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Characterization of DNA aptamer—protein binding
using fluorescence anisotropy assays in low-
volume, high-efficiency platesy

Simon D. Weaver® and Rebecca J. Whelan @ *?

Aptamers have many useful attributes including specific binding to molecular targets. After aptamers are
identified, their target binding must be characterized. Fluorescence anisotropy (FA) is one technique that
can be used to characterize affinity and to optimize aptamer—target interactions. Efforts to make FA
assays more efficient by reducing assay volume and time from mixing to measurement may save time
and resources by minimizing consumption of costly reagents. Here, we use thrombin and two thrombin-
binding aptamers as a model system to show that plate-based FA experiments can be performed in
volumes as low as 2 pL per well with 20 minute incubations with minimal loss in assay precision. We
demonstrate that the aptamer—thrombin interaction is best modelled with the Hill equation, indicating
cooperative binding. The miniaturization of this assay has implications in drug development, as well as in

rsc.li/methods

Introduction

Aptamers are short oligonucleotides with known sequence and
one or more functional properties, which can include binding,
cleavage, catalysis, and structure-switching.'* Originally iden-
tified as RNA ligands that possessed the ability to bind organic
dyes* or DNA polymerase,® these functional oligonucleotides
now include natural single-stranded (ss) DNA® as well as
modified RNA and DNA.”® The targets of aptamers, meanwhile,
span size and complexity scales ranging from small organic
molecules,®* through proteins**** to cells.”*™**

To the measurement scientist, the most compelling attribute
of aptamers is their ability to function as a tool for molecular
recognition complementary to antibodies.'® Aptamers have
been used as ligands in affinity-based separations;'” to capture
analytes onto surfaces prior to MALDI-mass spectrometry;'® and
in biosensors based on fluorometric,*?° colorimetric,*** and
electronic*?* signal transduction, among many other detection
modalities.*® Their sequence information can be shared as
a simple text string, enabling any researcher to produce an
identical reagent, unlike monoclonal and polyclonal anti-
bodies, for which no analogous universal transfer is possible.
Aptamers are most often identified through an in vitro evolution
process called SELEX (Systematic Evolution of Ligands by
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the efficiency of aptamer selection workflows by allowing for higher throughput aptamer analysis.

EXponential enrichment),” that converges a large randomized
population of input candidate molecules to a much smaller
population of functional oligonucleotides. Alternative methods
of aptamer selection have also been reported.>**”

At the conclusion of every aptamer selection process, it is
necessary (at a minimum) to determine the stoichiometry and
binding affinity between aptamers and their intended target, as
this information determines how analytical assays based on
aptamers are designed. Other analytical attributes that can be
determined include: selectivity of aptamers for the target of
interest over likely interferences; robustness of apparent affinity
in complex matrices (such as full-strength or diluted biofluids);
thermodynamic and kinetic binding parameters (AH, AS, AG,
kon, kot); limit of detection; limit of quantitation; and sensi-
tivity. If an aptamer is intended for use as the recognition
element in an affinity assay, it may need first to be characterized
in a wide range of conditions (pH, temperature, ionic strength,
presence of particular cations) that may influence binding in
the context of an assay. Finally, many aptamer researchers
perform truncation studies to identify the smallest functional
unit required for binding.”*?*° A simple version of a truncation
study is to characterize the binding of both full-length
aptamer—a random region plus primer-binding domains—
and random region alone. Initially identified sequences may be
varied via stochastic or rationally designed processes to
converge on deeper minima in the binding energy landscape.
The binding site can be identified through structural determi-
nation methods such as X-ray diffraction or systematic
sequence alteration.*' All such characterization experiments are
costly in their consumption of aptamer and target, suggesting
that efforts to miniaturize these assays would be of value.
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Fluorescence anisotropy (FA; also known as fluorescence
polarization, FP) assays have been used by researchers in the
aptamer community to characterize aptamer-target binding
since the early 1990s' and remain one of the most frequently
used methods for this purpose.®**® FA assays use plane-
polarized light to excite a fluorophore; the extent of depolar-
ization of emitted fluorescence resulting from rotational diffu-
sion is monitored. In the unbound state, fluorescently labelled
aptamer undergoes rapid rotational diffusion and emits fluo-
rescence that is depolarized (low anisotropy). Provided that the
target is of sufficiently large molecular volume, aptamer-target
binding forms a complex with slower rotational diffusion and
emits fluorescence that is more polarized (high anisotropy).
Typically, the concentration of a fluorescently labelled aptamer
is held constant while concentration of target is systematically
increased.** Plots of anisotropy change vs. target concentration
can be fit with an appropriate binding model to extract
parameters such as equilibrium binding affinity and stoichi-
ometry.>»* Advantages of FA for aptamer characterization
include compatibility with direct (rather than competitive)
assays, avoiding the need for fluorescently labelled target, and
the fact that detection occurs in free solution, without the need
to separate bound aptamers from free.

In addition to their use in characterizing aptamers, FA assays
support research in drug discovery.*® Researchers from Amer-
sham Biosciences UK reported an assay using 384- and 1536-
well plates in which Cy-Dye labelled peptide and non-peptide
ligands were used to probe two important G-protein-coupled
receptors.’” A miniaturized FA assay to screen small molecule
libraries of potentially novel RNA-protein interactions has been
reported.”® In a displacement-based assay, Famulok and co-
workers used fluorescently labelled guanosine exchange factor
(GEF)-binding aptamers to screen for antagonists of the cyto-
hesin class of GEFs.** In all these cases, miniaturization
reduced the consumption of costly reagents without harming
assay performance. Miniaturization of aptamer-based FA assays
may benefit ongoing efforts to identify new drug targets and
aptamer-based therapeutics.*®*' A complementary application
of miniaturized FA is for assays in which aptamers replace
antibodies, such as in vaccine potency screening, as has been
reported by researchers at Merck.*?

Using high-efficiency (HE) 384-well plates, we find that the
volume of a FA-aptamer assay can be reduced to 2 pL with
minimal degradation of analytical performance compared to
assays conducted in larger volumes. This small volume
requirement enables improved efficiency over previously pub-
lished work, in which assays were performed in quartz cuvettes
in serial fashion®™® or in regular format 96- or 384-well
plates.*”™*° Further, we report that the time of the assay—when
using thrombin and two thrombin-binding aptamers®*® as
a model system—can be easily be reduced from 60 minutes to
20 minutes from mixing to measuring, which also supports
assay efficiency. Finally, for the thrombin-binding 29mer ssDNA
aptamer and assay volumes ranging from 2 pL to 60 pL, binding
data are well-modelled by the Hill equation with Hill coeffi-
cients > 1, indicating positive cooperativity. A single-site
binding model fits the binding data less well, with higher

2 | Anal. Methods, 2021, xx, 1-6

Technical Note

percent relative standard error (%RSE) across all sample
volumes and incubation times tested. In volumes larger than 10
uL, the Hill equation also better describes the binding of
thrombin to the 15mer aptamer. Using the Hill equation to
model binding in the thrombin-aptamer system is not standard
practice, but it is suggested as correct by this work, as well as
previous reports by us*® and others.*>*

Experimental
Materials and reagents

Two thrombin-binding aptamers were obtained from Integrated
DNA Technologies (Coralville, IA). The sequence of the 15mer
was 5-GGT TGG TGT GGT TGG-3'. The sequence of the 29mer
was 5'-AGT CCG TGG TAG GGC AGG TTG GGG TGA CT-3'. Both
aptamers were 5’ labelled with Texas Red, HPLC purified, and
provided as the lyophilized solid. Aptamers were reconstituted
to 100 uM in TE buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0). TG
buffer (192 mM Tris, 25 mM glycine) and KH,PO, were
purchased from VWR. TGK buffer was prepared by adding
KH,PO, to TG buffer to a final potassium ion concentration of
5 mM. Lyophilized thrombin from human plasma was
purchased from Sigma and reconstituted to 1000 U mL™" in
a solution of 1 mg mL ™" bovine serum albumin (BSA) in MilliQ
pure water. Low volume (=20 pL) assays were performed in high
efficiency 96- or 384-well black microplates (Molecular Devices).
For volumes greater than 20 pL, flat-bottomed black 384-well
plates from Greiner Bio-one were used.

Fluorescence anisotropy assays

Fluorescence anisotropy assays were performed with excitation
at 585 nm, emission at 635 nm, and a cut-off at 610 nm in
a SpectraMax M5 plate reader (Molecular Devices). 2.5 uM
aptamer stock solutions were prepared in TE buffer. These
aptamer solutions were diluted to 455 nM in TGK, heated to
95 °C for 3 minutes, and then cooled and held at 4 °C. Final
sample solutions were prepared in TGK and contained 0.2 mg
mL™' BSA, 75 nM aptamer, and varied concentrations of
thrombin (0-1070 nM).

Samples were loaded in triplicate for each different test
volume into multi-well plates, with TGK as a reference blank.
Each well was read 3 times for a total of 9 reads per sample.
Volumes assayed were 2, 5, 10, 18, and 60 pL per well. Plates
were covered with an optical adhesive cover (Applied Bio-
systems), incubated in the dark at 25 °C, and read after 20, 40,
and 60 minutes. Prior to incubation, plates were spun at 50g for
2 minutes to ensure even coverage of the bottom of each well.
Adhesive covers were removed before each measurement. The
described method was repeated using the 29mer with 1 and 0.5
uL per well to establish the lower volume limit of the technique.

Data analysis

Binding data were fit with a Hill equation or with a single-site
binding isotherm using non-linear least squares regression in
R (nls function in the stats package of base R).*> Curves were
generated from mean values per sample. Standard error (SE)
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and root-mean-squared error (RMSE) due to the regression were
calculated by the nls function® for the constant values (Ky, Ky,
and n). Briefly: SE is the standard deviation divided by the
square root of n, and RMSE is the square root of the mean of the
square of all the error (used as a parameter of goodness-of-fit).
Percent relative standard error (%RSE) is calculated by dividing
the standard error by the mean. Well-to-well variability was low,
with all %RSE values of anisotropy among wells of the same
volume and concentrations = 5%.

Results and discussion
Decreasing volume and time in standard 384-well plates

Our research group routinely conducts FA assays to characterize
binding between aptamers and protein targets.*****” In assays
of this type, the target is typically expensive, available in limited
amounts, or otherwise precious. The aptamer, meanwhile, is
fluorescently labelled and purified by HPLC; both these modi-
fications add to the aptamers' cost. Standard-format 96- and
384-well plates typically require the consumption of 10-100 uL
of sample per well. Conducting an appropriately thorough
characterization is therefore costly in time and resources. We
were motivated to improve the efficiency of aptamer-based FA
assays by reducing assay volume and decreasing the time from
mixing to measurement. Beginning from a set of conditions
that we have used successfully in 96- and 384-well flat-bottom
plates (60 pL per well; 60 min incubation), we reduced the
volume and the time between sample preparation and
measurement in these plates, using thrombin and the
thrombin-binding 29mer as a model system. Binding data were
fit with the Hill equation (eqn (1)).

_ Buu[PI'
o= KT W

For volumes of 60 pL per well and incubation times of 60, 40,
and 20 min, calculated K, values (in nM) were 45 + 3, 46 + 2,
and 46 + 2, respectively (Fig. S11). When volume was reduced to
20 uL per well, with 60 min incubation, K, was found to be 56 +
4 nM (data not shown). From these data we conclude that the
incubation time can be decreased to 20 min without change of
apparent binding affinity in this model system. The reduction
in volume in a standard format 384-well plate resulted in a value
in reasonable agreement with higher volumes. Note that the
Hill equation returns K, as a metric of binding, and n, the Hill
coefficient. K, represents the concentration of protein at half-
maximal binding, and n reports on cooperativity. When n = 1,
the Hill equation collapses to the single-site binding square
hyperbola, and K, = Ky. Standard error for binding metric
values were calculated by the nonlinear regression.

Decreasing incubation time in HE 96-well plates

We conducted binding assays using thrombin and the 29mer
aptamer in high-efficiency 96-well plates, at a volume of 45 uL
per well. For incubation times of 60, 40, and 20 min, calculated
K, values (in nM) were 49 + 2, 45 £ 2, and 45 =+ 2, respectively

This journal is © The Royal Society of Chemistry 2021
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(Fig. S2t). The good agreement of these values indicates that the
incubation time for this assay in HE 96-well plates can be
decreased to 20 min without change to the determined affinity.
We also observe that the conical shape of the wells in HE plates
is compatible with aptamer FA assays.

Decreasing volume in HE 384-well plates

We sought to determine the smallest sample volume that could
reliably characterize aptamer-target binding in HE 384-well
plates. Using thrombin and the 29mer and 15mer aptamers in
separate experiments, we collected binding isotherms in solutions
ranging from a minimum of 2 puL to a maximum of 20 pL. All
samples were incubated for 20 min before measurement. Repre-
sentative overlaid binding isotherms are presented in Fig. 1 and 2
(for the 29mer and 15mer, respectively) and show that measured
affinity is essentially indistinguishable over this volume range,
suggesting that a 30-fold reduction in assay volume from our
standard conditions is possible. The resulting data including
additional evaluations of each volume at 40 and 60 min are also
tabulated in Table 1 and reflect a modest decrease in assay
precision at the lowest sample volumes as reflected in increased
standard error. We find K, values that are in good agreement with
previous reports.* When the volume per well was decreased to 1
uL, the loss in precision was dramatic when compared to the
other volumes assayed (Fig. S31), indicating that the practical
limit for these FA assays is 2 pL per well. 0.5 pL per well produced
plots that did not resemble binding isotherms (data not shown).

Aptamer-thrombin binding is correctly modelled by the Hill
equation with cooperativity > 1

The interaction of thrombin to its 15mer and 29mer aptamers is
often fit using a simple 1 : 1 binding model. We and others have
previously suggested that the interaction is more appropriately
modelled using the Hill equation, which accounts for cooperative
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Fig.1 29mer and thrombin binding curves after 20 minute incubation
at varied volume per well in HE 384-well plates. 2 pL: red squares,
solid; 5 pL: blue circles, dashed; 10 pL: yellow triangles, dot/dash; 18
pL: green diamond, dotted. Error bars are standard error of replicate
measurements (n = 9). Each curve fit with the Hill equation. Inset
shows low concentration range. Ar is change in anisotropy.
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Fig.2 15mer and thrombin binding curves after 20 minute incubation
at varied volume per well in HE 384-well plates. 2 plL: red squares,
solid; 5 uL: blue circles, dashed; 10 plL: yellow triangles, dot/dash; 18
pL: green diamond, dotted. Error bars are standard error of replicate
measurements (n = 9). Each curve fit with the Hill equation. Inset
shows low concentration range. Ar is change in anisotropy.

Table 1 Affinity of thrombin—aptamer binding determined from FA
assays in various sample volumes and incubation times. Data were fit
using egn (1). All assays performed in HE 384 well plates. Standard error
for the binding metric (Ka) was calculated from the nonlinear
regression

Volume per well K, (nM), K, (nM),
(uL) Incubation time (minutes)  15mer 29mer
18 20 22+ 2 48 + 2
18 40 21+1 46 £ 2
18 60 19+1 47 £ 2
10 20 21+1 48 £ 2
10 40 22 +1 51+3
10 60 19+ 2 49 +£3
5 20 20 £2 45 + 4
5 40 18+ 1 46 £3
5 60 15+1 45 £ 3
2 20 19+ 2 56 £ 5
2 40 17 £ 2 61+7
2 60 16 £ 2 63 £ 6

binding.*** As stated earlier, cooperative binding is indicated by
values of the Hill coefficient (n) > 1 (see Table S17 for calculated n
values). Binding curves collected on small volumes in high-
efficiency plates display positive cooperativity. Evidence substan-
tiating this claim is found in Fig. 3 and 4. Fig. 3 shows a repre-
sentative thrombin and 29mer binding curve, fit with both the
square hyperbola equation (blue, dashed) and the Hill equation
(red, solid). Visual inspection suggests that the Hill equation is the
better fit. Fig. S41 shows the same plot for the 15mer.
Quantitative comparison of the two binding models is shown
in Fig. 4, in which percent relative standard error (%RSE) for the
values of K, (from the Hill equation) and K4 (from the square
hyperbola) are shown. The Hill equation provides a better fit to
the measured binding data. A similar trend is observed for the
15mer aptamer in volumes greater than 10 pL (Fig. S51) and
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Fig. 3 29mer and thrombin binding curve, 10 uL per well, 20 minute
incubation, fit with the Hill equation (red, solid) and Square Hyperbola
Equation (blue, dashed). Assay performed in HE 384-well plate. Error
bars are standard error of replicate measurements (n = 9). Inset shows
low concentration range. Ar is change in anisotropy.
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Fig.4 29mer aptamer and thrombin binding assays. Comparison of fit
quality for Hill equation and Square Hyperbola Equation by percent
relative standard error (%RSE) values of Ky and Ky respectively. Hill
equation fit (Ka) — red; Square Hyperbola Equation fit (Ky) — light blue.
%RSE calculated during nonlinear regression. Labels are volume per
well and incubation time. For volumes less than 20 plL, assays per-
formed in HE 384 well plates. For volumes greater than 20 pL, assays
performed in normal 384 well plates.

when root-mean-squared error (RMSE) is used as the metric of
binding quality (Fig. S6 and S77). We have previously noted that
the cooperative binding of the 15mer is less obvious than that of
the 29mer.*® At volumes = 10 pL we hypothesize that the slight
loss in precision due to lower volumes means that the model is
no longer able to differentiate cooperative from non-cooperative
binding in the 15mer system.

Conclusions

The low-volume FA aptamer assay demonstrated here may find
many useful applications. It will expand the ability of aptamer

This journal is © The Royal Society of Chemistry 2021

10

20

30

40

o
921



10

[\"]
[9)]

w
vl

40

w1
3]

Technical Note

researchers to screen more aptamer candidates at the conclu-
sion of a SELEX experiment, leading to higher success rates of
selection processes. Although the assays reported here were
performed manually, they could readily be automated with
a liquid-handling robot, enabling rapid screening of many
aptamer candidates and modified (e.g. truncated) variants.
Binding in diverse sample matrices (e.g. biofluids) could be
screened in an automated fashion. Function, such as thera-
peutic activity, could be screened with greater efficiency, saving
time and resources. Efforts to automate this assay in 384- and
1536-well plates are ongoing. Furthermore, the assay as
demonstrated here requires minimal expertise and could be
immediately used by others in academic or industrial research
settings. Finally, we emphasize the importance of correctly
modelling aptamer-target binding data. The simplest binding
model (1 : 1 stoichiometry) is not appropriate for all aptamer-
target systems, including the widely used thrombin model
system.
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