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Abstract

Nucleic acid aptamers have a number of advantages compared to antibodies, including greater ease
of production and increased thermal stability. We hypothesized that aptamers may also be capable
of functioning in the presence of high concentrations of surfactants, which readily denature
antibodies and other protein-based affinity reagents. Here we report the first systematic
investigation into the compatibility of DNA aptamers with surfactants. We find that neutral and
anionic surfactants have only a minor impact on the ability of aptamers to fold and bind
hydrophilic target molecules. Additionally, we demonstrate that surfactants can be utilized to
modulate the substrate binding preferences of aptamers, likely due to the sequestration of
hydrophobic target molecules within micelles. The compatibility of aptamers with commonly used
surfactants is anticipated to expand their scope of potential applications, and the ability to
modulate the substrate binding preferences of aptamers using a simple additive provides a novel
route to increasing their selectivity in analytical applications.

Graphical abstract
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Introduction

Nucleic acid aptamers'2 hold significant promise for replacing antibodies in analytical
applications, as aptamers are capable of binding to a wide variety of small-molecule and
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protein targets.#~8 The most commonly cited benefits of aptamers relative to antibodies
include their ability to retain function after thermal denaturation and the fact that they are
chemically synthesized, which reduces both cost and batch-to-batch variation.8:° We were
curious as to whether aptamers might also have the advantage of functioning in the presence
of chemical denaturants such as surfactants, but we found no reports in the literature
exploring this intriguing question. Antibodies and other proteins are readily denatured by
surfactants, as the hydrophobic portion of the surfactant can interact with hydrophobic
surfaces on the protein, reducing the enthalpic cost of protein unfolding in an aqueous
medium.19 However, unlike proteins, nucleic acids do not possess large surfaces composed
of aliphatic side chains, and thus we hypothesized that they would be less likely to be
disrupted by surfactants.

In addition to exploring the ability of aptamers to function in the presence of surfactants, we
envisioned that the surfactants could provide a unique dimension of control over the
substrate binding preferences of aptamers. At low concentrations, amphiphilic surfactant
molecules are dispersed in solution and form a monolayer at the air—water interface.
However, at concentrations above the critical micelle concentration (CMC) of the surfactant,
self-assembly occurs to form micelles.}! These spherical or ellipsoidal structures possess a
hydrophobic core that is capable of sequestering nonpolar molecules. As a result, surfactants
are commonly used for applications such as purification and reaction catalysis.12:13 In the
context of aptamer-target binding, we hypothesized that analytes would show variable
partitioning into the micelle core depending upon their hydrophobicity, effectively
increasing the selectivity of aptamers toward hydrophilic analytes. Substrate binding
selectivity is critical to many applications of aptamers, and previous studies have explored
approaches to modulating selectivity through sequence mutation, the incorporation of
unnatural bases, or the addition of hydrophobic groups near the binding pocket of the
aptamer.14-17 Due to the nature of these chemical modifications, they typically increase the
binding affinity for hydrophobic targets. Thus, the use of surfactants offers a complementary
approach to modulating the substrate binding selectivity of aptamers.

To explore the effect of surfactants on aptamer function and substrate binding preference, we
used a series of structure-switching DNA aptamer biosensors previously reported by
Stojanovic and co-workers that bind to steroid targets (Figure 1).18 Each structure-switching
biosensor is composed of an aptamer and a short complementary strand, which are
functionalized with a fluorophore and quencher, respectively. In the absence of the target
molecule, the complementary strand binds to the aptamer and fluorescence is quenched.
However, in the presence of a target that binds to the aptamer, the complementary strand is
displaced, resulting in a dose-dependent increase in fluorescence signal. Here we show that
the aptamers maintain their secondary structure and substrate binding capability in the
presence of neutral and anionic surfactants and that the presence of surfactant can be used to
modulate the substrate binding preference to favor more hydrophilic ligands. The
demonstrated ability of aptamers to function in the presence of surfactants is anticipated to
expand their scope of potential applications. Additionally, the ability to modulate the
substrate binding preferences of aptamers using a simple additive provides a novel route to
increasing their selectivity in analytical applications.

Langmuir. Author manuscript; available in PMC 2017 December 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Peterson et al.

Page 3

Experimental Section

General

All DNA was purchased from the University of Utah DNA/Peptide Synthesis Core Facility,
where it was synthesized using phosphoramidites and CPG cartridges from Glen Research.
All other materials were purchased from commercial suppliers and used without further
purification. Absorbance and fluorescence measurements were recorded using a Biotek
Synergy Mx microplate reader.

Preparation of Stock Solutions

All samples were prepared in a buffer containing 20 mM Tris and 150 mM NaCl at pH 7.4.
This salt concentration was chosen to avoid SDS precipitation. The aptamer and
complementary strand were annealed by incubating at 90 °C for 5 min, followed by rapid
cooling. The following DNA concentrations were used for each biosensor: DIS, 1 xM
aptamer and 2 /M displacement strand; BE, 0.15 £M aptamer and 0.30 ¢M displacement
strand; DCA, 1 uM aptamer and 2 M displacement strand. DNA structure-switching
biosensors rely on competing equilibria to bind the aptamer to the displacement strand or the
target. Thus, the DNA concentration impacts the response of the sensor to the target ligand.
The DNA concentrations used in our experiments were chosen empirically to maximize the
signal-to-background ratio.

Stock solutions of surfactants were prepared by dissolving sodium dodecyl sulfate (SDS),
cetyltrimethylammonium bromide (CTAB), 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS), Triton X-100, or Tween 20 in Tris buffer at 5 or 10% (w/ v).
Ligand solutions were prepared by dissolving each steroid in DMSO (DCA, BE, DIS) or 2:1
CHCI3/DMSO (DOA) at 500 mM and then performing a 3-fold dilution series in DMSO to
maintain the concentration of organic solvent in all samples constant at 2%.

Fluorescence Measurements

For initial testing of the surfactant scope, solutions were prepared having 0 or 1% (w/v)
surfactant. To monitor the effects of increasing SDS, solutions were prepared having 0, 0.01,
1, or 4% SDS. The DNA stock solution and surfactant were combined in Tris buffer and
allowed to equilibrate for 5 min. The ligand was then added, and the solutions were
incubated for 20 min at 25 °C. Fluorescence measurements were then acquired with Agy =
495 nm and Ay =525 nm at 25.0 + 0.2 °C. The percent displacement (% D) for each
biosensor was calculated using eq 1

F—F,

D=(—"9
% <Fm_FO

> x 100

in which Fis the measured fluorescence, fy is the fluorescence of the biosensor in the
absence of ligand, and Ay, is the fluorescence of the aptamer alonel®.
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Circular Dichroism (CD) Analysis

CD spectra were acquired using a Jasco J815 CD spectrometer. The CD spectra were
collected using unlabeled aptamers (10 4#M) prepared in Tris buffer containing 0, 0.01, 1, or
4% SDS. As a positive control for denaturation, we also acquired CD spectra for each
aptamer in Tris buffer with 8 M urea. Following heating and cooling, the aptamer strands
were incubated at 25 °C for 2 h. All CD spectra were recorded at 23 °C, scanning from 220
to 320 at 100 nm/min (cell path length = 2.00 mm). Final spectra are an average of six scans.

Results and Discussion

Choice of Aptamer Sequences

To investigate the effect of surfactants on aptamer—Iligand recognition, we realized that it
was necessary to use aptamers that bind to small-molecule, rather than protein, targets. This
is because nearly all protein-binding aptamers have been selected to recognize folded
proteins, and thus even if the aptamer retained its structure and function, the addition of
surfactant would compromise the protein target in such a way as to preclude binding. We
also strategically sought to utilize aptamers that had been reported in a structure-switching
biosensor format,20 as this enables convenient fluorescence-based monitoring of target
binding. Thus, we chose three aptamer biosensors previously reported by Stojanovic and co-
workers that bind to small-molecule steroid targets18, These aptamers were selected using
steroid targets DCA, DIS, and BE (Figure 1b) and were intentionally selected to have a
broad substrate scope, with each aptamer sequence having an affinity for multiple steroid
targets.

Exploring the Effect of Surfactant Type

We chose the DIS aptamer as a model to survey the effect of varying surfactant types on
substrate binding. Using five common surfactants that represent all four ionic states
including cationic, anionic, nonionic, and zwitterionic, we measured the fluorescence
response of the aptamer biosensor to DIS in the presence of 1% (w/v) of each surfactant.
This concentration is above the CMC for each of the surfactants,! ensuring the formation of
micelles. We were very encouraged to observe that in the presence of SDS, Tween 20, or
Triton X-100, the biosensor shows only a slightly attenuated response compared to its
behavior in pure buffer (Figure 2). However, the biosensor shows no detectible response in
the presence of positively charged CTAB, and in zwitterionic CHAPS, the biosensor begins
to show a response only at the highest DIS concentrations. This is not surprising, as
surfactants having a positively charged functional group are more likely to interact with the
negatively charged DNA backbone. In fact, a 2% CTAB solution is often used for DNA
precipitation.? We decided to utilize SDS for all further studies as the biosensor performed
well in this surfactant and SDS is frequently used for protein denaturation.

Structural Analysis Using CD Spectroscopy

The ability of the DIS aptamer to bind its target molecule in the presence of 1% SDS
suggests that this concentration of surfactant does not significantly disrupt DNA folding. To
validate this idea and explore the tolerance of DNA folding to increased concentrations of
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SDS, we acquired CD spectra for each of the three aptamers in the presence of 0, 0.01, 1,
and 4% SDS. These SDS concentrations were chosen as they allow a comparison of DNA
secondary structure at SDS concentrations below (0 and 0.01%) and above (1 and 4%) the
CMC. As a positive control to ensure that a change in the CD spectrum would be observed
upon DNA unfolding, we also acquired spectra for each aptamer in the presence of 8 M
urea, which is well established to denature DNA secondary structure.??

As shown in Figure 3, the CD spectra for each aptamer remain constant as the SDS
concentration is increased from 0 to 4% However, in the presence of 8 M urea, the CD signal
undergoes a noticeable bathochromic shift and a slight decrease in intensity. Together, these
data suggest that the aptamers are able to maintain their secondary structure in the presence
of up to 4% SDS, which is impressive given that this concentration of SDS leads to the
denaturation of most proteins.1% Additionally, we were encouraged by these results in which
all three aptamers were likely to maintain their target-binding ability in the presence of up to
4% SDS.

Modulating Target Selectivity

To test our hypothesis that surfactant could be used to increase the selectivity for hydrophilic
ligands, we investigated the response of the DIS aptamer to both DIS and the more
hydrophobic steroid, DOA (Table S1), in the presence of increasing concentrations of SDS
(Figure 4). In buffer and 0.01% SDS, we observed that DOA binds to the DIS biosensor with
a slightly higher affinity than the DIS ligand. In both of these solutions, the fluorescence
signal from DOA unexpectedly decreases at high ligand concentrations, possibly due to
aggregation of the hydrophobic steroid. Upon increasing the SDS concentration to 1 or 4%
we were excited to observe that the biosensor shows no response to even millimolar
concentrations of DOA but shows only a slightly attenuated binding to DIS. This switch in
substrate binding preference presumably results from the sequestration of the hydrophobic
DOA in the micelles, whereas the hydrophilic DIS remains solvated by the aqueous phase.

We also investigated the impact of increasing SDS concentration on the substrate specificity
of the DCA and BE biosensors. As shown in Figure 5a—d, the DCA biosensor binds DCA
with a slightly higher affinity than it does DIS in buffer or 0.01% SDS. However, in the
presence of micelles at 1 or 4% SDS, the binding to DCA is dramatically attenuated,
switching the preferred ligand to DIS. We were initially surprised to observe such a dramatic
reduction in DCA binding in the presence of micelles as DCA has a charged carboxylate
functional group and thus would be expected to have some ability to remain solvated by the
aqueous phase. However, DCA does possess an additional aliphatic chain relative to DIS,
and the sulfate group of DIS contains a greater number of polar heteroatoms than the
carboxylate of DCA. Thus, it is reasonable that the micelles sequester DCA while leaving
DIS free in solution.

In the case of the BE biosensor, the effect of SDS on substrate selectivity proved to be
slightly more complex. At SDS concentrations below the CMC, the biosensor strongly
favors BE, showing the highest affinity binding of all of the aptamer—ligand pairs (Figure
6a,b). Above the CMC, the biosensor shows nearly equal binding to both DIS and BE
(Figure 6c,d). Increasing the concentration of SDS from 1 to 4% shows no appreciable effect

Langmuir. Author manuscript; available in PMC 2017 December 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Peterson et al. Page 6

on the binding, which is somewhat surprising as we expected that BE would be strongly
sequestered within the micelles due to its hydrophobicity. However, BE has been shown to
bind to its cognate aptamer with a much higher affinity than any of the other aptamer—ligand
pairs,18 and the exchange of hydrophobic ligands between micelles is known to be a
dynamic process.23 Thus, we hypothesize that the anomalous behavior observed for BE
reflects the ability of the aptamer to effectively compete with the micelles for binding to the
BE that is transiently available in the solution. However, despite some unexpected results,
we found that for each of the three biosensors, surfactant can be used to increase the relative
affinity for hydrophilic over hydrophobic substrates.

Conclusions

Here we provide the first evidence that DNA aptamers can retain their secondary structure
and substrate binding capability in the presence of up to 4% surfactant. We find that anionic
and nonionic surfactants are well-tolerated, whereas cationic and zwitterionic surfactants do
compromise substrate binding, likely because the positively charged functional groups on
the surfactant interact with the negatively charged backbone of the DNA. However, SDS and
Triton X-100 are among the most commonly used surfactants in biochemical applications,
and SDS in particular is known to readily denature antibody reagents.24 Thus, the ability of
aptamers to maintain their function in the presence of both of these surfactants provides an
additional competitive advantage relative to antibodies and is likely to significantly increase
the scope of analytical applications for which aptamers can be employed.

We also investigated the hypothesis that surfactant micelles could be used to modulate the
substrate binding preferences of aptamers by selectively encapsulating more hydrophobic
ligands. For all three aptamers tested, we observe that the presence of SDS at concentrations
above the CMC greatly diminishes or completely eliminates the biosensor response to the
more hydrophobic substrate. However, the biosensor response to the hydrophilic substrate is
only slightly attenuated. Thus, the studies reported here establish surfactant addition as a
novel, facile, and effective method for increasing the substrate selectivity of DNA aptamers.
We anticipate that this will enable the use of aptamers having nonideal substrate selectivity
for analytical applications where minimizing cross-reactivity is of critical importance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HO"

deoxycholic acid sodium salt (DCA) deoxycorticosterone acetate (DOA)

B-estradiol (BE) dehydroisoandrosterone 3-sulfate
sodium salt (DIS)

Figure 1.
(a) Structure-switching biosensors provide a dose-dependent fluorescence response to target

analytes. (b) Chemical structures of steroid targets.
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Response of the DIS biosensor to increasing concentrations of DIS ligand in the presence of
1% of various commonly used surfactants. The error bars represent the standard deviation of

three independent trials.
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CD spectra for the (a) DIS, (b) BE, and (c) DCA aptamers in the presence of 0, 0.01, 1, and

4% SDS or 8 M urea.
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three independent trials.
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Table 1
Sequences of DNA Aptamers (A) and Complementary Strands (CS)?

name sequence (5”-3")

BE-A FAM-CTCTCGGGACGACATGGATTTTCCATCAACGAAGTGCGTCCGTCCCG
BE-CS GTCGTCCCGAGAG-BHQ1

DCA-A FAM-CTCTCTCGGGACGCTGGGTTTTCCCAGGACGAAGTCCGTCCCGA
DCA-CS CGTCCCGAGAGA-BHQ1

DIS-A FAM-CTGCTCTCGGGACGTGGATTTTCCGCATACGAAGTTGTCCCGAG
DIS-CS  GTCCCGAGAGCA-BHQ1

aFAM = fluorescein; BHQ1 = black hole quencher 1.
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