molecules are located in
images by defining a region-of-interest around intense
spots (see Figure S1) and fitting a 2D-Gaussian point-
spread function to its intensity profile to locate precisely
its centroid coordinate.?* These localized molecular
coordinates are then spatially-temporally correlated to
measure stage drift during the video acquisition time.*!
Drift-corrected coordinates are tracked in time to
determine the location, arrival time, and duration of each
binding “event.” By plotting the locations of individual
molecular events on spatial-histogram map (Figure 1A),
we observe tightly clustered regions on the aptamer-
modified surface that show high affinity for
complementary DNA, with each cluster, typically made
up of more than 20 localized events whose variation in
event density is consistent with a Poisson distribution.?
There are also randomly dispersed events in Figure 1A
characteristic of non-specific interactions, and these
random events are also observed when the aptamer-
modified surface is exposed to a labeled non-

complementary sequence probe (Figure S2).
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Figure 1. Map of labeled-complement DNA
binding events. A) 2D gray-scale histogram of the
number of events detected at each location over
10 min in 1200 video frames. Clusters of events
that meet both spatial and kinetic criteria,
described in the section below, are designated as
aptamer binding sites, circled in red. B) Map of
the 1081 binding sites (red) in 50x50-um field of
view, where the small box designates the
magnified region shown in A.

Spatial and Kinetic criteria to identify binding sites. To identify aptamer binding sites

and distinguish these from non-specific interactions, both spatial and kinetic criteria were applied

to determine the locations where multiple events occur and whether the events exhibit a relevant

kinetic signature. Binding sites were first screened spatially to determine clusters of events in the

drift-corrected maps that have three or more events within an 80-nm radius. This size was based

on a measurement of the localization precision from the distribution of binding events around the



center (spatial-mean) of each cluster (see Figure S3). The resulting spatial precision is 39-nm, a
radius that includes 95% of the binding events within each cluster. To assure >99% confidence for
event-detection at each aptamer site, a conservative criterion of r = 80-nm for identifying event
clusters (Figure S3). This sub-diffraction resolution criterion represents a 17-fold smaller area than
the diffraction-limited spots in the image, significantly reducing the influence of non-specific
interactions on the analysis of complementary strand association events.*

While sub-diffraction spatial criteria are valuable for identifying complementary-strand
hybridization at individual aptamer sites, non-specific interactions can occasionally form clusters
of ~5 events per video stack, likely arising from interactions with defect sites on the surface. To
further distinguish specific aptamer hybridization from nonspecific events, we turn to the “kinetic
fingerprinting” methodology developed by Johnson-Buck and coworkers,** in which the kinetic
behavior of individual capture sites is used to distinguish nonspecific adsorption from sequence-
specific hybridization. We have added two kinetic criteria to reject site clusters dominated by
nonspecific adsorption:?° first, clusters exhibiting weak complementary-strand affinity, where
more than half of the binding events appear only in a single-video frame are eliminated; second,
to reject transient non-specific interactions, acceptable sites must display binding events
throughout the 10-min video, with at least one event in both the first and last 3 minutes of
accumulation. The aptamer binding sites thus selected on the basis of spatial and kinetic criteria
are circled in red in Figure 1A, with the full frame of identified sites in Figure 1B.

Kinetics of complementary-strand hybridization to aptamer sites. Having screened
sites based on spatial and kinetic criteria, the arrival and departure time stamp of each labeled-
complement-binding event can be used generate an “occupancy” trajectory that indicates the
labeled-complement-binding status of each site. The occupancy trajectories show good agreement
with the fluorescence intensity trajectories that are typically used to determine the site occupancy,
shown in Figure S4A-C. A significant advantage of tracking the locations molecular events over
monitoring raw intensity is that trajectories are not affected by fluorescence intensity spilling over
from point-spread-functions of nearby molecules.

With non-complementary strands, most trajectories have rare short-lived “on” states, and
long “off” states as shown in Figure S4A. With the complementary strand, binding sites show more
frequent on-off fluorescence cycling due to reversible hybridization. Since the occupancy
trajectories determined from site-tracking are discrete, it is trivial to measure the number, n;, of

each on- and off-state at each site of duration, i, in video frames. The characteristic rate of each
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molecule can be determined from the inverse of a maximum-likelihood-estimate (MLE) of the

event durations, based on the minimum time bin collected, j, the interval between video frames, 7,

and the total number of events, N.*°

-1
k= [ i= °°lnl-—(j—1/2)] Equation 1

i=j

In other words, the MLE rates of complementary-strand (CS) association and dissociation, K on,cs

and k, ff.cs» are the inverse of the average of all

sampled lifetimes with a small offset to correct
bias due to the width of the first bin. Note that
k' oncs (with a prime) is a pseudo-first-order
association rate or on-rate in s, where

K oncs = koncs [CS]. Two dimensional
histograms of the l?’on,cs and l?off‘cs at all
detected binding sites are shown for the non-
complementary and complementary strands in
Figures 2A and 2B, respectively. The
distribution of rates for non-complementary
“sites” are dispersed and noisy (Figure 2A),
while the complementary strand shows a single
cluster of aptamer sites with on-rates and off-
rates  of  Kk'5ps~0.05+0.02 s and
ko cs~0.2+0.06 s (Figure 2B). The width of
the single-site-kinetics  distributions  are
governed by statistical uncertainty from the
relatively low number of hybridization events
sampled, typically ~20 events where the rate of
event arrivals is given by (1/k'y,cs + 1/
kor flcs)'l, and heterogeneity in the kinetics due
to molecule-to-molecule differences and

variations over time due to temperature drift
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Figure 2. Identifying aptamer sites by kinetic fingerprinting.
MLE association and dissociation rates are plotted as 2-D
histograms at sites having >3 events for the following samples:
(A) immobilized aptamer with 10-nM non-complementary
strand, (B) aptamer with 10-nM fully-complementary strand,
and (C) aptamer with 10-nM fully-complementary strand and
27-uM L-Tym. Sites whose kinetics are within the boxes shown
in C are selected and used as reference sites to identify ‘active’
(green) and ‘inactive’ (red) aptamers in other data sets.

0.8 06 04 0.2 0

and the large enthalpy of hybridization.** By modeling the statistical contributions using an Erlang

distribution,” we estimate that for the 30% site-to-site relative standard deviation of k', ¢ and
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korrcs, ~20% is due to sampling statistics and ~20% due to sample heterogeneity. We have
previously shown?® that similar sample heterogeneity has minimal impact on the accuracy of rates
determined by averaging the kinetics from a thousand sites within the field-of-view of the
measurement (Figure 1B).

Competitive binding of the complementary strand and L-Tym to the immobilized
aptamer. Having shown that we can detect specific hybridization between the complementary
strand and aptamer, we next investigate the influence of L-Tym on the complementary-strand
hybridization kinetics. Hybridization rates were measured for samples containing mixtures of
constant complementary strand and varying L-Tym concentration in oxygen-scavenging buffer. A
2-D association-dissociation rate histogram of sites with 27-uM L-Tym and 10-nM
complementary strand is shown in Figure 2C. In the presence of L-Tym, the distribution of
hybridization kinetics shows two peaks; one population has a slower on-rate, k', cs ~0.008 s,
while the other population has a similar rate, k', ¢cs ~0.05 s, to the sample with no L-Tym. This
result shows that a fraction of the aptamers exhibit hindered association with the complementary
strand as a result of interactions with L-Tym, while the remaining aptamers exhibit unhindered
association with the complementary strand. We have separated these populations of aptamers
based on their on-rates using statistical criteria described in Figure S5. In the presence of 27-uM
L-Tym, those aptamers with k', cs > 0.02 s™!, are defined as “active” aptamers, representing
~70% of the population, while those with higher k', cs are “inactive” aptamers (Figures 2C and
S5). Inactive aptamers have the same association and dissociation kinetics in the presence and
absence of L-Tym (Figure S6, S7). Additionally, the aptamers do not interconvert on the time-
scale of these experiments; identified active and inactive aptamers exhibit equivalent sensitivity to
L-Tym and rate distributions in videos collected hours apart. Therefore, individual active and
inactive aptamer molecules located in samples with high L-Tym concentration can be tracked
across samples with varying L-Tym concentration to determine how target binding affects duplex

formation.
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“Active” aptamers exhibit competitive binding between complementary strand and

L-Tym. The active aptamer population was monitored at varying L-Tym concentrations to

systematically probe how binding between the aptamer and target analyte influences the

hybridization kinetics of the complementary strand. With L-Tym concentrations between 0- and

app

50-uM, the apparent association-rates, k-

s and off rates, Kysf cs, of the complementary strand

were calculated from the average lifetime of the N binding events measured at all filtered aptamer

sites:

ke = (Sye,,)
) -1

kogrcs = (EZ Toff) Equation 2
As shown in Figure 3, the association rate
decreases with increasing L-Tym concentration
while the off-rate does not significantly change, the
latter result being is consistent with an Sn1-like
competitive binding where L-Tym does not invade
the duplex and increase the dissociation rate. Since
L-Tym does not induce dissociation, the trend in
kgg,’éswith [L-Tym] can be interpreted using a
simple equilibrium model, where the fraction of
time that aptamers are occupied by L-Tym is
governed by their concentration and dissociation
constant of an aptamer-L-Tym complex, K ;1ym:

9 = [LTym]

= —[LTym]+Kd,LTym Equation 3

If we assume that aptamers bound to L-Tym are
unavailable for hybridization with complementary
strand, then kg,’i’zés will be equal to the native
association-rate, k,, cs, multiplied by the fraction
of time aptamers are not bound to L-Tym, (/-6):

app _
kon,CS - kOTl,CS (1

Equation 4

[LTym] )
[LTym]+K g rTym

w
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Figure 3. Complementary strand hybridization kinetics
at “active” aptamer sites. (A) Average association rates
of complementary strand (circle points) from active
aptamer population at varying L-Tym concentration.
Association rates are fit to the equilibrium model in
Equation 4 (solid line). (B) Average dissociation rates at
each concentration (square points) with the population
average (solid line). Prediction bands at 90% confidence
are shown as dashed lines. The relative standard

deviation of repeat measurements of kr ¢ = 15%, and

the relative standard deviation of k‘;:fjcs =5%.
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The model in Equation 4 was fit to kggfés data to determine the parameters for Ky 7ym
and Koy cs, as shown by the solid line in Figure 3A. The model predicts Ky ;rym= 3.9 + 0.8 uM
which is in good agreement with other studies of surface-bound L-Tym aptamers.*® This model
assumes that the complimentary strand cannot bind to the aptamer-L-Tym complex. If this were
the case, there would be a non-zero value of kggfés at high L-Tym concentrations, corresponding
to the association rate of complementary strand with the aptamer-L-Tym complex. We found that
a model that incorporates a finite on-rate at high L-Tym did not improve the quality of fit, and that
the uncertainty in the data would put the upper-bound of that limiting rate at 0.0024 s!, or only
5% of k', ¢s. Additionally, the L-Tym does not invade the aptamer-complementary-strand duplex
and induce dissociation; if this were the case, ks cswould increase with L-Tym concentration.
We observe no significant trend in ks cs with [L-Tym], as shown in Figure 3B, indicating that
L-Tym does not interact with the complementary-strand-aptamer duplex to induce dissociation.
Therefore, the mechanism for the L-Tym aptamer structure-switching biosensor is consistent with
an Sn1-like competitive equilibrium (Scheme 1B), and not target-induced strand displacement in
the aptamer (Scheme 1A).

Determining the kinetics of L-Tym-aptamer association. Although the trend in kgﬁ'%s

in Figure 3 A provides the dissociation constant of L-Tym binding to the aptamer, it does not offer
insight into L-Tym-aptamer binding kinetics. The dissociation constant for L-Tym binding to the
aptamer is the ratio of dissociation and association rates, K4 .rym = Kofr,.rym/KonTyms thus, a
small dissociation constant could arise from very efficient formation (fast k,y, ;7ym ) of a relatively
weak complex (fast Koff 17ym), O less inefficient formation (slow kp, 7ym) of a strongly-bound
complex (slow K,fr1rym). Because L-Tym is not labeled, we cannot directly detect L-Tym
binding to the aptamer to determine its kinetics; however, we can observe its effects on the
hybridization kinetics of the complementary strand. If the aptamer forms a stable complex with L-
Tym that blocks complementary-strand hybridization for long periods of time, the lifetime of the
L-Tym-aptamer complex will govern the distribution of time intervals between complementary-
strand hybridization events.

In recent work from our lab, we investigated a three-component DNA reaction having a
similar mechanism, where fluorescently-labeled and unlabeled DNA in solution compete to
hybridize with immobilized probe DNA.?® We determined the hybridization kinetics of the
unlabeled DNA strand — which could not be detected directly— by its influence on the labeled
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complementary-strand hybridization to the immobilized probe. To do this, we solved the
differential equations for the rates of labeled and unlabeled DNA hybridizing competitively with
probe DNA to determine a time-domain model that predicts the distribution of time intervals
between labeled-strand hybridization events.?® The same system of differential equations can be
applied to model the association of unlabeled L-Tym with the aptamer, ky, ,7ym, its dissociation
from the aptamer, k, s ;rym, and the association rate of the labeled complementary strand with
the aptamer, k,,, cs. The solution to this system of differential equations (Supporting Information)
predicts the time-interval distribution of complementary-strand binding events, which is
equivalent to the time-decay of the population of free- [A] and L-Tym-bound [LA] aptamers, given

by the sum of two exponentials:

A(t) + LA(t) = Apor[Cre 1t + Cye k2t Equation 5
where
ky = korrrrym + K oncs + K onrrym + Kq
2
k, = kofrrrym + K oncs + K onrrym — kq
2
¢, = k' oncs — koff,LTgér]r; — K onirym + kq
q
C, = K'oncs — koff,LT;g; — K onrrym — kq
a
kq

= \/kgff,LTym + klcz)n,CS + k,(Zm,LTym - 2koff,LTymk,on,RO + 2koff,LTymk,on,LTym + Zklon,ROk,on,LTym

where again primes indicate pseudo-first-order on-rates, e.g. k'opn1rym = Konrrym [LTYT].
When the lifetime of the aptamer-L-Tym complex is comparable to the time interval
between complementary-strand association events, this model predicts that the distribution of time
intervals between complementary-strand hybridization events will shift from a single-exponential
decay with no L-Tym in solution, to a double-exponential decay process at high L-Tym
concentrations. Histograms of time intervals between complementary-strand hybridization events
are generated by pooling the hybridization-event time-intervals measured at all active aptamer
molecules. Time intervals are represented as cumulative-survival histograms*® and are shown for
varying L-Tym concentrations in Figure 4A. With no L-Tym in solution, the time intervals

between complementary-strand hybridizations are fit well by a single-exponential distribution
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consistent with pseudo-first-order kinetics. At higher L-Tym concentrations, the curves deviate

significantly from single-exponential behavior, suggesting a long-lived aptamer-L-Tym complex.

The competitive kinetic model in Equation 5 was fit to histograms of event intervals for L-Tym

concentrations in the range of 0.5-15 uM, with sample data at 1, 3, and 9 pM L-Tym as shown in

Figure 4A (with a log-linear plot in Figure S8). L-Tym concentrations above this range exhibited

too few hybridization events to effectively sample the interval histogram. The best-fit parameters

for k' 5y 17ym and ko ff 17ym are plotted in Figures
4B and 4C for each L-Tym concentration. The
association rate increases linearly with L-Tym
concentration with a zero intercept and slope that
represents the association rate constant, Koy 17ym
= 1.2 £ 0.2 x 10* M'!s’!. The dissociation rate
shows no trend with concentration (least-squares
slope is not significantly different from zero), and
the L-Tym dissociation rate constant from the
average of all data points is k,frr 1 7ym= 0.045 +
0.006 s!. These rate constants predict a Ky ;7ym =
3.9 + 0.8 uM, which is indistinguishable from the
dissociation constant determined independently
from the equilibrium model (Equation 4) fit to the
results in Figure 3.
Investigating the “inactive” aptamer
population in a free-solution capture assay. As
~30% of the

aptamer molecules exhibit hybridization with the

discussed above, immobilized

complementary strand but no competitive

response to L-Tym. Similar behavior has been
observed in DNAzymes,* and other structure-
switching aptamer biosensors, including those for

ochratoxin®’

and dehydroisoandrosterone
3-sulfate®® where maximum signal is never

reached, even at saturating concentrations of
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Figure 4. Competitive-binding kinetics of between L-Tym
and the complementary strand at aptamer sites. (A)
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analyte. We cannot provide an explanation for the inactive population, but we have investigated
several hypotheses, as discussed in Supporting Information page S10. First, all aptamers were
purified by PAGE and HPLC, and the same inactive fraction was observed in independently
synthesized samples; this result suggests but does not prove that the inactive population is not due
to truncated, chemically modified, or non-deprotected aptamer oligonucleotides. It is possible that
this inactive population represents misfolded aptamers that have adopted a structure that is able to
hybridize with the complementary strand but is unable to bind to L-Tym. However, our attempt to
thermally denature and refold the aptamers in our microscopy flow cell while maintaining
individual molecule registration failed to induce interconversion of active and inactive aptamer
populations (Figure S9). More extreme temperature and denaturing agents might refold these
secondary structures, but we cannot study them in situ because these conditions would denature
the streptavidin-biotin interaction anchoring the aptamer to the surface. To determine if the
heterogeneity is induced by surface immobilization of the aptamer, we immobilized the
complementary strand, labeled the aptamer, and performed a competitive pulldown assay to
measure the complementary-strand affinity for aptamers in free solution and the dependence on
the L-Tym concentration (Figure S10). The results indicate that a similar 30% fraction of the
solution-phase aptamer population is insensitive to L-Tym, showing that this ‘inactive’ population

is not due to surface interactions perturbing the immobilized aptamer.

CONCLUSIONS

The behavior of the structure-switching L-tyrosinamide-binding aptamer investigated in
this work is consistent with an Sx1-like mechanism in which the complementary-strand-aptamer
duplex must spontaneously dissociate before the aptamer can bind its small-molecule target. The
association and dissociation kinetics of the unlabeled L-Tym target were determined based on how
their association with the aptamer altered hybridization-interval times of the labeled
complementary strand. The exchange kinetics are relatively slow, predicting a long-lived (20s) L-
Tym:aptamer complex, and are consistent with dissociation rates measured for L-Tym-binding
aptamers in free solution.*® By probing individual-immobilized aptamer molecules, we determine
that a significant (30%) fraction of aptamers have a complementary-strand hybridization response
that is insensitive to L-Tym. Other structure-switching aptamer reports have shown that the
maximum unquenched fluorescence intensity is not restored even at high concentrations of

4748

ligands, possibly due to similar fractions of inactive-aptamer molecules.
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Although we observe purely competitive Snx1-like behavior in this structure-switching
aptamer, the specific sequence of the complementary strand cab impact the binding mechanism,
which has implications for engineering biosensors.!” I Duplexed aptamers that operate under an
Sn2-like mechanism of target-mediated strand displacement will have lower “sensing”
dissociation constants (Ksens) since the target can displace the complementary strand rather than
waiting for duplexed aptamer to spontaneously dissociate.>!” Monserud et al.'” studied a duplexed
adenosine-binding aptamer using solution-phase FRET and found that the dissociation rate of the
fluorescently-labeled aptamer from an immobilized capture strand increased at high concentrations
of adenosine target only when the aptamer had a “toehold” region containing the active binding
site. The resulting structural change upon target binding to the toehold region induced faster
dissociation from the capture DNA. When the active site was hybridized with the capture strand,
no displacement was observed, indicating that the target was not able to invade the duplex. Munzar
et al.'” have also shown through competitive equilibrium assays using a duplexed ATP-binding
aptamer that the location of the “aptamer-complementary element” determines whether the system
exhibits an Sn1 or Sn2-type mechanism. It is likely that the complementary-strand sequence used
in this work encompasses the active-site of the aptamer, preventing concerted L-Tym binding and
strand displacement. Future single-molecule imaging experiments can address sequence-context
and strand-length dependence of Sx1-like versus Sn2-like mechanisms of aptamer kinetics.

It is also notable that the target-aptamer complex has a slow association rate constant ~10%
M-!s! which is ~10°-fold slower than a diffusion-controlled rate (~10° M!s™),* along with a slow
dissociation rate (lifetime ~20 s). This is consistent with other measurements of small-molecule
aptamer association rates, which range from 10 to 10° M s % 305! far below the diffusion-
controlled limit. The barrier to target-aptamer complex formation suggests that the target can only
associate with a subset of aptamer secondary-structure conformations. M-fold calculations®* do
not predict any stable secondary structures for the L-Tym aptamer sequence, and the sequence is
also not a candidate for G-quadruplex formation, suggesting that the aptamer may have to search
through a number of random configurations before finding the correct conformation for target
binding. Aptamers having more stable stem-loop structures, such as the quinine-binding aptamer,°
also exhibit inefficient target binding, suggesting a significant barrier to perturb their minimum-
energy structure to allow target binding. However, once the target is bound to the aptamer, its
configuration is stabilized by a large dissociation barrier, resulting in a slow dissociation rate. This

structural rearrangement may be important for the performance of structure-switching aptamers; a
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structure insufficiently stabilized by target binding will result in less change in complementary-
strand accessibility and stability, resulting in less capacity for target-induced signaling.

The methodology described in this work provides tools to investigate mechanisms of
aptamer duplex assembly and target binding, and can be used to study how target binding kinetics,
complementary-strand kinetics, and assay sensitivity are affected by the sequence of the
complementary strand. Importantly, our approach does not require labeled analytes, and thus in
principle can be applied to investigations of other aptamer-based sensors or to label-free
competition-based studies of ssDNA-binding proteins. These methods can inform the engineering
of structure-switching aptamer biosensors to maximize their performance and to provide

fundamental insights into molecular interactions with ssDNA.
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