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We reported over 20 years ago MNS-4.1, the first
DNA aptamer with a micromolar affinity for cocaine. MNS-4.1 is
based on a structural motif that is very common in any random
pool of oligonucleotides, and it is actually a nonspecific
hydrophobic receptor with wide cross-reactivity with alkaloids
and steroids. Despite such weaknesses preventing broad applica-
tions, this aptamer became widely used in proof-of-concept
demonstrations of new formats of biosensors. We now report a
series of progressively improved DNA aptamers recognizing
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cocaine, with the final optimized receptors having low nanomolar affinity and over a thousand-fold selectivity over the initial
cross-reactants. In the process of optimization, we tested different methods to eliminate cross-reactivities and improve affinity,
eventually achieving properties that are comparable to those of the reported monoclonal antibody candidates for the therapy of
overdose. Multiple aptamers that we now report share structural motifs with the previously reported receptor for serotonin. Further
mutagenesis studies revealed a palindromic, highly adaptable, broadly cross-reactive hydrophobic motif that could be rebuilt through
mutagenesis, expansion of linker regions, and selections into receptors with exceptional affinities and varying specificities.

cocaine, aptamer, specific, high-affinity, cross-reactive, hydrophobic receptor

Aptamers that recognize small molecules are selected from vast
random libraries of oligonucleotides through affinity-based
enrichment-amplification cycles.' ™ An important advantage of
aptamers over antibodies is in our ability to adapt them to a
variety of novel biosensor formats while relying on no more
than partial knowledge of their presumed secondary
structures.’™® For biosensors to be useful, however, the
properties of the underlying aptamers need to match the
practical requirements, which raises the issue of the selection of
aptamers with affinities and selectivity that are adjusted to the
intended applications.

Consider, for example, the interrelated MNS-series of DNA
aptamers that bind cocaine (Scheme 1) in Figure 1 (parent,

Scheme 1. Key Small Molecules Discussed in the Text
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full length structure MNS-3.3): we reported these in the
9,10

The most
often used analogs have micromolar affinities for cocaine and
strong binding to a number of other alkaloids and

context of implementing early aptameric sensors.

steroids.'' ~'® The minimal receptor motif in these aptamers
is derived from a three-way junction through a single
mismatch. Possibly because of this simple structure, verified
binding, and an intriguing target, these aptamers have been
extensively used to demonstrate new classes of biosensors, *~'*
including in the context of supporting law enforcement
(interdiction) efforts.'”'® Yet, due to their low-to-moderate
affinity and the lack of selectivity of the underlying receptors,
their real applications are limited. Clinical applications, e.g.,
emergency room point-of-care quantifications or passive
immunization'” would require substantial improvements in
the affinity, with stoichiometric monoclonal antibodies

providing a suitable benchmark.”*~*
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Figure 1. Isolation and characterization of the first-generation cocaine aptamers: (a) starting from a library of DNA 87-mers, comprising two
primers (bold) and a randomized 40-mer region, we performed the affinity separation of cocaine binders on an agarose column displaying a cocaine
analog. This protocol resulted in MNS-3.3 (the inset shows equilibrium gel filtration results using 10 uM radiolabeled cocaine (*H at Me-N),
showing full saturation of 1 nmol of receptor). Subsequent minimization identified the maroon sequence as sufficient for high affinity binding
(below 10 M), leading to the aptamer MNS-4.1'. (b) MNS-4.1 (secondary structure generated at the time) was rerandomized and subjected to
reselection. The final pool (after four cycles) was subjected to affinity separation on a cocaine-displaying agarose column, with two peaks identified,
one with a fully matched junction eluting at a calculated 150 M affinity, and the other with a single point G*A mismatch in the junction, eluting at
under 20 uM (the secondary structure shown is in an analogy to the fully matched junctions). (c) An example of a cocaine-binding sequence used
in the literature, herein labeled as 1G.0 aptamer (alt. 38-GT), with three stems (I-III). (d) Determination of the affinity of 1G.0 with isothermal
calorimetric titration (ITC), injection of 2400 yM cocaine to 80 M 1G.0. (e) The cross-reactivity profile of 1G.0, showing interactions with
different drugs, additives and metabolites (experimental section in Supporting Information).

Beyond this, purely practical perspective, we were interested
in additional questions related to our general effort to optimize
aptameric recepto1‘s:24’25

First, the initial selection was based on a capture on an
affinity column with modified cocaine displayed on agarose
(Figure 1a), which limits the exposure of functional groups for
interactions with nucleic acids. The resulting aptamers were
based on a three-way junction motif that is very abundant in
any random pool of oligonucleotides, and we were interested
to see whether we can channel the newer approaches with free
ligands in solution toward different, less common receptors.

Second, and of major concern, stringent attempts to
suppress these abundant motifs while increasing the affinity
might lead to elimination of high-affinity cocaine binders with
even minimal cross-reactivity with other targets. 26 Thus,
cocaine is a testbed for our ability to focus selections away
from common receptors through a combination of new
approaches, stringent targeted counterselections, and classic
considerations of the complexity aspects on the outcomes of
selections”>* (for more recent examples of the efforts to
increase affinity and expand targets see refs *”°°).

Third, we observed that for planar compounds with
aromatic fragments, the standard solution-phase selection
protocols optimize the affinity in proportion to the number
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of nonhydrogen atoms.”> Cocaine is not a planar molecule, and
it would require a substantially more complex binding pocket
for optimized binding; thus, we were intrigued to test whether
this observation would still hold and, if not, what are the
opportunities for the improvement in affinity against this
benchmark. Relatedly, cocaine consists of two independent
fragments, tropanyl and benzoyl, and we were interested in
whether with an increase in the affinity we will start seeing
more binding to these individual fragments with less overall
selectivity.

Finally, we felt obliged to clarify the origins of the initial
cocaine aptamer, because it has never been reported outside of
the context of our biosensor work.”"’

Aptamer MNS-3.3 (Figure 1a) was one of the three sequences
(the other two are in Table S2), with confirmed binding from
the cloned and sequenced pool that was isolated through
capture on the agarose affinity column displaying a cocaine
analogue at 1 mM concentration. During selections, all
captured sequences were eluted with the matching concen-
tration of free cocaine and subjected to polymerase chain
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Figure 2. Characterization of the second-generation cocaine aptamers (lower font sequences are derived from the constant flanking region of
library used in the initial selection): (a) the protocol with cocaine in solution-phase and Ny library displayed on a column with complementary
oligonucleotide resulted predominantly in the aptamers 2G.1 and 2G.2. Two sequences were related through a circular permutation, despite
substantially different predicted secondary structures. 2G.3 is an example of a consensus receptor engineered to represent their common binding
pocket core. (b) Determination of K, using ITC, 250 4M cocaine was injected to 20 uM 2G.1). (c) The 2G aptamers were highly selective over
quinine and testosterone (Scheme 1), which were used in the counterselection, but bound equally well serotonin and cocaine. We show here the
displacements by ligands of a quencher-labeled competitor oligonucleotide from fluorescently labeled 2G.1. (d) Single point mutations of 2G.3
yield aptamers selective for cocaine (2G.3-mut.1, cf. (a)) or serotonin (2G.3-mut.2, cf. (a)). The comparison of single point mutants was made
using a ligand-induced displacement assay of Thioflavin T (ThT) dye. (e) Cross-reactivity of 2G.1 was assessed with the standard panel of cross-

reactants using an exonuclease protection assay.

reaction (PCR) amplification. At the time, using tritiated
cocaine as a ligand and equilibrium gel filtration, we obtained
for the original clone the full saturation of receptors at 10 uM,
which indicated a submicromolar Kp,.

The initial minimization yielded 4.1 (Figures lab and SI;
Kp ~ S uM), which was partially randomized into a pool
subjected to affinity chromatography on an agarose column
displaying tethered cocaine (1 mM). Two elution peaks were
noted by semiquantitative PCR, centering around affinities of
~150 and ~20 uM (Figure 1b). These pools were individually
cloned and sequenced, revealing fully matched and mis-
matched junctions, respectively. In our hands, using at the time
equilibrium gel filtration, the additional mismatches present in
the original sequence at the 5’ and 3’ ends (Stem I) slightly
improved binding (Kp ~ S M vs >10 yM). While we now
know that this observation was reproduced in detailed studies
by Johnson’s group,”"”* at the time we felt that such
differences could be also attributed to batch-to-batch variations
in aptamer production. Therefore, while we initially used
aptamers with a sequence as in Figure 1b, we later switched to
a more commonly used variant with two fully complementary
stems (Figure 1c).

Further minimization of Stem I provided the conformation-
ally unstable aptamer 7.9 (Figure S1), which was the basis for a
folding sensor, used in fluorescent'® and, by others, electro-
chemical sensors'**® (often losing an extra A—T base pair in
the Stem 3). The minimized stable sequence (1G.0, 1G: the
first generation) has a K, of 20—30 uM>"** (we confirmed this
value using isothermal titration calorimetry, ITC, Figure 1d).
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Aptamer 4.1 and related structures bound to both steroids
and alkaloids while being selective for cocaine over its two
main metabolites, benzoyl-ecgonine and ecgonine-methyl
ester. We characterized a new cross-reactivity of 1G.0 (Figure
le) using the broad panel of drugs and additives that has
recently became standard for characterization of aptamers
binding to narcotics.”**® This was also done to compare this
early aptamer more systematically to the subsequently isolated
species.

For our initial approach toward improved cocaine receptors,
we opted for solution-phase selection, which would maximize
accessible surfaces of cocaine available for interactions with
monomer residues. In that protocol, oligonucleotide libraries
with internal random regions (here, 36-mers) were captured
via flanking regions of the library on columns displaying
complementary sequences. Potential aptamers were then
preferentially released via interactions with the unmodified
targets in solution if these stabilized the stem formation and
the concomitant release of the capture strand.

Furthermore, in order to minimize the interference by the
three-way junctions, fully matched or mismatched, we
implemented a harsh counterselection with quinine and
testosterone. The elimination of the cross-reactivity for
steroids was necessary for any measurements in bodily fluids
relying on the cocaine aptamers because of the presence of
high-concentrations of steroid conjugates, both in circulation
in urine. Quinine was used as a tight binder for all three-way
junctions and could thus be applied to eliminate even weakly
binding fully matched receptors.

https://doi.org/10.1021/jacsau.3c00781
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Figure 3. Third and fourth generations of cocaine aptamers (lower font sequences are derived from the flanking, constant regions used in the initial
selection): (a) the highest affinity third-generation aptamer, 3G.1, obtained through a procedure that included counterselection with serotonin; C
in the red font next to T shows the substitution that connects the mfold-predicted secondary structures of the 3G.1 and 4G aptamers (the red,
dashed lines). We show the ITC data (injection of 100 uM cocaine to 10 uM aptamer). (b) 3G.4 was the most abundant aptamer isolated while
using the counterselection with a complement; it was the only sequence that lacked more than three guanosines in a row. (c) The cross-reactivity of
3G.1 with a standard panel using an exonuclease protection assay. (d) Further attempts to improve the affinity led to the related 4G.1 aptamer (red
font is used to stress the inserted random sequence, the insertion position is shown in (a) by a red mark); with its affinity characterized by ITC
(injection of SO uM cocaine to S uM 4G.1). (e) The 3G.1 and 4G.1 receptors both show over a 10,000-fold preference over the initial cross-
reactants, quinine, testosterone, and serotonin (Scheme 1) in the fluorescence displacement assays, and a >2000-fold preference over ecgonine

methyl ester (EME).

This first solution-phase selection, using in the 19th cycle a
final concentration of 0.5 yM cocaine for elution of aptamers
from the column, resulted in the fully converged pool with two
identified aptamers, KY-2G.1 and 2G.2 (Figure 2a, 2G for the
second generation). The subsequent next generation sequenc-
ing (NGS) showed these two sequences comprising over 98%
of the pool (55% and 43%), with the rest being only their
single point mutants, likely arising from the original sequence
due to errors in amplification. The ITC measurement resulted
in a Kp ~ 315 nM for 2G.1 (Figure 2b), while the
displacement assay using fluorescent aptamers and quenching
oligonucleotides (Figure 2c) revealed an about 10-fold
selectivity over quinine and testosterone.

Two structures, 2G.1 and 2G.2, were related through a
circular permutation,”” indicative of a common secondary
structure containing two stems, leading us to establish 2G.3
(Figure 2a) as the representative, consensus receptor. Further
studies on 2G.3, including single-point mutations at each
position, revealed that out of 11-mer and 14-mer sequences
linking two stems, only 14 bases showed less than the
estimated 10-fold decrease in affinity upon single-point
mutations (Supporting Information, Figure S2).

The binding pocket of the 2G family contains two
palindromes, in a linguistic sense: S’-TAGG||GGAT--
GGTTT ||G||TATGG. If we focus only on their aromatic
bases, each semipalindrome defines a mirror image hydro-
phobic surface, which may facilitate interactions with
individual enantiotopic faces of flat molecules with low
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polarity. Furthermore, palindromic sequences are less likely
to fold into stable structures with Watson—Crick base pairings,
which could make them more likely to be displayed for binding
during selections. Finally, the pairs of palindromic sequences
are more likely to lead to multiple conformations with similar
energies due to the conflicting implementation of interaction
rules (so-called frustration®®*”), thus leaving unpaired residues
available to accept ligands.

We were informed by Drs. Kevin Plaxco and Tod Kippin, from
the University of California, Santa Barbara, that our initial
shortened aptamer (7.9) bound to serotonin. This led us to
establish that the 2G series bound equally well to cocaine and
serotonin (Figure 2c).

Subsequent mutagenesis studies revealed that the common
sequence, 2G.3, which bound cocaine and serotonin equally
well, could be switched through single point mutations into the
aptamers selective for each of the two targets (Figure 2a,d).
These volumetric tuning experiments are consistent with the
adaptable binding pocket restructuring itself to maximize
interactions with the individual ligands.

An exonuclease protection assay on the full panel of drugs
and additives on one analogue (Figure 2e) revealed its
outstanding promiscuity, with 19 out of 27 of the tested
molecules cross-reacting above 50%, which is more than
double from the mismatched three-way junctions (Figure le).
Our preferred strand displacement assays (Figure S3) provided
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Figure 4. Two different types of fluorescent sensors derived from the 4G.1 receptors, labeled with the donor (FAM) and acceptor (TAMRA)
fluorescent dyes: (a) this classical fluorescence energy resonance transfer (FRET) aptameric sensor,"® F4G.1fT, is based on the full length 4G.1,
with a Ky, of 17 + 3 nM matching, as predicted, the ITC values (14 + 2 nM). (b) This sensor, F4G.1 cPT, is circularly permuted. It has a shortened
new stem labeled to operate as the classical'® proximity quenching sensor (half-points were calculated using 520 nm and $80 nM emissions).
Unexpectedly, it showed an improvement over the affinity measured of the original 4.1, possibly due to the overhangs of dyes.

additional insights into the relative affinities of various
hydrophobic molecules for these types of receptors.

In order to eliminate this broad cross-reactivity, we decided to
repeat our selection but with a counterselection with serotonin.
We were again concerned that the high concentrations of
serotonin combined with counterselections using quinine and
testosterone would lead to suppression of all binders, favoring
ligand-independent processes for release. We thus decided to
test in parallel two different mechanisms for the elimination of
serotonin binding on the seventh cycle from the selection that
led to the 2G aptamers: (a) a traditional approach using
elutions with high concentrations of serotonin and, as a novel
alternative, (b) a passage through a column displaying
complementary strands to 2G.1 and 2G.2 sequences (cross-
reactive with serotonin). The outcomes of these two protocols
were five new sequences, 3G.1-3G.5 (3G.1 and 3G.4, Figure
3a,b; 3G: the third generation, Figure S4a for other aptamers),
all highly selective for cocaine. Using high-throughput
sequencing, we then systematically compared pools that were
emerging through individual cycles of two counterselections
(Figure S4b):

First, we detected in our initial pool all of the sequences that
were predominant in all of the final pools. Thus, a combination
of NGS and expanded screening would have rendered an
extended selection process unnecessary, at least when targeting
cocaine. However, we would have missed the opportunity to
study the nonspecific hydrophobic receptors based on their
lower affinity (see discussion below).

Second, although by cycle #13 both methods suppressed
efficiently the sequences that bound to serotonin, the
outcomes were completely different: the traditional counter-
selection with serotonin yielded 3G.1, 3G.2, and 3G3, in
contrast to using complements, which resulted in 3G.4 (>90%;
further 8% was 3G.3). 3G.4 had a smaller overall guanosine
content (22%) than the receptors that were effectively
suppressed and lacked three consecutive Gs, observations
consistent with avoiding the elimination by complements. We
initially conceived the counterselections using the comple-
ments to eliminate dominant short motifs that can overwhelm
pools leading to a loss of binders; however, instead, we
demonstrated that we can focus selections to specific
subsections of oligonucleotide space (here, reducing the
participation of G-rich sequences).

Third, once we removed the pressure of the complement
counterselection, 2G aptamers rapidly reemerged. This
observation is indicative of these sequences having properties
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that would lead to their preferred selection in the initial
experiments, despite the substantial cross-reactivity with
quinine and testosterone (Figure 2c) and weaker affinity
than 3G.1. At least when it comes to the preferential selection
over 3G.1, the poorer PCR amplification efficacy is an
important factor behind this result (Figure S5).

Based on the lowest half-point concentration (Xsy) in the
ThT dye displacement assay by cocaine (note: in one case,
3G.4, we had to compare results of oligonucleotide-displace-
ment assay, because the dye displacement was not possible, see
Figure S4), we chose for further studies 3G.1, which had a K,
< 50 nM by ITC (Figure 3a). Studies of extended cross-
reactivity using an exonuclease protection assay further
confirmed the exceptional selectivity of the binding pocket
(Figure 3¢).

Further attempts to improve the cocaine aptamer through
insertion-reselection and substitution-reselection”® led to
about a 3-fold improvement in affinity of 4G.1 (Figure 3d, a
structure related to 3G.1 through a single point mutation,
followed by stem extension). The final K, value for this
aptamer was about 15 nM, as established by ITC (Figure 3d),
with near-absolute specificity (>10,000-fold) for cocaine over
ligands used in the counterselections confirmed with the
displacement assays (Figure 3e). Attempts to minimize the
stable stem in 4G.1 led to about a 2-fold reduction of affinity,
while attempts to rerandomize and reselect did not lead to any
improvement.

Experiments to generate fluorescent sensors based on an
adaptable binding of the stable aptamer™” succeeded. For the
full-length sequence (F4G.IIT, fl for full length, Figure 4a;
Figure S6 for the suite of screened FRET sensors), we
obtained a classical FRET sensor, with the Ky, of the labeled
aptamer matching that of the original receptor (both around
1S nM).

In contrast, the terminal labeling of a shorter circularly
permuted sequence (F4G.1 cpT, cp for circularly permutted,
Figure 4b) resulted in an unstable quenching sensor that,
unexpectedly, had higher apparent affinity than 4G.1, despite
this predicted structural destabilization. This is consistent with
the stabilizing roles of fluorophores at the end of the unstable
double-helix, similar to the role of overhangs at the end of the
helix.*"** The lower initial fluorescence in comparison to
F4G.1IT, as well as the predominantly contact quenching
aspects of the spectra (i.e., the relative intensity of 520 and 580
nM peaks), is consistent with the moderate rearrangements of
the structure that would be required to achieve the observed
higher affinity.
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specificity cocaine and serotonin aptamers is shown through underlining. The mutation in 2G core is the same as in Figure 2a.

The binding pocket of the 4G.1 aptamer has a substantial
sequence overlap with the high affinity, high selectivity,
serotonin aptamer®’ (15/26 bases in 4G.1 core, the overlap
is underlined in Figure S). Furthermore, we can also recognize
in both aptamers the remnants of the 2G sequences (golden
font, Figure 5), with 12/29 and 18/29 bases within the 2G.3
core conserved in the cocaine and serotonin aptamers,
respectively. All three aptamers have strong G-content
(>44%), thus, some aspects of this overlap are possibly
products of chance. Interestingly, 3G.4, resulting from the
counterselection using complement, had much lower G-
content (~22%), but it also had a cluster of GG motifs
concentrated together in an mfold"-generated secondary
structure (Figure 3b).

We next decided to characterize the relationship between two
primary receptors, 2G.1 and 4G.1, in the context of binding to
cocaine. For this purpose, we calculated AAGp values as
follows (Scheme 2): first, we transformed Xy, values (Figure
S7) into free energies of oligonucleotide displacement (AGp)
for cocaine and all available analogs, for both receptors.
Second, we subtracted these values always using cocaine values
as minuends and analog values as subtrahends. With this
procedure, using the strand displacement assay, we isolated the
impact of individual modifications on each receptor.

For example, we can calculate from the affinities of the
cocaine and ecgonine methyl ester (EME) to the 2G.1 and
4G.1 receptors that the loss of the benzoyl group costs around
19 kJ/mol for either. In contrast, the substitution of the methyl
group on the nitrogen with hydrogen, yielding norcocaine
(NC), costs around 15 and 22 kJ/mol in the same receptors.
Furthermore, norcocaine binds both receptors with a similar
affinity. With the caveat that we should not commit to the final
conclusions without structural studies, this loss of optimization
benefits in norcocaine could be attributed in part to cation—zn
interactions** of the charged N-Me with hydrophobic base
surfaces at the fixed distance.

We tested two further analogs that shared norcocaine the
presence of both tropinyl and benzoyl fragments: enantiomeric
cocaine (C™) and benzoyl ecgonine (BE). Compared to
cocaine, and unlike EME that lacked a benzoyl fragment, all
three changed more their binding to 4G.1 than to 2G.1.

We can expand these considerations to two analogs with a
quaternary amine and without bicyclic structures, benzoylcho-
line and acetylcholine. The former binds to both receptors, but
it has a catastrophic collapse in affinity for 4G.1, while the
latter has a much weaker, millimolar, affinity to 2G.1 and no
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Scheme 2. Impacts of the Transformations (Stressed with
Red Color) of Cocaine into Analogs on the Affinities of the
2G.1 and 4G.1 Aptamers”
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“The superscripts 1 and 2 Refer to Values Obtained for the 2G.1 and
4G.1 Aptamers, Respectively. Under each structure, we provide AGp
values (kJ/mol). These values are impacts of a compound on the
equilibrium between a fluorescently labeled aptamer and the
competitor oligonucleotide used in the selection labeled with a
quencher. These values were obtained directly from the displacement
half-point (Xsp) in these assays (Figure S7). At the arrows
connecting the individual structures, we show the impact of each
modification on this equilibrium (AAGp, kJ/mol). We should not
compare directly the AG, between two aptamers without standard-
izing quenching levels because each aptamer has different interactions
with its matching competitor oligonucleotide (Figure S3).

specific interactions with 4G.1 in the strand displacement assay
(acetylcholine seems to stabilize duplex formation with a
complementary oligonucleotide, which we can use to separate
the signatures of nonspecific interactions).” This relative
preference of all analogs (i.e., a smaller loss in binding energy),
except EME, for 2G.1, supports the hypothesis that 4G.1 has a
significantly preformed arrangement of binding motifs that is
less tolerant to structural changes in a ligand that was used in
the optimization.

It is instructive to compare the affinity and specificity of our
4G.1 aptamer to two well-characterized antibodies (with
crystal structures with bound ligand), which were studied as
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candidates for peripheral blocking of cocaine, h2E2 (K ~ 4
nM by ITC*") and GNC92H2 (Kp, ~ 200 nM by equilibrium
dialysis;* the reported affinity of GNC92H2 seems dependent
on the method for determining the unbound fraction of
antibodies; here, equilibrium dialysis would be a gold standard
for small molecules). In contrast to aptamers, the gain in
affinity for h2E2 came at the price of the increased affinity for
BE (Kp ~ 20 nM). This observation was reproduced with
mADbO08,” another antibody with similarly low affinity (these
antibodies were elicited using haptens similar to 1G aptamers,
attached at modified carbomethoxy groups). Thus, 4G.1 is an
outstanding reagent based on its specificity and affinity.

While progress when it comes to an increase in both affinity
and specificity is obvious, cf. Table 1, there are additional
insights that emerge upon more detailed considerations and
that may yet prove useful in design of aptamers.

Table 1
TABLE 1 Ko(ITC,290K)  AH(kl/mol) —TAS (J/molK) Ky (FRET)
16.0 28.2+1.5uM -54.8+1.5 28.7
2G.1 315426 M -50.60.4 133
3G.1 47t6 nM -160+1 115
4G.1 1432 nM -13541 88 1743nM
FAG.1IT 413nM

We observed previously” a correlation between the number
of nonhydrogen atoms (NHA) in hydrophobic fragments in
planar primary amines and the free energy of binding to
aptamers directly isolated in selections for these individual
targets, with a slope of about —2.4 kJ/mol/NHA. The benzoyl
group has eight NHAs, and its contribution to binding of
cocaine to 2G.1 and 4G.1, and to binding of benzoylcholine to
2G.1, is about 18—19 kJ/mol, matching the contributions per
NHA in hydrophobic fragments of aromatic amines.” This is
consistent with this planar, hydrophobic fragment within a
target (cocaine) being already optimized during selection with
this specific library in both receptors.

We have also never achieved, in direct selections (i.e.,
without further optimization), with planar hydrophobic
molecules as targets, affinities of aptamers higher than with
serotonin and methylene blue, with free energy released upon
binding below —45 kJ/mol. Thus, through multiple rounds of
optimization, we exceeded the affinity of the best examples
from the previous direct selections but did not meet the
expectations when we account for the increase in the
nonhydrogen atom count vs serotonin.

Cocaine shares with the previous targets the presentation of
hydrophobic surfaces and a positive charge, but it has a large
nonplanar, bicyclic fragment. This means that there are less
accessible hydrophobic surfaces per nonhydrogen atoms, and
that it is more challenging to orient monomeric residues to
optimize hydrophobic contacts in a receptor. Furthermore,
cocaine is a tertiary amine, which is unprecedented in our
initial collection,” and it can introduce new types of contacts
with nucleic acids.

The ITC data allow us to compare the intergenerational
changes in enthalpy and entropy upon cocaine binding (Table
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1), but we have to keep in mind the limitations of such analysis
in the absence of detailed structural studies, more extensive
sets of analogs, and the ability to account for conformational
flexibility of aptamers.

The change in enthalpy (AH) upon binding of cocaine to
1G.0 and 2G.1 receptors is very similar, about —50 kJ/mol,
consistent with the common mode of interactions with the
same ligand shared by these negatively charged, primarily
hydrophobic receptors. Next, there is a more than a 2-fold
increase in the AH from the nonspecific 1G, 2G to the specific
3G, 4G rece})tors, with only partial enthalpy—entropy
compensation.”®~** Regarding this, at best we can say, without
further structural details, that these changes are consistent with
the expanded number of points of interactions between
receptors and ligands. Finally, there is the significantly higher
AH of binding of cocaine to 3G.1 than to 4G.1, despite these
receptors likely having binding pockets with nearly identical
contacts with the ligand. Because the binding of cocaine to
3G.1 is coupled to the additional conformational changes (cf.
the secondary structures in Figure 3; here, we assume that the
extended stem undergoes only minimal changes upon binding
of cocaine), everything that is not identical between the two
generations is, to the first approximation, attributable to this
difference.

In the case of cocaine, we also observed that a more
dramatic increase in affinity was matched by a substantial
improvement in selectivity from 2G.1. This is actually expected
because some of the improvement comes from the enhanced
contacts with the hydrophobic surfaces, which, when
combined with the preorganization of the binding pockets,
should result in less contacts with unrelated hydrophobic
ligands. Even the selectivity with more cognate ligands, EME
and BS, was at least conserved (EME) and even substantially
improved (BE and NC), being close to that previously attained
for a polar molecule upon removal of hydrogen bonding
networks*” (theophylline — caffeine change).

We can also analyze the correlations between the affinity of
these aptamers and the information content of their
sequences” >’ (cf. Shannon’s entropy).”>” This type of
information content reflects the surprise of finding during a
selection a structure in a pool with a particular function.
Indeed, we observe that the weakest binding family of fully
matched three-way junctions, with an estimated affinity of
~150 uM, is very common. In a series of receptors described
here, from this fully matched three-way junction to 3G.1 and
4G.1, the ranking is straightforward because all of our examples
have binding pockets within the internal loops, with differences
in information content between any pair of aptamers reduced
to a number of conserved bases connecting two stems. Indeed,
the highest affinity aptamers are the most complex because
they have the longest conserved sequence spanning two stems.
Although a benefit to affinity upon single point mutation of
3G.1 is marginal (cf. Figure S7), fixing this base to transition to
4G families also leads to a marginal increase in information
content. These results are fully intuitive because the higher
affinity and selectivity require optimized contact of monomeric
residues with cocaine. Optimal positioning requires longer
sequences and, thus, by definition, higher information content
and less common structures.

We are reluctant to pursue assigning a more precise number
of bits to each sequence for several reasons: first, there is a
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gradual degradation of binding upon mutations of hydrophobic
molecules, which would make the assignment more challeng-
ing. Second, the palindromic relationship within sequences and
preferences for the absence of C would, in theory, allow
encoding in a smaller number of bits. Third, we expect that
some pairwise motifs are more likely to appear together in the
proximity of binding pockets, often for reasons of compati-
bility, which reduces the surprise of finding one if the other is
present. Recognizing such motifs presents an opportunity to
improve the chances of finding a rare receptor, per our previous
efforts to isolate leucine aptamers;25 however, the analysis of
informational content in such cases may not be straightfor-
ward. Nevertheless, an increasing number of aptamers for a
variety of ligands being reported together with full sequencing
results may lead to a more comprehensive use of information
content to improve library design® for specific ligands.”

The work described here was performed over the past 25 years,
with the project restarted every several years due to realizations
that previously isolated aptamers did not satisfy a particular
practical requirement related to either cross-reactivity or
affinity. Finally, however, we were simply curious to contribute
to defining general principles of creating a hydrophobic pocket
of a higher-complexity from a nucleic acid sequence, looking to
build on our initial point of view that these are analogous to
organic receptors,”* > but could be subjected to evolutionary
protocols.

The most important outcome of our efforts, with immediate
potential significance, is practical: we now have receptors with
nanomolar affinity (sensors ~5 nM) that could be used to
measure concentrations of active cocaine (rather than its
metabolites, which is useful for forensic reasons) in the blood
of patients in the emergency room. Exquisite selectivity over
metabolites of cocaine is a great advantage of the latest
generation of aptamers over reported high-affinity monoclonal
antibodies.

Furthermore, the affinities of our best aptamers are only
slightly below that of the best reported monoclonal antibodies
against cocaine.””*’ Yet, the free energy of binding per
nonhydrogen atom of cocaine (compared to serotonin and
tryptamine), unimproved contacts with sections of cocaine,
preliminary observations that stems could be used in
optimization, and groove binding of the highest affinity
antibodies,”" all indicate that we might still have the space to
increase affinity in both, for example, in our case by increasing
contacts with the endo face of the exo-tropinyl fragment.
Because we primarily pursued analytical applications, we also
had to work on thermostabilizing any candidates for in vivo
use. These improvements would depend on our ability to
isolate even more complex receptors and present us with a
challenge to pursue further generations of cocaine aptamers.

The broad cross-reactivity of receptors built around
palindromic sequences, spanning from cocaine and serotonin
to ephedrine, methamphetamine, and even caffeine, is
indicative of adaptable binding interacting with all hydro-
phobic molecules partitioning to less polar environments. A
self-organization (packing) of hydrophobic surfaces around a
ligand then propagates from the individual faces of the targets,
with a gradual transition to two stable double helical stems, all
with the goal of minimized overall exposure of aromatic
surfaces to water, which is balanced out with optimal
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hydrogen-bonding networks (to both solvent and within the
aptamer).

Through our experiments, we also built on the classical
work,”*~** which described the relationship between informa-
tional content of aptamers, affinity, selectivity, and preorgani-
zation of originating libraries on an example of GTP. The
comparison of 2G receptors with various cocaine and
serotonin aptamers provides us with snapshots of intercon-
nectivities between these simpler, promiscuous hosts and more
complex and selective hydrophobic receptors. Here, the
variants of palindromic hosts with broad cross-reactivity are
at the intersections of individual recognition (fitness) land-
scapes,”® ™% each describing the interactions between sequence
space and a specific ligand. While here we primarily focused on
eliminating these promiscuous sequences through counter-
selections, alternatively, we can learn to take advantage of them
as the anchor points in selections.”” From these intersections,
we can perform volumetric tuning through mutagenesis and
insertions in order to find more selective receptors for a variety
of ligands, as proven through isolation of related receptors with
selectivity for either serotonin or cocaine.

Our next challenge will be to harness these accumulated
insights in a manner that would allow us to isolate aptamers
with increasingly improved properties. Here, our focus on a
target such as cocaine is useful as the proof-of-concept of
pushing to extremes, binding to a small molecule with no
particularly favorable interactions with nucleic acids. To make
further progress, we will need to learn to scour through vast,
interacting, multidimensional fitness landscapes using more
formalized forms of intuition.”’

Detailed experimental materials and methods (selection
procedures, sequence analysis, the assay procedure for
fluorescence readout, isothermal titration calorimetry, and TS
exonuclease digestion) and general information regarding
analytical instrumentation can be found in the Supporting
Information.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00781.
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