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Abstract

Uric acid is the end-product of purine metabolism in humans and an important biomarker for many diseases.
To achieve the detection of uric acid without using enzymes, we previously selected a DNA aptamer for
uric acid with a K4 of 1 uM but the aptamer required multiple Na" ions for binding. Saturated binding was
achieved with around 700 mM Na" and the binding at the physiological condition was much weaker. In this
work, a new selection was performed by alternating Mg*'-containing buffers with Na* and Li". After 13
rounds of selection, a new aptamer sequence named UA-Mg-1 was obtained. Isothermal titration
calorimetry confirmed aptamer binding in both selection buffers, and the K4 was around 8 uM. The binding
of UA-Mg-1 to UA required only Mg”". This is an indicator of successful switching of metal dependency
via the salt toggled selection method. The UA-Mg-1 aptamer was engineered into a fluorescent biosensor
based on the strand-displacement assay with a limit of detection of 0.5 uM uric acid in the selection buffer.
Finally, a comparison with the previously reported Na'-dependent aptamer and a xanthine/uric acid

riboswitch was also made.
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Introduction

Uric acid (UA) is endogenously produced from purine metabolism in mammals.!"! In the majority of
mammals, UA is further converted to allantoin by uricase, but UA exists in high concentrations in human
due to a lack of uricase.”*! An abnormal UA level is indicative of many diseases including gout, kidney

diseases, high blood pressure, and neurodegenerative diseases.[*)

The measurement of UA can be achieved by using analytical instrumentation such as high-performance
liquid chromatography-mass spectrometry.l*) Enzyme-based methods have also been developed, most of
which will convert UA to produce H,O, as a by-product. HO, can be subsequently quantified with
chromogenic peroxidase substrates!"*! or by electrochemistry.'*'®! Such methods require multiple-step

cascade reactions and UA was measured indirectly.

Aptamers are single-stranded oligonucleotides that can selectively bind to target molecules. Most aptamers
were isolated in vitro from randomized libraries by systematic evolution of ligands by exponential
enrichment (SELEX).['"""”) They can bind to a variety of targets with excellent specificity and affinity. DNA
aptamers offer many advantages in biosensing, including high stability, programmable structures, and ease
of incorporation of versatile signal reporting probes.***!'! UA, as a purine analog, may have strong

interactions with DNA via n-nt stacking and hydrogen bonding.

We recently isolated a UA-binding DNA aptamer that showed excellent binding affinity (K¢ ~1 uM) and
specificity to UA.??) However, it was selected in a high salt buffer (1 M NaCl) and the aptamer required
three Na® ions to achieve the binding interaction. The binding affinity saturated at around 700 mM Na".
Thus, the binding affinity was lower in the physiological condition. Since aptamers often work the best
under the condition of their selection, we wanted to see if we can obtain new aptamers that work optimally
under physiological conditions. To achieve this goal, we herein performed a new selection by alternating
Na" and Li" in the selection rounds, and both buffers contained 10 mM Mg?*. In the end, a Mg**-dependent

aptamer was isolated to bind to UA.

Experimental Section

Chemicals

The DNA oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA, USA), and
their sequences are listed in Table S1. UA, xanthine, adenine, adenosine, caffeine, theophylline, tryptophan,
guanine, and ethidium bromide were purchased from Millipore-Sigma. Agarose and L-tyrosine were from
Bio Basic. Dextrose was from VWR. Tri(hydroxymethyl)aminomethane (Tris), NaCl, MgCl,, KCl and LiCl
were from Mandel Scientific (Guelph, Canada). SsoFast EvaGreen supermix was from New England

Biolabs. Streptavidin-coated agarose resin was from Thermo Scientific (IL, USA).
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SELEX procedures

The aptamer selection was carried out based on the previously described procedures with a few

modifications.*%! The detailed procedures are described in Supporting Information.

Isothermal titration calorimetry (ITC)

ITC experiments were performed using a VP-ITC microcalorimeter instrument (MicroCal). Aptamer
samples were loaded in the cell (1.45 mL, 10 pM) in buffer. UA and other molecules (280 pL of 400 uM)
in the same buffer were loaded in the instrument syringe. Each titration contained 28 injections with an
initial purge injection of 2 pL, 5 uL for the 2nd-10th injections, 10 puL for the 11th-20th injections, and 15
uL for the 21st to 28th injections). The titration spacing was 180s between each injection. The integrated
heat of each injection was calculated. The binding constants (K,) were obtained through fitting the titration
curves to a one-site binding model using the Origin software. The dissociation constant (K4) values were

calculated from taking the reciprocal of K.

Aptamer-based biosensor assays

One micromolar sensor (aptamer/quencher complex) was prepared by annealing 1 uM FAM-labeled UA-
Mg-1 aptamer with 2 uM quencher-cDNA in the selection buffer at 80 °C for 1 min, followed by cooling
to room temperature over 20 min and then at 4°C for 1 h. Afterwards, the sensor was stored at -20 °C prior
to use. In a typical experiment, 100 pL sample containing 20 nM of sensors was used. The background
fluorescence of the sensor was monitored for 5 min. Then 2 puL of target solution was added. The
fluorescence signal was continuously monitored for another 15 min (Ex: 495 nm, Em: 525 nm) with 20 s
intervals. The experiments were run in triplicate and graphed with error bars to indicate the standard

deviations.

Results and Discussion
Salt-toggled SELEX

The aptamer selection was performed using the library-immobilization method.** 262" A scheme of the
selection is shown in Scheme 1. A 73-nt DNA library containing a 30-nucleotide (nt) random region (N3o)
flanked by two constant primer-binding regions was immobilized on streptavidin-coated agarose column
via hybridization with an 18-nt biotinylated column-binding strand. The library sequence was designed to
form a hairpin structure, which was opened by the column-binding strand. Upon binding with UA, the
hairpin is formed and the strand is released from the column, collected, and amplified for next round of
selection. Our previously selected aptamer requires a high Na* concentration for binding.*? To suppress

Na'-dependent binding, we reduced the NaCl concentration from 1 M to 150 mM which is close to the
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physiological condition. In addition, we toggled the selection by alternating buffers containing Na” and Li"

(Table S2) between each round. Both buffers contained 10 mM Mg?".

Negative
O selection Q

D.(Q_,JE Ehapiten e xanthme D(Af ®) Remove
Streptavidin beads Unbound sgdlj’;':sgs
column strand q
Immobilization Positive selection
~— ua @
Column-binding strand N3o 13 Rounds ®
* B_$ 1, 3, 5...13: Na buffer Q
N ; +
_Nep 2,4,6..12: Libuffer [ =
N, Library
- B—
Hybridize Target removal

with binding-strand
O Biotin-RP

Strand separation PCR
p . —8

amplification

Collect targeting FP
ssDNA

Scheme 1. A scheme of the salt-toggled SELEX. The Na" buffer contained 150 mM NaCl, while the Li"
buffer contained 150 mM LiCl. Both buffers contained 20 mM Tris, pH 8.3, 10 mM MgCl, and 10 mM
KCl.

New UA binding aptamers

A total of 13 rounds of selection were performed. The initial UA concentration was 5 mM, which was
gradually decreased to 0.2 mM (Table S3) to increase the selection stringency. From round 8, we introduced
a counter selection step using xanthine to improve binding specificity (Scheme 1), since xanthine differs
from UA by only a single oxygen atom. The round 13 library was deep sequenced. A total of 44,947
sequences were obtained and assigned to 461 groups by the Geneious software. Since all the sequences can
fold to a hairpin structure, we truncated the primer binding regions and kept five base pairs to produce 40-
nt aptamers. The first 20 most abundant sequences were aligned using Clustal Omega, which were grouped
into three families along with some unclassified sequences (Figure 1a). Out of the three families, two
contained the same conserved sequences by flipped sides. Similar circular permutation binding regions

[22]

were also observed in the previous UA aptamer selection,'*”! and other selections.”*" The majority of the

sequences belonged to Family 1. These sequences contain a hairpin structure (the blue/black regions in

Figure 1a), while the orange regions are conserved nucleotides. The conserved regions in Family 1 are rich

4
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in purines, and the most abundant sequence was named UA-Mg-1, which can fold to a well-defined

structure (Figure 1b). Family 3 contained the same previous Na'-dependent aptamers. Figure 1c shows the

structure of our previous UA aptamer named UA-1,** and in this work we renamed it to UA-Na-1.

UA-Na-1 was the most abundant sequence in our previous selection, but here this exact sequence was not

in the top 20, suggesting that the Family 3 sequences were from our current selection instead of

contamination from the previous selection. Even though we used a lower concentration of Na" and also

used Na'-free buffers, UA-Na-1 like sequences still survived. It is not surprising that they can also bind UA

at low Na" conditions, although with lower affinities. Among the unclassified sequences, a few also share

the feature of containing purine-rich regions (in orange) and some with a stretch of pyrimidines (in red).

Since these sequences are less representative, they were not analyzed further here.

A Family 1 (34.6%)
1 -ACGACA &
4 —-ACGACAC
17 —-ACGACAGGC
6 —-ACGACTGG 5
8 —ACGACTGGC \GAAGCATTTTTTGCT
16 —ACGACAG AGACTCCCTCAATGAG
7 —-ACGACAAGGGCAAGAGTCTCCCATACTARZ \
2 -ACGACG \AGAAATCTCACTCAGATTTAA \AGTCGT

AGAGGTTTTACTTACCTA?

Family 2 (flipped binding loop of Family 1)
20 -ACGACTTAAGGAATGATACTTTATCAGGGCAAGAAGTCGT

Family 3 (previous aptamers)

11 -ACGACAATACGGGTCGATTCCAATCGAC TTETTGTCGT
19 -ACGACGAGGA '"TTCTGGTGCCAGAATACGGGTCGTCGT
15 -ACGACATACGGGCTTCTCTACAGAGAAGGAAATTTGTCGT

Unclassified sequences

5 -ACGACCTAGTGGAAGATTATATCAGCGTAATACTGGTCGT
18 -ACGACCTAG STTATCCTTTTAATGGCAGTGCTGGTCGT
9 -ACGACTG? SGTTAGGTCGTAGAGTTTCTTCAGTCGT
12 -ACGACGT? CAGATCGTAGTATTCTTTCTCGTCGT
3 -ACGACGTCAGGGGATCCCTTCAGGGCAGTAAGGGCGTCGT
10 -ACGACGTTACGGACCTGCACATCAGGGTAAATTTCGTCGT
14 -ACGACGTTACGGACTTCATCTCGAAGGTAAATTTCGTCGT
13 —-ACGACAGTGCAGCTGTGTATG GGAAAACTCTGTCGT

(1122)
(526)
(675)

2016)
528)
1171)
883)
2854)
1142)
696)
808)

cT
b TAC C G A
T T T-A
T T T-A
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UA-Mg-1 UA-Na-1
A
d AGCGGUC GUGCAGCSC
A iTiireri11 A
& CAG CGCGUCG
A GG
u cuY
G-C
A=U
G-C
U-A

5
ggAGAG GCAA

xanthine/UA riboswitch

Figure 1. (a) Sequence alignment of the top 20 sequences from the current salt-toggled UA selection. The

secondary structures of the newly selected aptamer (UA-Mg-1), and (c) the previous aptamer that we re-

named it UA-Na-1 here. The underlined regions base pair. (d) The secondary structure of the aptamer region

from a xanthine/UA riboswitch.[*"

Salt-dependent UA binding
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To test whether the obtained sequences can bind UA, we used isothermal titration calorimetry (ITC). The
Mfold?? predicted secondary structure of the UA-Mg-1 aptamer is shown in Figure 1b. First, we tested the
binding of UA-Mg-1 in the two selection buffers. Figure 2a shows the thermogram and integrated heat in
the Na" selection buffer, and the fitted K4 value was 7.3 uM. Figure 2b shows the data in the Li" selection
buffer, and the fitted K4 was 8.1 uM. Their comparable K4 values indicated the binding of UA-Mg-1 with

UA is independent of either metal ion.

We then further tested the metal dependency by removing Na* from the buffer but keeping the same Mg*"
concentration. As shown in Figure 2¢, a K4 of 5.2 pM UA was obtained, which is close to the binding in
the selection buffer (Figure 2a and 2b), further indicating that the binding is independent of Na'. We also
removed K* from the Mg**-containing buffer, and a similar K4 of 5.1 pM was obtained (Figure Sla),
demonstrating K was not involved in the binding. When we kept 150 mM Na" but removed Mg** from the
buffer, no binding was observed (Figure 2d). The replacement of Mg®" by Ca*" also weakened the binding
with a fitted Kq of 25.4 uM (Figure S1b). Therefore, Mg** is required for binding. The ITC results

demonstrated that we successfully switched the metal ion-dependency by altering the selection conditions.

a Time (min) b Time (min) c Time (min) d Time (min)
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Figure 2. The ITC traces and integrated heat of titrating UA (400 uM) to UA-Mg-1 (10 uM) in (a) the Na
buffer (20 mM Tris, pH 8.3, 10 mM KCl, 10 mM MgCl,, and 150 mM NaCl), (b) the Li buffer (20 mM
Tris pH 8.3, 10 mM KC1, 10 mM MgCl,, and 150 mM LiCl), (c) without Na"/Li" (20 mM Tris, pH 8.3, 10
mM KCl, and 10 mM MgCl,), and (d) without Mg** (20 mM Tris pH 8.3, 10 mM KCI, and 150 mM NaCl).

We then varied the Mg?* concentration in the buffer (20 mM Tris, 150 mM NaCl, 10 mM KCl, with different
concentration of Mg”"). As shown in Figure 3, the binding increased with increasing Mg*" concentration.
We then compared the thermodynamic values of the previous Na'-dependent aptamers and the current

Mg?*-dependent aptamers (Table 1). When UA was titrated to UA-Na-1 the AH of the reaction was -21
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kcal mol™, whereas the AH was -31 kcal mol” for UA-Mg-1. The amount of heat released by UA-Mg-1
was larger, and Mg?" might be responsible for the increased heat released (e.g. by forming a salt bridge).
The AS for titrating UA to UA-Na-1 was -43.8 cal mol”! K™!, and the AS for titrating to UA-Mg-1 was -79.0
cal mol! K. In the case of the Mg®"-mediated binding, the system had much lower entropy in the UA
bound state. The forming of Mg”**-bridged interactions likely decreased the flexibility of the binding

complex.
a Time (min) b Time (min) c Time (min) d Time (min)
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
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o
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Figure 3. ITC curves and integrated heat of titrating UA (400 uM) to UA-Mg-1 (10 puM) in buffer
containing (a) 1 mM, (b) 2 mM, (c) 5 mM and (d) 20 mM Mg*".

Table 1. Thermodynamic data for titrating UA to the UA-Na-1 and UA-Mg-1 aptamers in their respective
selection buffers (1 M NaCl and 10 mM Mg*"* for UA-Na-1; and 150 mM NaCl and 10 mM Mg** for UA-
Mg-1).

Thermodynamic values UA-Na-1 UA-Mg-1
K. (x 10°M™) 75+14 1.4+0.1
AH (kcal mol™) 21+1 31+4

AS (cal mol K™) -43.8 -79.0

AG (kcal mol™) -8.0=+1.1 -7.1£35
N 0.80 +0.03 0.60 + 0.06

Fluorescent sensing of UA
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To further evaluate the binding property of this aptamer, we used the strand displacement assay,****! which
can also be used as a fluorescent biosensor for UA. We extended the UA-Mg-1 aptamer strand by a few
nucleotides and labeled it with a FAM fluorophore. This strand was then hybridized with a quencher-labeled
short complementary strand, resulting in quenched fluorescence. Upon target binding, the quencher strand
is displaced which restores the fluorescence signal. Initially, we varied the Mg** concentration in the buffer
using 20 nM sensor. As shown in Figure 4a, with the increase of Mg®" concentration, the background signal
was lowered, and the signal response was larger. A lower background fluorescence can be attributed to
improved hybridization with the quencher-labeled strand, and a higher signal can be attributed to better
aptamer binding. Thus, a higher Mg®* concentration gave a better signal-to-background ratio. By fitting the
signal change over Mg”" concentration, a Hill coefficient of 0.59 + 0.08 was obtained (Figure 4b). Based
on the shape of a normal binding curve, we reason that only one Mg”" ion was involved in the binding
reaction. This is in sharp contrast to a Hill coefficient of 2.8 from the UA-Na-1 sensor./*! Thus, UA-Mg-1
likely uses one Mg”" ion to binding UA, whereas UA-Na-1 uses three Na* ions to achieve the same goal

(Figure 4e).

After understanding the effect of Mg*", we then tested its response to UA in the selection buffer (the Na*
buffer). Different concentrations of UA (1 uM to 200 uM) were added, and the fluorescence change is
shown in Figure 4c. By fitting the data, an apparent Kq of 8.9 uM was obtained. This is similar to the K4
obtained from ITC, suggesting that the competition from the quencher-labeled strand was low.** This can
also be seen from the high background fluorescence, which in turn resulted in a saturated fluorescence
enhancement of just below 1-fold. The weak competition also led to fast signaling kinetics, where a stable
signal was achieved in ~1 min at high UA concentrations. For comparison, in the recently reported
oxytetracycline aptamer, the fluorescence enhancement reached ~20-fold, but the apparent K4 from the
sensor (12 pM) was 80-fold higher than the real K4 of the aptamer (0.15 uM).*! As a result, the limit of
detection (LOD) for oxytetracycline was 1.2 uM, which is eight times higher than the K4 of the aptamer.
The LOD for the UA sensor was calculated to be 0.5 uM UA based on 3c/slope, which was 10-fold below
the K4 value of the aptamer (5.2 uM).
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Figure 4. (a) Response of the sensor to 100 pM UA in the presence of different concentration of Mg**. (b)
Fluorescence response as a function of Mg”" concentration. (c) Fluorescence enhancement of the sensor to
various concentration of UA in the Na' selection buffer. (d) Calibration curve of the sensor. Inset: the linear
response at low UA concentrations. (e) A cartoon showing the need of one Mg”" by UA-Mg-1 and three
Na' ions by UA-Na-1.

We then tested the selectivity of the UA-Mg-1 sensor against several biomolecules structural similar to UA.
As shown in Figure 5, UA-Mg-1 had no response to most of them except for xanthine. Although we
performed negative selections using xanthine, the cross-activity with xanthine still cannot be eliminated.
Figure 5 also shows the structures of UA and xanthine, and they differed only by a single oxygen atom.
Although the selectivity was only about one-fold, the physiological UA concentration is in the hundreds of

15, 36

micromolar range,!'* ** but the xanthine concentration was less than several micromolar.®”) Therefore

practically, xanthine is unlikely to interfere with the detection of UA when using this aptamer.
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Figure 5. The selectivity of the UA-Mg-1 sensor against various structural similar molecules (20 uM). The

chemical structures of UA and xanthine are shown.

Comparison with the UA-Na-1 aptamer

It is interesting that two aptamers for the same target had a very similar secondary structure (Figure 1b, c),
but completely different metal requirements. We checked sequences in each other’s sequencing pool and
found that the previously obtained UA-Na-1 family (with the same conserved sequences) represented 12%
of the current selection pool (Table 2). This number, although lower than the UA-Mg-1 family (34.6%),
still makes up a significant portion of the final pool. In contrast, the UA-Mg-1 family was present at only
2.2% in the previous selection. Therefore, in principle, if we tested sufficient sequences in our previous
selection for their metal requirement, we can eventually find UA-Mg-1 without doing a new selection. The
use of mixed metals in our previous buffer (Na" and Mg”*) may explain the selection results. The K4 values
the under selection conditions for UA-Na-1 and UA-Mg-1 are 1 uM and 7-8 uM, respectively. The higher

Kq of UA-Mg-1 may also contribute to its lower abundance in the previous selection.

UA-Mg-1 and UA-Na-1 have similar secondary structure but different conserved sequences. Both UA-Na-
1 and UA-Mg-1 contain two loops linked by a hairpin. UA-Mg-1 has conserved sequences of GGGCAAG
and AAGGAA in the loop region, while UA-Na-1 has conserved sequences of TACGGG and GGAATT.
The investigation of how these minor changes in the conserved sequences govern the metal preference will
be a topic of future studies, which will require high resolution structural biology methods such as NMR or
X-ray crystallography. Finally, both of the aptamers have strong cross activity with xanthine. UA-Na-1 was
obtained without negative selection, while UA-Mg-1 was obtained with extensive negative selection. Yet,

they had similar selectivity for UA over xanthine. It is likely that a single oxygen at that particular position
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can be quite difficult for DNA aptamers. In other examples, such as theophylline and caffeine, a single

method group can bring in over 10,000 to 250,000 fold selectivity.?*"!

The switch of metal ion-dependency by changing buffer was also reported by Szostak.*®! When the RNA
aptamers for cyanocobalamin (vitamin B12) were selected in the selection buffer containing 1 M Li" and 5
mM Mg*", the binding required Li*, which cannot be substituted by Na™ or K™ even with the presence of
Mg?*. Whereas the selection buffer containing 1 M NaCl and 5 mM MgCl, was used, the metal ion-
dependency could be switched to Na'/K* plus Mg** *® A few toggled SELEX were reported previously.**
2 For example, Sullenger’s group selected RNA aptamers that recognize both human and porcine thrombin
by alternating the protein targets (human and porcine thrombin) in each round.*”! The selection of RNA
aptamers for aminoglycoside antibiotics was carried out by alternating between two structurally related
aminoglycosides, resulting in sequences that can recognize conserved structural features of the
aminoglycoside pair.*”! Most of the selection used toggled targets to increase the cross-activity of structural

similar compounds. Herein we toggled the selection buffers to switch the metal dependency.*
Comparison with the xanthine/uric acid riboswitch

From many orphan riboswitch candidates, Yu and Breaker identified the MNT1 motif containing a small
aptamer structure that can bind to xanthine and UA " Using the in-line probing method, one of the MNT1
containing sequences (Figure 1d) showed a K4 of ~3.7 uM xanthine and ~25 uM UA. In this case, the
selectivity between these two molecules were about 7-fold, which was similar to what we observed in UA-
Na-1.% In the in-line probing assay, 100 mM K* and 20 mM Mg*" were added. So, we tend to believe that
MNT1 is an Mg**-dependent aptamer, although no detailed metal-dependent studies were performed. In
our two UA binding aptamers, the UA had better affinity than xanthine, since we used UA as the selection
target. Had xanthine been used as the target, we might have obtained aptamers that are more selective for
xanthine. The structure of the xanthine riboswitch aptamer is also a two-way junction, which was similar
to our UA DNA aptamers. One of the unpaired loops of the riboswitch aptamer is rich in purines, while our
UA DNA aptamers are rich in purines in both loops. The similar overall secondary structures and purine-

rich loops suggested that the riboswitch and our aptamers might have a similar way of binding.

Table 2. The comparison of UA-Mg-1 and UA-Na-1

Aptamers UA-Mg-1 UA-Na-1
Percentage in its own pool 34.6 (round 13) 56.7 (round 18)
Percentage found in the other 2.2 (round 18) 12 (round 13)
pool
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Consensus sequences in loop GGGCAAG/AAGGAA TACGGG/GGAATT
Metal ion dependency saturated at 10 mM Mg?" saturated at 700 mM Na"
Kd under selection conditions 7-8 uM 1 uM
Conclusions

In this work, we selected a new UA binding aptamer by alternating the buffers containing Na" and
Li*. After 13 rounds selection, UA-Mg-1 was obtained with Mg?*-dependent binding to UA. The
aptamer had a similar secondary structure to UA-Na-1, which required a high concentration of Na”
for UA binding (no Mg*" requirement). These two aptamers have very similar secondary structures
and only differ by a few nucleotides in the binding loops. Yet, they have completely different metal
requirements. The binding of UA-Mg-1 to UA#vas confirmed by ITC in both Na” and Li" selection
buffers with comparable K4 of around 8 uM. In addition, a fluorescent biosensor for UA was
developed based on the strand-displacement assay in the selection buffer and a limit of detection
of 0.5 uM UA was obtained. So far, two aptamers were obtained that can be used for UA sensing

and this might find applications in the bioanalysis of UA as a biomarker.
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A uric acid (UA)-binding DNA aptamer was obtained using a salt toggled selection. Its binds UA with one
Mg?* ion, whereas a previously reported UA aptamer requires three Na* ions. A fluorescence biosensor was

designed based on the strand displacement assay with a limit of detection of 0.5 pM UA.
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