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ABSTRACT
Functional nucleic acids, including aptamers and deoxyribozymes, have become important in a variety of
applications, particularly sensors. Aptamers are useful for recognition because of their ability to bind to targets with high selectivity and affinity. They can also be paired with deoxyribozymes to form signaling aptazymes. These aptamers and aptazymes have the potential to significantly improve the detection of small
molecule pollutants, such as herbicides, in the environment. One challenge when developing aptazymes is
that aptamer selection conditions can vary greatly from optimal deoxyribozyme reaction conditions. Aptamer
selections commonly mimic physiological conditions, while deoxyribozyme selections are conducted under a
wider range of divalent metal ion conditions. Isolating aptamers under conditions that match deoxyribozyme
reaction conditions should ease the development of aptazymes and facilitate the activities of both the binding and catalytic components. Therefore, we conducted in vitro selections under different divalent metal ion
conditions to identify DNA aptamers for the herbicides atrazine and alachlor. Conditions were chosen based
on optimal reaction conditions for commonly-used deoxyribozymes. Each set of conditions yielded aptamers
that were unrelated to aptamers identified under other selection conditions. No particular set of conditions
stood out as being optimal from initial binding analysis. The best aptamers bound their target with highmicromolar to low-millimolar affinity, similar to the concentrations used during the selection procedures, as
well as regulatory guidelines. Our results demonstrate that different metal ion concentrations can achieve
the common goal of binding to a particular target, while providing aptamers that function under alternate
conditions.
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INTRODUCTION
Herbicides are useful for increasing agricultural productivity and preventing devastating crop diseases, but can have
serious health and environmental consequences that are
still being investigated (Lebov et al, 2016; Wan and Lin,
2016; Kim et al, 2017; Stayner et al, 2017). The ability to
assess human health risks by monitoring small-molecule
pollutants on-site is important. Functional nucleic acids
(FNAs), such as aptamers and deoxyribozymes, can be useful components for small molecule sensors that do not

require extensive sample preparation or expensive equipment (Akki and Werth, 2018; Zhang et al, 2018). Aptamers
have become important recognition elements because of
their ability to bind targets with high affinity and specificity, so we sought to identify aptamers for two commonly
used herbicides, alachlor and atrazine, that could be joined
with deoxyribozymes to form aptazymes for sensor development (McManus et al, 2012; Zhou et al, 2015). While
DNA aptamers for atrazine have previously been reported
(Williams et al, 2014; Abraham et al, 2018), we are unaware of any reported aptamers for alachlor.
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Since the introduction of in vitro selection (Ellington and
Szostak, 1990) and SELEX (Tuerk and Gold, 1990) more than
25 years ago, FNAs have been identified under a variety of
reaction conditions. It is often underappreciated that the
reaction conditions used to identify an aptamer can vary
greatly from the reaction conditions necessary for optimal
deoxyribozyme activity. Aptamers are commonly selected
under near physiological conditions, including low concentrations of divalent metal ions (Huizenga and Szostak,
1995; Mann et al, 2005; Niazi et al, 2008; Sabah et al, 2018;
Sadeghi et al, 2018). While some RNA-cleaving deoxyribozymes can function under these conditions (Santoro
and Joyce, 1997; Bonaccio et al, 2004), many other deoxyribozymes use higher metal ion concentrations (Purtha
et al, 2005; Zelin et al, 2006; Behera et al, 2013). These
differences in reaction conditions can present challenges
when developing aptazymes. For example, we previously
converted the RNA-ligating deoxyribozyme 10DM24 into an
ATP aptazyme and found the assays had to be conducted
under conditions optimal for the deoxyribozyme, as studies
under the aptamer conditions led to no activity (Alila and
Baum, 2011). While the aptazymes were responsive to ATP,
we observed Kd values higher than previous reports (Alila
and Baum, 2011), which was likely a result of sub-optimal
aptamer binding conditions.

1mM target herbicide in 10%(v/v) ethanol. The percent of
labeled oligo eluted was determined as described for selection (Supporting Information).
Concentration-dependent binding assays
Candidate aptamers were fluorescently labeled as previously described (Baum and Silverman, 2007) and outlined
in Supporting Information. Using functionalized DNA-Bind
Surface plates (Supporting Information), 20pmol of labeled
aptamer was annealed and aliquoted into the wells to base
pair to the immobilized capture oligo. Uncaptured aptamer
was collected for quantification. Varying concentrations
of target herbicide in the appropriate binding buffer was
added to each well and allowed to incubate with the captured aptamers for 15min. Aptamer sequences interacting
with the herbicide dissociate from the capture oligo on the
plate surface and are eluted in the supernatant. Fluorescence measurements were taken of both the target-bound
and unbound populations using a FlexStation 3 MultiMode Microplate Reader (Molecular Devices, Sunnyvale,
CA). To account for differences in fluorescence between
the free and target-bound states, raw data was corrected
as outlined by Samokhvalov et. al. based on a calculated
correction factor, Q, to provide the fraction target-bound,
Fbound (Lackowicz, 2006; Samokhvalov et al, 2018). Fbound was
plotted as a function of increasing herbicide concentration.
When possible, the data was fit to the equation A = A0 +
(Amax*Bn/Kdn+Bn) where A is fluorescence, A0 is minimum
fluorescence, Amax is maximum fluorescence, B is the concentration of herbicide, Kd is the binding constant, and n is
the Hill coefficient.

With these observations in mind, we set out to identify
herbicide aptamers under conditions more amenable to
deoxyribozyme activity. Specifically, we focused on different concentrations of divalent metal ion known to support
deoxyribozyme activity. By testing three different conditions while targeting the same molecules, we can begin to
investigate the effect of divalent metal ion concentrations RESULTS AND DISCUSSION
on aptamer selections.
Three different binding conditions were selected for
MATERIALS AND METHODS
aptamer selection. The high metal concentration selections
(designated BC and BE) used concentrations of Mg2+ and
Details concerning oligonucleotides and reagents used in Mn2+ that are known to support several ligating deoxyrithese experiments are provided in Supporting Information. bozymes we have previously studied, including 10DM24
(Zelin et al, 2006). The cleaving condition selections (BL and
In vitro selections
BN) used 10mM each of Mg2+ and Mn2+, which are known
All selections were conducted in 50mM HEPES pH 7.5 to support activity by the commonly used 8-17 and 10-23
buffer with 150mM NaCl, 1mM of the appropriate her- deoxyribozymes (Santoro and Joyce, 1997). The low metal
bicide (alachlor or atrazine) and 10% (v/v) ethanol. The concentration selections (BG and BJ) with just 1mM each
ethanol was included due to limited water solubility of the of Mg2+ and Mn2+ are similar to previously used aptamer
herbicides. Selections BC (atrazine) and BE (alachlor) also selection conditions and can possibly support activity by
contained 5mM KCl, 40mM MgCl2, and 20mM MnCl2 (high cleaving deoxyribozymes. By testing a series of conditions,
metal conditions). Selections BG (atrazine) and BJ (ala- we can begin to understand the effect of divalent metal ion
chlor) contained 5mM KCl, 1mM MgCl2, and 1mM MnCl2 concentration on aptamer selections, while also identifying
(low metal conditions). Selections BL (atrazine) and BN (ala- aptamers that function under conditions more amenable
chlor) contained 10mM MgCl2 and 10mM MnCl2 (cleaving to aptazyme conversion.
conditions). Full details concerning selections are provided
in Supporting Information.
To provide access to all functional groups on the target molecules for interactions with the aptamers, we used a structure-switching (Achenbach et al, 2005; Nutiu and Li, 2005;
Initial binding assays
Each isolated unique sequence was evaluated to determine He et al, 2011) or Capture-SELEX (Stoltenburg et al, 2012)
its ability to bind the target herbicide used in its selec- approach in which the DNA pool sequences were immobition. Using a procedure similar to that used in selection, lized via base pairing between a capture oligo attached to
200pmol of unlabeled aptamer and a tracer amount of magnetic beads and a fixed region in the pool oligonucleo5′-end 32P labeled aptamer were annealed as described for tides (Figure 1). DNA sequences able to interact with the
selection. The annealed aptamer was then incubated with target molecule are expected to undergo a conformational
100pmol of capture oligo on derivatized beads under the change to form specific contacts with the target, which
appropriate buffer conditions, followed by incubation with should weaken the base pairing with the capture oligo and
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Figure 1. Structure-switching in vitro selections for herbicide aptamers. The structure-switching or capture-SELEX approach was
used to allow candidate aptamer sequences full access to all functional groups on the target herbicides. Selections were initiated
using a DNA pool containing two N20 random regions separated by a fixed 18-nt capture region. This randomized DNA pool was
incubated with capture oligo-derivatized carboxyl-beads (step A). In step B, oligonucleotides that do not anneal to the capture oligo
are washed away. Oligonucleotides that remain bound to the beads after step B are then eluted with herbicide-containing buffer
(step C). Fractions from the elution step are collected and analyzed by Cerenkov counting. The eluted DNA is then used as a template
for PCR amplification to generate the enriched pool for the next round (step D). The non-amplifiable tail of primer 1 contributes
additional nucleotides to its PCR product and allows for the separation of the inactive compliment from the active pool sequence via
PAGE (step E). The selection cycle is iterated until the pools are enriched with binding sequences. These active DNA pools are then
cloned and sequenced to identify individual aptamer sequences.

release the binding DNA sequences into solution. The concentration of herbicide used in selections was 1mM, which
is in alignment with EPA maximum contaminant levels
(MCL) of 0.003 mg/l for atrazine and 0.002 mg/l for alachlor (US EPA, 2009).

alachlor (a dissimilar herbicide) and simazine (a similar herbicide) and the alachlor aptamers to bind to atrazine (dissimilar) and metolachlor (similar). In this expanded set of
studies, most of the isolated sequences had similar elution
levels with each of the targets tested (parent, similar, and
dissimilar), indicating that the oligos dissociated under the
To study individual aptamers, eluted DNA from round elution conditions regardless of the herbicide (Table S2).
7 of selections BC, BE, BG, and BJ, as well as eluted DNA
from round 8 of selections BL and BN, were cloned and However, a few sequences showed desirable aptameric
sequenced. We observed that the capture region for sev- properties and eluted more strongly with the herbicide
eral aptamers contained mutations (often a single nucleo- used in selection and/or its related herbicide. For atrazine,
tide difference) or was even missing, without significant there was one potential aptamer from each set of condichanges in sequence length (Table S1). Mutations in this tions. 7BC6 was identified under high divalent metal ion
region are not unexpected as these could occur during conditions and showed the highest elution with atrazine.
PCR amplification in each selection round. Because these 7BG1 was identified under the low divalent metal ion condisequences still survived the selection process, they were tions and showed a preference for simazine, while still elutincluded in our initial binding analysis.
ing strongly with atrazine. 8BL13 was identified under the
cleaving conditions and showed a selectivity for atrazine.
For alachlor, sequences isolated under the high divalent
Initial binding assays
Unique aptamer sequences were tested for their ability to metal ion conditions did not strongly discriminate between
bind atrazine or alachlor in solution under the same condi- the herbicides, but we selected one sequence, 7BE12, for
tions used during selections. As shown in Table S2, each further study with the other possible aptamers. The low
aptamer elutes with its selected herbicide, although the divalent metal ion conditions produced one potential alalevel of elution differs between aptamers. A particular set chlor aptamer, 7BJ15, which eluted with alachlor and metoof conditions did not stand out as being better than other lachlor. The cleaving conditions were the most promising
for alachlor and three possible aptamers, 8BN15, 8BN23,
conditions in terms of binding ability.
and 8BN29, were carried forward for additional analysis.
Aptamers can be identified that are highly selective for
their targets, but some aptamers can have broader binding Concentration dependence
abilities, which in our case could mean the ability to iden- To study the binding of promising aptamers under a wider
tify a class of herbicides or an herbicide and its breakdown range of herbicide concentrations, we used a slightly difproducts. We challenged the atrazine aptamers to bind to ferent approach. Briefly, each aptamer was labeled with
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Figure 2. Binding assays for alachlor-specific aptamers. Aptamers 7BE12 (A), 7BJ15 (B), 8BN29 (C), 8BN15 (D), and 8BN23 (E) were
labeled with fluorescein and annealed to immobilized capture oligo prior to introduction of the appropriate herbicide. Fluorescence
observed in the supernatant represents the aptamer released upon binding to the target. Aptamers 7BE12, 7BJ15, and 8BN29
showed distinct binding trends with alachlor (green), while 8BN15 was released with increasing concentrations of alachlor (green)
and metolachlor (gold). 8BN23 showed a preference for metolachlor over alachlor.

a fluorophore (TAMRA for atrazine and simazine studies,
and fluorescein for alachlor and metolachlor studies) and
annealed to the capture oligo immobilized on a functionalized surface in 96-well trays. Varying concentrations of
herbicide were then added to each well. Binding of the
herbicide is expected to release the aptamer from the capture oligo, thus increasing the fluorescence observed in the
supernatant. As a control, a DNA oligonucleotide of the
same length as the isolated aptamers, but with a sequence
not expected to form a structure or bind to the herbicides
was tested, as was the starting pool (Figure S1). Fluctuations in fluorescence were observed at each concentration
and there were no trends that indicated specific binding to
the herbicides.

conditions had varied activity. 8BN29 (Figure 2C) showed
binding similar to that of aptamers 7BE12 (Figure 2A) and
7BJ15 (Figure 2B), which were selected under high and low
divalent metal ion conditions, respectively. These aptamers
did not specifically bind to metolachlor (data not shown).
8BN15 showed a generally linear response to alachlor
and metolachlor (Figure 2D), mirroring the results of the
initial binding assays where similar elution was observed
(Table S2). Interestingly, 8BN23 showed a preference for
metolachlor over alachlor (Figure 2E), despite never being
exposed to metolachlor during selections. As far as we are
aware, these are the first DNA aptamers to be identified for
the alachlor class of herbicides.

Comparing results of different selection conditions
Aptamers for small molecules have the potential to be
useful in sensor development. However, different sensor
platforms may require incubation conditions different than
those used in selections, which can affect the binding interactions of the aptamer and the ligand. This can often be
seen in aptazyme development, which relies on the catalytic activity of deoxyribozymes to amplify the signal generated upon ligand binding to the aptamer. Thus we tested
conditions known to support deoxyribozyme activity. These
conditions were also attractive because they cover a wide
range of divalent metal ion concentrations and they differ
For the alachlor aptamers, estimated binding constants from those conditions commonly used with aptamers.
were close to the concentrations used in selections (1mM)
or slightly above (Figure 2), which was not unexpected as Candidate aptamers were isolated from each selecthere was no selection pressure towards lower target con- tion, which indicated that both high and low concentracentrations. The BN aptamers selected under the cleaving tions of divalent metal ions could support formation of
For the atrazine aptamers 7BC6, 7BG1, and 8BL13, addition
of increasing amount of atrazine led to increased fluorescence, but we still observed fluctuations between trials
leading to large deviations (Figure S1). We estimated the Kd
values for 7BC6 and 8BL13 to be around 700μM, which is
slightly lower than the 1mM concentration of atrazine used
in selections, but higher than previously reported atrazine aptamers (Williams et al, 2014; Abraham et al, 2018).
Based on these results, we focused our analysis on the alachlor aptamers.
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aptamer structures that bind a small molecule ligand.
Sequence comparison analysis of the aptamers isolated
from each selection effort did not show any evidence of
cross-contamination between the selections, as evidenced
by the lack of duplicate sequences appearing in multiple
selections. Thus, aptamers in each selection arose independently, demonstrating that different solutions are possible
for a common problem, i.e. how to bind to the provided
herbicide target. The high metal conditions provided more
unique aptamers for atrazine than other conditions, but for
alachlor, we saw high metal and cleaving conditions produced several unique aptamers (Table S1). The increased
diversity did not mean more aptamers with useful binding
properties (Table S2), but each set of conditions did result
in at least one promising aptamer for further testing. In
concentration-dependent binding studies, we again did not
observe that a particular set of conditions led to a better
binding aptamer. We also did not observe that a particular
set of conditions led to more favorable specificity in terms
of related herbicides, but our selections did not include
pressure for selectivity. Overall, the resulting aptamers
demonstrated binding affinities similar to those asked for
in selection (1mM target). While this may be considered
high compared to other aptamers, these concentrations
are useful for herbicide detection based on EPA limits and
represent the first aptamers for alachlor. From the aptamer
selection point of view, exploring different conditions led to
desired outcomes, the identification of binding sequences
for a target of interest. Having aptamers selected under different conditions that better match deoxyribozyme conditions should facilitate aptazyme development and opens
the door to exploring additional selection conditions that
match with other sensor platforms.
CONCLUSIONS
We investigated three different sets of divalent metal ion
concentration conditions for the selection of DNA aptamers for the herbicides atrazine and alachlor to determine
what effect, if any, the choice of divalent metal ion conditions had on the selection outcomes and to identify aptamers that function optimally under deoxyribozyme reaction
conditions for future aptazyme development. Aptamers
were identified under each set of conditions for both alachlor and atrazine, with no set of conditions standing out as
optimal for producing aptamers and the resulting binding
affinities for the atrazine aptamers were higher than other
reported aptamers. As far as we are aware, the resulting
alachlor aptamers are the first reported aptamers for this
particular family of herbicides. Using different divalent
metal ion concentrations led to different aptamers with
similar binding properties that can be merged more readily
in terms of reaction conditions to known deoxyribozymes
for aptazyme development.
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