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Using both Co?* and Ni?* as target metal ions, aptamer selections were carried out by immobilization of a DNA
library via hybridization. A set of aptamers were obtained although they all showed binding to both metal ions.
The Co-1aptamer was highly enriched in both selections and it is a general metal binding aptamer with binding
affinity following the Irving—Williams series: Mn?* < Fe?* < Co?* < Ni2* < Cu?* > Zn?*. Using NMR spectroscopy,
Co-1 forms new base pairs with a relatively large structural change upon binding to Zn?*, whereas a previously
reported Zn-1 aptamer shows less conformational change and rigidifies upon Zn?* binding. The induced-
fitting of the Co-1 aptamer and the lock-and-key binding of the Zn-1 aptamer may explain the general
metal binding of the former. Using isothermal titration calorimetry, Co-1 binding Co®* was an enthalpy-

Received 3lst March 2025 driven event and the Ky was determined to be 2.7 uM, whereas the Ky from the strand-displacement assay

Accepted 23rd June 2025
was 76 nM. The Co-1 aptamer is the first reported aptamer to follow the Irving—Williams series, although

DOI: 10.1039/d5sc02436f this series is very prevalent in proteins. This aptamer can thus serve as a model system for understanding
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Introduction

The first-row transition metal ions are particularly important in
biology and many of them are essential cofactors in metal-
loenzymes." In most metalloproteins, the affinity of metal binding
follows the Irving-Williams series: Mn>* < Fe** < Co®" < Ni** < Cu®*
> Zn*"2 This high affinity for copper has led to the so-called “copper
tyranny”, and organisms have to employ complex non-equilibrium
strategies to keep other metal ions in their binding sites.?

Studies in metal binding sites in nucleic acids never seemed
to have encountered this “copper tyranny” problem. In the early
days, metal binding studies were performed in ribozymes and
later in DNAzymes, since they in general require divalent metal
ions as cofactors to achieve catalytic activities.*® Later, different
metal ions were intentionally used to select for DNAzymes that
can achieve metal-specific activities, which are useful as
biosensors for metal detection.®"> Cu®" is probably one of the
poorest metal ions in promoting the RNA cleavage reaction,"
although in some modified DNAzymes, it showed a high
activity.* DNAzymes specific for Mn>**** Fe**/Fe®" 1t Ni**
Cu*",” and Zn>" ions'®* have been reported, although some
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metal binding by DNA and can also be a general first-row transition metal sensing element.

contained chemical modifications in DNAzymes to achieve the
needed specificity and activity. The activity of many ribozymes
was found to correlate with affinity to phosphate instead of
following the Irving-Williams series.® These metal ions,
however, do not need to stably bind to ribozymes or DNAzymes
to exert their catalytic activities. They only need to transiently
bind to the transition state and neutralize the negative charges
in the scissile phosphate in most cases.”***°

To study metal binding sites in DNA, aptamers are more
relevant. Aptamers are single-stranded nucleic acids that can
selectively bind to target molecules.**"** The isolation of metal-
specific aptamers has been carried out for a long time with
early examples in the 1990s. Back then, the selection was achieved
by the immobilization of metal ions such as Ni** and Zn>* on
a chelation bead and the focus was on RNA aptamer selection.>***
Such aptamers were rarely used for applications due to the poor
stability of RNA. Later, aptamer selection by immobilization of
a DNA library (so called capture-SELEX) had been developed,
which allows the use of free metal ions as targets.>>*® Ellington's
group first used this method to isolate an aptamer for Zn",
although this aptamer contained a fluorophore.”” Soh and
coworkers used an interesting strategy to isolate aptamers for
Cu*" and Hg**.?® Jahan et al. aimed to select aptamers for the PD-
L1 protein by immobilizing the PD-L1 protein on nickel nitrilo-
triacetic acid (Ni-NTA) beads. Interestingly, due to the presence of
Ni** on the beads, the selected aptamer showed binding to Ni**
instead of the PD-L1 protein.” Capture-SELEX has also been used
to obtain aptamers for many transition metal ions including
Cd*** Pb** 3 Zn***? and Cu®".* In each case, the aptamers were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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able to bind to their target metal ion with the highest affinity. So
far, Irving-Williams series was only seen in a duplex thermal
stability assay using DNA containing imidazole-derived nucleo-
bases.* Thus, it seems that the Irving-Williams series has yet to
be observed in unmodified nucleic acids.

Thus, an interesting question is whether nucleic acids are
capable of binding metal ions following the Irving-Williams
series. The chemical diversity for interacting with metal ligands
in nucleic acids is much less compared to that in proteins.*® For
example, nucleic acids lack thiol ligands that have strong
affinity with copper. Co®>" and Ni** are interesting metal ions
and they differ from Cu®" and Zn** by having slower ligand
exchange rates.*® In this study, we performed two capture-
SELEX experiments using Co>" and Ni*" as target metal ions.
Interestingly, the most abundant aptamers followed the Irving—
Williams series, with Cu** binding being much stronger than
that for Co** or Ni*". Yet, such a sequence was not observed
during our previous Cu®" selection.® By using NMR and
isothermal titration calorimetry (ITC), we attempted to further
compare this general metal aptamer to some specific aptamers
to gain fundamental insights.

Materials and methods

Chemicals and DNA are described in the ESI.{

SELEX

A library-immobilized selection strategy was employed as
previously described.***” CoCl,-6H,0 and NiCl,-6H,O were
dissolved in 100 mM Milli-Q water, and diluted with SELEX
buffer for selection. For Co>" selection, the concentrations were
set at 10 uM for rounds 1-14 and reduced to 2 uM for rounds
15-17. Similarly, for Ni** selection, 10 uM was used for rounds
1-13, followed by 2 pM for rounds 14-17. The last round's PCR
products were sequenced at the McMaster University Genome
Facility, and the sequencing results were analyzed using Gene-
ious Prime software (Auckland, New Zealand).

Thioflavin T (ThT)-based binding assay

The fluorescence spectra of the ThT-based assay were measured
using a Varian Eclipse fluorescence spectrophotometer (CA,
USA). The assay contained 0.5 pM aptamer and 1 uM ThT in 500
pL of selection buffer. The mixture was transferred to a quartz
cuvette. Metal ions were added or titrated until equilibrium was
reached. Fluorescence was excited at 440 nm, and the emission
spectra were recorded between 460 and 520 nm. Fluorescence at
490 nm served as the basis for calculations. The initial fluo-
rescence of the aptamer/ThT mixture is denoted as F,, and the
value after metal ion addition is F. The ratio F/F, was plotted,
and the Ky was determined using the equation y = y, + aK4/(Kq +
[M>]), where a represents the maximal fluorescence signal
change at saturation.

Fluorescence strand-displacement assay

Fluorescence strand-displacement assays were performed using
a Tecan Spark F200 microplate reader (Switzerland) in a 96-well
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microplate. The excitation and emission wavelengths were set at
485 nm and 520 nm, respectively. To prepare the displacement
sensor, 1 puL of FAM-labeled Co-1 aptamer (100 pM), 2 uL of
quencher-cDNA (100 pM), and 97 pL of SELEX buffer were
mixed, annealed at 85 °C for 1 min, and gradually cooled to
room temperature for 30 min, followed by cooling at 4 °C for
30 min and then at —20 °C for 30 min. For the test, 2 pL of
annealed aptamer was added to 98 uL SELEX buffer, and
baseline fluorescence was recorded for 5 min. Subsequently, 2
uL of Co*" or other metal ions at different concentrations were
introduced, and fluorescence was monitored for another
10 min. Fluorescence changes were calculated using the
formula (F — F,)/F,, where F, represents the initial fluorescence
before metal ion addition and F corresponds to the fluorescence
after adding metal ions.

NMR

NMR experiments on the DNA aptamer sample were performed
using a 600 MHz Bruker Avance spectrometer. All NMR spectra
were acquired with an aptamer concentration of 0.5 mM in an
aqueous solution with 100 mM NaCl and 2 mM MgCl, in 10%
D,O at 5 °C. Water suppression was achieved using excitation
sculpting.®®

Circular dichroism (CD) spectroscopy

CD spectra were recorded using a Chirascan spectropolarimeter
(Applied Photophysics Ltd, Surrey, UK) with procedures re-
ported in previous experiments.*® Aptamers (5 uM) were
prepared in 10 mM MES buffer (pH 6.0) containing 100 mM
NaCl and 2 mM MgCl,. Measurements were conducted before
and after adding 20 uM metal ions. The wavelength range was
from 230 to 320 nm with a bandwidth of 4 nm, and a 1 cm path-
length cuvette was used.

ITC

Isothermal titration calorimetry (ITC) was conducted with
a MicroCal iTC200 instrument (Worcestershire, UK) to test
binding by the Co-1 aptamer. The aptamer (20 uM) in the SELEX
buffer was annealed by heating to 95 °C for 5 min and cooling
naturally over 30 min. Subsequently, both the aptamer and ions
(333 uM in the SELEX buffer) were degassed for 5 min before
loading. Then, 300 pL of the aptamer was loaded into a cell
chamber and a syringe was filled with 75 uL of metronidazole.
After an initial injection of 0.5 pL, subsequent injections of the
target were titrated into the cell at a rate of 2.0 uL per injection
over a duration of 5.0 seconds, totaling 20 injections at 25 °C.
Each titration was spaced 240 seconds apart. The binding
constant was determined by fitting the titration curve to a one-
site binding model using Origin software.

Results and discussion
Selection of DNA aptamers for Co>" and Ni**

The selection of DNA aptamers for Co>" and Ni** was carried out
using a library containing a 30-nucleotide (nt) random region as
described previously (Table S17).** This library was immobilized
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on streptavidin-coated beads via hybridization to a fixed PCR
primer binding region. After adding target metal ions, some
aptamer sequences may bind the metal ions and be released
from the beads for PCR amplification. Since we aimed to ach-
ieve high affinity aptamers for Co®>" and Ni**, a low target metal
ion concentration of 10 pM was used in the initial rounds.**** In
the final three or four rounds, the metal ion concentration was
further decreased to 2 puM (see Table S2t for the selection
conditions). The round 17 libraries were deep sequenced and
the sequences were highly converged suggesting successful
selections.

Fig. 1A shows the alignment of the top 10 most abundant
Co>" sequences. The predominant sequence in the Co*" selec-
tion named Co-1 has an abundance of 10.3% and its mFold
predicted secondary structure is shown in Fig. 1B. Co-1 is pre-
dicted to fold into a three-way junction linked by a few nucle-
otides, and these linking nucleotides (in red) are highly
conserved. Therefore, it is likely that Co>* binding takes place in
the middle pocket formed by the linking nucleotides.

For the Ni*" sequencing results (Fig. 1C), the Ni-3 sequence is
identical to that of Co-1, suggesting that this sequence can bind
to both metals. Ni-1 is a representative sequence of another
family. We also folded Ni-1 as shown in Fig. 1D. Based on the
family assignment, Co-1 (same as Ni-3), Co-2, Ni-1, and Ni-4
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were selected for further testing. The alignhment of the top 20
sequences from Co®" and Ni*" selections is presented in Fig. S1
and S2.7

Aptamer binding to Co®" and Ni** using ThT fluorescence
spectroscopy

We first used Thioflavin T (ThT) fluorescence spectroscopy as
a rapid assay to evaluate binding of these selected aptamers.
ThT, as a free dye, exhibits almost no fluorescence. It can bind
to any DNA, including aptamers, leading to fluorescence
enhancement. When a DNA aptamer binds to its target, ThT is
displaced, resulting in a fluorescence decrease.**** The ThT
assay has been successfully applied to study aptamer binding to
rare earth ions,*” Cu®*,* and other targets.?** We first collected
the fluorescence spectra of the Co-1 aptamer/ThT mixture with
increasing concentrations of Co** and Ni**. Both metal ions
induced over a 50% fluorescence drop at 2 uM metal concen-
tration (Fig. 2A and C). Based on the titration results, the Co-1
aptamer has a Ky of 731 nM for Co®>" and 467 nM for Ni**
(Fig. 2B and D). Ni-4 exhibited a Ky of 901 nM for Co>" and
257 nM for Ni*" in the same titration (Fig. S31). The Co-2 and Ni-
1 aptamers, in contrast, required higher Co®" and Ni**
concentrations to show a fluorescence decrease (Fig. S47). Thus,
Co-1 and Ni-4 are higher affinity aptamers. Although the

G-A
A Family 1 B é };
Co-1 GACGAC GGAACGGAGGTTCTTAGGTCGGTAGACCGA GTCGTC 3091 reads, 10.3% \C—G
Co-3 GACGAC GGGCTGGTTTTAAAGACATGGTCATGCTGA GTCGTC 424 reads, 1.4% A—t
A-T
Ungrouped & /é_(';\
Co-2 GACGAC GGAAACGTGTACTTCATTGAGATGGATTGC GTCGTC 589 reads, 2.0% | £
Co-4 GACGAC ACGAAGACGGATCTAAGGTAGGTGTCACGC GTCGTC 274 reads, 0.9% e eoa a
Co-5 GACGAC TGGACGTTCGATAGAGGGCCTTGGGTCAAA GTCGTC 233 reads, 0.8% <|3—T—G— = —G\ d
Co-6 GACGAC TGCAGTGTATACTTCGTTGAGACGCAGGTA GTCGTC 218 reads, 0.7% 3 A\G/c: :G\
Co-7 GACGAC CGTGTGTGTAAGATCCAATAACGGATACAG GTCGTC  205reads, 0.7% “UAN
Co-8 GACGAC GCGACGTTAAGATATAGCTTAGTTCGTGCA GTCGTC 179 reads, 0.6% AG = -9.17 keal/mol ‘\G/C\q
Co-9 GACGAC CAAAGGGTATATAGCACCTGCGGGGTATGG GTCGTC 161 reads, 0.5% ) \ G
Co-10 GACGAC CGGAAGTTCAACTACGCGTTACTGTIGTAAG GTCGTC 157 reads, 0.5% A-T
G-C
C Family 1 D /c/\ T‘,\
Ni-1  GACGAC CCAGGAGA---TTGAGTCGCATGACAGGTTGTG- GTCGTC 588 reads, 1.8% o o /G/
Ni-2 GACGAC GGAGTAAGG--TTGAGTCGTATGACAGACGTA-- GTCGTC 197 reads, 0.6% , G A
Ni-5 GACGAC GCACTAAGAC--TGAGTCGAATGACATGGGGA-- GTCGTC 136 reads, 0.4% A C\
Ni-6 GACGAC GGCAGAAG---TTGAATGG-ATGAAGTTGAGGCA GTCGTC 149 reads, 0.4% ? A
Ni-10 GACGAC GTAAGAGTTCGTTGAGACGCATGTGCGATA---- GTCGTC 91 reads, 0.3% li\ G
G G
\ /
Family 2 G 7
Ni-3 GACGAC GGAACGGAGGTTCTTAGGTCGGTAGACCGA GTCGTC  195reads, 0.6% A\c T/G/
Ni-8 GACGAC GGAACACGTTCTTAGGTCAATTAGGACCGA GCCGTC 106 reads, 0.3% \<|>—(|5/
¢
Ungrouped A~T AG =-6.22 kcal/mol
Ni-4 GACGAC CAATGGGGAACCTTAGTGTATACGAAGTAG GTCGTC 174 reads, 0.5% E—i
Ni-7 GACGAC GCAGTTGAAGTTGGTGACAGTTGAAGTTAA GTCGTC 116 reads, 0.4% 5=y
Ni-9  GACGAC ACGAGTTGAAGTTGGAAGTTGAAGTTCGC- GTCGTC 99 reads, 0.3% ll\ﬂl'
5—G—-C—3
Fig.1 Alignment of the top 10 sequences for (A) the Co?* selection and (C) the Ni®* selection. The nucleotides in the primer-binding regions are

underlined, and the conserved nucleotides are marked in red or blue. The mFold predicted secondary structure of (B) Co-1 (AG = —9.17 kcal
mol™) and (D) Ni-1 (AG = —6.22 kcal mol™?) aptamers at 25 °C, 100 mM Na* and 2 mM Mg?*.
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Fig.2 The fluorescence spectra of the ThT/Co-1 mixture in the presence of different concentrations of (A) Co?* and (C) Ni* in the SELEX buffer.
Titration curves of (B) Cu?* and (D) Ni?* into the Co-1 aptamer and a nonbinding mutant Co-1a (ThT: 0.5 uM, ThT: 1 pM).

binding affinities of the two were comparable, Co-1 demon-
strated the highest enrichment, and it was found in both Co>*
and Ni*" selections. Therefore, Co-1 was chosen for further
studies. As a control, a mutant named Co-1a was designed by
swapping the positions of the conserved nucleotides in the
loops (Fig. S51). Titration experiments with Co®>" and Ni**
revealed no significant fluorescence decrease (Fig. 2B and D,
blue lines) for Co-1a, indicating that Co-1 exhibits specific
binding for Co*" and Ni*",

DNA strand-displacement binding assays

While ThT fluorescence provides a cost-effective assay for
screening a large number of sequences, it is a signal-off assay
and suffers from nonspecific fluorescence quenching by metal
ions. Thus, we further used the strand-displacement assay
(Fig. 3A).** The Co-1 aptamer was extended on the 5’ end by five
nucleotides and it was hybridized to a 12-mer quencher-labeled
cDNA (Table S17). This hybridization complex has quenched
fluorescence. In the presence of a target metal ion, the binding
of the aptamer can release the quencher-labeled strand,
resulting in a fluorescence increase.’”***® Using this assay, we
tested Co>* (Fig. 3B) and Ni** (Fig. S6Ct) by following the
kinetics of the sensor response at different metal concentra-
tions. For both metals, a modest fluorescence increase occurred
at a metal concentration of 100 nM and a rapid fluorescence
increase to the saturated value was achieved with 10 uM of the
metals. Indeed, these two metal ions responded very similarly to
this sensor.

© 2025 The Author(s). Published by the Royal Society of Chemistry

We then performed careful titrations for these metal ions.
The titration curve for Co®" is shown in Fig. 3C and the rest are
shown in Fig. S6 and S7.7 The observed K4 values using the
strand displacement assay are apparent K4 due to the presence
of the quencher-labeled strand acting as a competitor.*”~** The
apparent Ky values were determined to be 178 uM for Mn>*, 7.8
uM for Fe**, 1260 nM for Co*", 607 nM for Ni**, 139 nM for Cu*",
5.9 uM for Zn>", and 4.9 uM for Cd*". We then titrated the
quencher-labeled strand with the FAM-aptamer strand to
calculate the true K4 of the aptamer (see Fig. S8t for details). The
corresponding true Ky values were 10 680 nM for Mn**, 468 nM
for Fe?*, 76 nM for Co**, 37 nM for Ni**, 8 nM for Cu**, 352 nM
for Zn**, and 295 nM for Cd*".

The Co-1 aptamer follows the Irving-Williams series

In 1953, H. Irving and R. J. P. Williams proposed the Irving-
Williams series, which describes the binding strength of
ligands with divalent 3d transition metal ions. The binding
strength increases with the atomic number of the metal,
following the trend Mn>" < Fe*" < Co** < Ni** < Cu** > zn**2
Fig. 4A plots the true K, of these metal ions as a function of their
positions in the periodic table from Mn>" to Zn**, and it
matches perfectly with this series. Thus, we have obtained the
first DNA aptamer that follows the Irving-Williams series. The
Irving-Williams series can be explained as follows: from Mn**
to Ni**, the decreasing ionic radius leads to higher charge
density, resulting in increased complex stability. Although Cu**
has a slightly larger radius than Ni**, the Jahn-Teller effect
provides additional stabilization for its octahedral complexes.

Chem. Sci., 2025, 16, 14286-14294 | 14289
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Fig. 3 (A) Scheme of the strand displacement assay for the detection of Co?*. (B) Calibration curves of the sensor for Co?". (C) Kinetics traces of
the FAM Co-1 sensor in the presence of various concentrations of Co?* in SELEX buffer. Inset: the linear response at 1000 nM. (D) The response
of Co-1 to various metal ions. After confirming the response range of Co-1 to Co?* and Ni2*, we further tested the response of Co-1 to other
metal ions. Co?* and Ni?* produced significant fluorescence enhancement even at 1 uM, whereas Cu?* induced a noticeable increase at as low
as 0.1 pM. In contrast, Fe?*, Zn?*, and Cd?* showed a pronounced fluorescence increase at 10 pM. At concentrations of 10 pM and even 100 pM,
a significant increase in fluorescence was observed with Mn?*, while no noticeable changes were detected with Ca®*, Sc3*, Cr3*, Sr2*, Y3+, Ba®",
Hg?*, and Pb?*. Therefore, this aptamer Co-1 has binding to first-row transition metal ions along with Cd?*.

In contrast, Zn>" has a similar radius to Cu®>" but possesses
a filled d'° configuration, which limits effective orbital overlap
with ligands and leads to lower complex stability.

Metal binding studies using NMR

To investigate the possible conformational changes taking
place in the DNA aptamer with a ligand, we then performed "H-
NMR titrations monitoring the imino region (Fig. 5).*° For this
purpose, we chose to use Zn>" as Zn** is not paramagnetic and

14290 | Chem. Sci, 2025, 16, 14286-14294

we also have previously reported a Zn>* aptamer that is specific
for Zn** (no binding to Co®>" or Ni**).** Based on the NMR
results, the free Co-1 aptamer has approximately 9 imino proton
resonances attributable to base pairs involving G and T nucle-
otides, approximately 6 of which are from Watson-Crick pairs
located between 12 and 14 ppm. Approximately 3 are from non-
Watson-Crick pairs located between 10 and 11 ppm (Fig. 5A). By
examining the mFold predicted secondary structure of Co-1, 14
Watson-Crick base pairs were predicted to form. Therefore, not
all these predicted base pairs were stably formed in the absence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of Zn**. When Zn** was titrated, more peaks emerged in both
regions, and a total of about 17-18 base pairs were formed.
Thus, additional Watson-Crick and non-Watson-Crick pairs
form upon binding to Zn>*' indicating that this aptamer
undergoes metal-induced folding.** Assuming that the binding
site in Co-1 is at the same location for all metal ions, the
binding of Co* and Ni*" should behave similarly and result in
metal-induced structure formation.

[Co-1] : [Zn*]

For comparison, we also performed NMR on the Zn-1
aptamer (Fig. 5B). Overall, as the number of peaks observed
in the imino region remained similar before and after adding
Zn*" the amount of structural change upon Zn>" binding is less
for the Zn-1 aptamer. Due to the sharpening of the imino
signals this aptamer may have a pre-formed binding pocket that
is stabilized upon binding to Zn>*. This aptamer might have
a higher metal binding selectivity due to this hypothesised pre-

[Zn-1] : [Zn?]

1.0:2.0

ﬂ M N lM M 1.0:1.0

A M v Vv M 1.0:0.8
J\ ﬁ M }‘ WV\ m 1.0:0.6

\ | WH M M 1.0:04
WK # \ M\ﬁ w 1.0:0.2

145 140 135 13.0 125 12.0 115 11.0 105 100 95
'H (ppm)

WJ ‘\‘ / 1.0:0.0

145 140 135 130 125 120 115 110 105 100 95
'H (ppm)

Fig. 5 1D *H-NMR of the imino proton region of the (A) Co-1 and (B) Zn-1 aptamers binding Zn®* ions. Data were acquired at 5 °C in 100 mM

NaCl, 2 mM MgCl,, 10% D,O.
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formed binding pocket. Without high resolution structures, this
hypothesis is speculative.

Metal binding studies using CD spectroscopy

CD spectroscopy reflects the differential absorption of left and
right circularly polarized light, and it can provide information
regarding the secondary structure of aptamers.’»*®* The Co-1
aptamer exhibited a characteristic positive peak at 278 nm
and a negative peak at 244 nm (Fig. S97). The positive peak is
attributed to base stacking, while the negative peak indicates
the helicity of the polynucleotide chain.**** Upon the addition
of 20 uM transition metal ions, the intensity of the positive peak
decreased significantly, while the negative peak also reduced
slightly. Mn** did not cause much spectral change attributable
to its low affinity to this aptamer. This result suggests that
transition metal ions binding induced a substantial confor-
mational rearrangement in the Co-1 aptamer, likely leading to
partial disruption or reorganization of the base stacking. This
observation is consistent with our NMR results, which showed
the appearance of new imino proton resonances upon Zn>*
titration, indicating the formation of additional Watson-Crick
and non-canonical base pairs and the overall folding of the
aptamer into a more structured conformation. However, such
Zn**-induced folding appears to involve non-B-form structural
motifs, resulting in a less regular base stacking pattern and
hence a reduced CD signal at 278 nm.

In contrast, the Zn-1 aptamer displayed spectral changes in
an opposite way upon Zn”>" addition, with a slight increase in
the intensity of the positive CD band at 278 nm (Fig. S107),
suggesting that the aptamer adopts a well-folded structure even
in the absence of metal ions. The modest enhancement in base
stacking upon Zn>" binding indicates that the Zn-1 aptamer
possesses a pre-organized binding pocket that is further stabi-
lized by the metal ion. This interpretation is supported by the
NMR results, where no significant changes were observed in the
imino proton region after Zn>" addition, confirming that Zn-1
undergoes only subtle conformational adjustments.

Metal binding studies using ITC

Finally, we characterized metal binding using ITC. Cu** and
Zn”" could not give good ITC results likely due to the hydrolysis
of these metal ions in buffer. When injected into the sample
chamber, the heat associated with diluting hydrolyzed metal
species can dominate the signal. Therefore, we could only
titrate Co®" into the Co-1 aptamer (Fig. 6). A typical binding
curve was observed with a AH of —16.4 kcal mol " and a AS of
—29.6 cal mol ' K" (TAS = —8.8 kcal mol™"). Therefore, the
binding of Co-1 to Co*>" ions was driven by enthalpy, which
compensated for the penalty due to entropy loss. The enthalpy
gain could be from the formation of new base pairs seen in
NMR, along with the coordination of Co>".

Selection outcomes

Since this Co-1 aptamer can bind Cu®" even stronger than Co>*
(Fig. 4A), we then searched the library for previously reported
Cu”* selection.® For the top 1000 sequences, we did not find the
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Fig. 6 Titration of 333 uM Co?* into the 20 pM Co-1 aptamer.

Co-1 aptamer. It is interesting to note that when we used Zn** or
Cu** for the selection, we obtained highly specific aptamers for
them. However, when we used Co®>" and Ni**, we obtained
a highly general aptamer. The secondary structures of the Cu-1
aptamer and Zn-1 aptamer are shown in Fig. 4B and C,
respectively. They have quite similar secondary structures with
conserved metal binding regions formed by the two loops. The
Co-1 and Cu-1 aptamers have a similar affinity to Cu®". The
number of conserved nucleotides is much lower in Co-1, and
this may explain its lower specificity and its ability to accom-
modate many divalent metal ions. Co-1 may only be able to
capture the information of divalent transition metals (two
charges and a certain size range). In contrast, the Cu-1 and Zn-1
aptamers have a larger binding pocket allowing them to form
more complex binding structures that can better fit the orbitals
of the metal ions. Although metal ions are not in general
considered to have shapes, they do have different coordination
geometries. Such information may be captured by the more
complex aptamers, likely via inner sphere coordination.

Based on numerous additional signals appearing in the
NMR spectra of the Co-1 aptamer in the presence of Zn>*, new
base pairs form in this aptamer upon metal binding. In
contrast, for the Zn-1 aptamer, no new imino peaks appeared
indicating that a small amount of few new structure forms.
Instead, the set of low intensity imino signals in the free Zn-1
aptamer gives rise to a few strong signals indicating the
appearance of a more defined structure in the metal-bound Zn-1
aptamer. Therefore, we hypothesize that the Co-1 aptamer has
an induced-fit mechanism, and added metal ions induced the
formation of the bound structure. This binding site follows the
Irving-Williams series and thus the intrinsic properties of the
metal ions dominated the stability of the binding. In contrast,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the Zn-1 aptamer has a binding mechanism where the binding
site rigidifies with metal binding, which may explain its better
selectivity.

Conclusions

In this work, an interesting DNA aptamer named Co-1 was
isolated using capture-SELEX for both Co** and Ni*" as target
metal ions. This is the first aptamer that shows a clear binding
affinity trend following the Irving-Williams series. This series is
quite common in proteins,* and we demonstrated here that
DNA can also have comparable metal binding sites. This Co-1
aptamer will be a useful model system to study metal binding
by DNA aptamers. Having aptamers that are specific for a group
of metal ions is also interesting. We previously reported
a DNAzyme that can recognize all trivalent lanthanides,*” and all
thiophilic metals.”* The 17E DNAzyme can use nearly all diva-
lent metals for catalysis.’* This aptamer may also serve as
a general first-row transition metal biosensor.
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