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Abstract

Aptamers, that exist naturally in living cells as functional elements and can switch nonfluorescent
natural targets to fluorophores, are very useful in developing highly sensitive and selective
biosensors and screening functional agents. This work demonstrates that human telomeric G-
quadruplex (HTG) can serve as a potential fluorophore-switching aptamer (FSA) to target a
natural isoquinoline alkaloid. We found that, among the G-quadruplexes studied here and the
various structurally similar alkaloids including epiberberine (EPI), berberine (BER), palmatine
(PAL), jatrorrhizine (JAT), coptisine (COP), worenine (WOR), sanguinarine (SAN), chelerythrine
(CHE), and nitidine (NIT), only the HTG DNA, especially with a 5"-TA-3" residue at the 5" end
of the G-quadruplex tetrad (5'-TAG3(TTAG3)3-3", TA[Q]) as the minimal sequence, is the most
efficient FSA to selectively light up the EPI fluorescence. Compared to the 5° end flanking
sequences, the 3" end flanking sequences of the tetrad contribute significantly less to the
recognition of EPI. The binding affinity of EPI to TA[Q] (Ky = 37 nM) is at least 20 times tighter
than those of the other alkaloids. The steady-state absorption, steady-state/time-resolved
fluorescence, and NMR studies demonstrate that EP1 most likely interact with the 5” end flanking
sequence substructure beyond the core [Q] and the G-quadruplex tetrad in a much more specific
manner than the other alkaloids. The highly selective and tight binding of EPI with the FSA and
significantly enhanced fluorescence suggest the potential development of a selective EPI sensor
(detection limit of 10 nM). More importantly, EPI, as the brightest FSA emitter among the
alkaloids, can also serve as an efficient conformation probe for HTG DNA and discriminate the
DNA G-quadruplex from the RNA counterpart. Furthermore, EPI can bind stoichiometrically to
each G-quadruplex unit of long HTG DNA multimer with the most significant fluorescence
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enhancement, which has not been achieved by the previously reported probes. Our work suggests
the potential use of EPI as a bioimaging probe and a therapeutic DNA binder.
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Besides serving as templates for genetic coding, nucleic acids also play a vital role in other
biologically important molecular recognition events. Aptamers are a special group of nucleic
acids that display high binding specificity and affinity to their targets. Developed for over
two decades, aptamers have received much attention in many fields including sensors,
clinical diagnostics, drug delivery, therapeutics, and gene regulation.1=® The targets of
aptamers range from small molecules to proteins, cells, and viruses.5-13

Because of enrichment in functional groups and structural motifs, proteins and cells have an
increasing probability to discover nucleic acid sequences as aptamers to target. However,
less than a quarter of existing aptamers have been identified for small molecules due to the
limited number of functional groups available for binding between them.14 Many
techniques, including colorimetric assay (mainly based on gold nanoparticles?15:16),
capillary electrophoresis,17=20 affinity chromatography, 81! gradient micro free flow
electrophoresis,?! SPR,22 and electrochemistry,23-25 have been utilized as tools to explore
the aptamers’ potential to target small molecules. Metal ions,87 adenosine,8:1%:24 ATP,9.10.23
cocaine, 1525 and thrombinl! have been usually selected as the proof-of-concept
representatives for validating the feasibility of these techniques. The fluorescence technique
has been identified as a reliable and inexpensive method for aptamer screening and
applications.26-29 Advances in fluorescence techniques have made it possible to even
visualize single aptamer molecules.?8:2% However, labeling the aptamers with fluorophore
tags is usually necessary for nonfluorescent targets. The position of the tags in the aptamer
and conformation changes caused by such labeling should be carefully optimized in order
not to compromise the aptamer binding.3° For fluorescent targets, a more straightforward
and label-free method can be established through aptamer bindinginitiated fluorescence
changes. Label-free fluorescence technique has been expanded to nonfluorophore targets by
conjugating the aptamer (recognition unit) with a second fluorophore-targeting aptamer
(signal unit).31 Apparently, there is still a great demand in developing various aptamers to
target biologically important small molecules that are more straightforward in design and
have a more functional expectation.

The conformational changes of aptamers upon target binding have been extensively
studied.”:32:33 However, relatively less attention has been paid for alteration of the small
molecule targets’ physicochemical properties upon such binding. This can be directly
explored by fluorescence response of the small molecule targets. Small molecule—-aptamer
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complexes have a great potential in the development of unique diagnostics and
therapeutics.34 In this respect, a small molecule target that is nonfluorescent alone in
solution but is fluorescently lighted up by an aptamer is a promising candidate. In this work,
we term this type of aptamer as fluorophore-switching aptamer (FSA). The sensors based on
the FSA rationale benefit a low fluorescence background and are label free. A few small
molecules with the fluorescence switched on by FSAs have been developed including
malachite green,3® GFP-like dyes,36 Rhodamine,3” and Hoechst 3325838 analogs. However,
FSAs that exist naturally in living cells and can selectively target natural small molecules,
and thus have potentially therapeutic and diagnostic functions, are still lacking if considering
the intrinsic functional applications.

Natural isoquinoline alkaloids (1As, Scheme S1, Supporting Information), especially in the
group of protoberberine alkaloids (PA) and benzophenanthridine alkaloids (BA), are
abundant in medicinal plant species and have important biological and therapeutic activities
including antimicrobial, anti-inflammatory, antioxidation, and anticancer.3940 Their
activities are believed to partially originate from their binding with nucleic acids.3°
Although the alkaloid structure-dependent interactions with DNAs (ds-DNA, 4142 G-
quadruplex,*3-47 and triplex*8) and RNAs*® have been thoroughly investigated, no nucleic
acid has been found with a highly specific and tight binding to these biologically important
IAs. Since these 1As (especially PAs) are almost nonfluorescent and share similar molecular
weight and structural frame (Scheme S1, Supporting Information), identifying an aptamer
that can selectively target one of these 1As, especially by a label-free fluorescence technique,
is very important to expand the 1As’ functionality. Previously, we found that the presence of
an abasic site in DNA can significantly enhance 1As’ fluorescence response,0 but the
binding selectivity for the alkaloids is far from ideal according to the requirements of an
aptamer.

Herein, we found that human telomeric G-quadruplexes (HTGSs) can serve as potential
aptamers to specifically target epiberberine (EPI, Scheme S1, Supporting Information) with
a much higher fluorescence response than the other structurally similar alkaloids including
berberine (BER), palmatine (PAL), jatrorrhizine (JAT), coptisine (COP), worenine (WOR),
sanguinarine (SAN), chelerythrine (CHE), and nitidine (NIT). It is well-known that HTGs as
functional nucleic acids can inhibit the activity of telomerase and thus reduce the risk of
cancer evolution.51:52 Thus, in the aspect of diagnostic and therapeutic applications, it is
very important to develop the HTG as an FSA for a natural small molecule.*® To our
knowledge, this is the first report on a natural FSA that can target a therapeutic and natural
small molecule using the labelfree fluorescence strategy. Besides serving as the specific
FSA’s target, EPI screened here also exhibits very promising applications in recognizing the
multimeric HTG, which has not been achieved by the previously reported probes.

EXPERIMENTAL SECTION

Materials and Reagents

DNA species (Table S1, Supporting Information) were synthesized by TaKaRa
Biotechnology Co., Ltd. (Dalian, China) and purified by HPLC. For NMR measurements,
the 5'-TAG3(TTAG3)3-3" DNA oligonucleotide (TA[Q], [Q] = 5'-G3(TTAG3)3-3") was also
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synthesized (1 gmol scale) using &-cyanoethylphosphoramidite solid-phase chemistry on an
Expedite 8909 Nucleic Acid Synthesizer (Applied Biosystem, Inc.) in a DMT-on mode. The
DNA sample was purified using MicroPure Il Columns from BioSearch Technologies
(Novato, CA) as previously described.>3 The DNA concentrations were measured by first
dissolving DNA in pure water and detecting the UV absorbance at 260 nm using extinction
coefficients calculated by the nearest neighbor analysis. BER, SAN, PAL, CHE (Sigma
Chemical Co., St. Louis, USA), COP, NIT, JAT (Aladdin Reagent Co., Shanghai, China),
EPI (Huicheng Biological Technology Co., Shanghai, China), and WOR (Sichuan Weikeqi
Biological Technology Co., Chengdu, China) were obtained in their highest commercially
available purities (>98%). Milli-Q water (18.2 MQ-cm; Millipore Co., Billerica, USA) was
used in all experiments. All other chemicals were of analytical-reagent grade (Sigma
Chemical Co., St. Louis, USA) and used without further purification.

Fluorescence Measurements

Fluorescence spectra were acquired with a FLSP920 spectrofluorometer (Edinburgh
Instruments Ltd., Livingston, UK) at 18 + 1 °C, which was equipped with a temperature-
controlled circulator (Julabo Labortechnik GmbH, Seelbach, Germany). To prepare the G-
quadruplex solution, the strand was annealed in a thermocycler (first at 92 °C, then slowly
cooled to room temperature) in 25 mM Tris-HCI buffer (pH 7.5) containing 1 mM
ethylenediaminetetraacetic acid disodium salt (EDTA) and 100 mM KCI or NaCl. The
alkaloid at the specified concentration was added into the DNA solution, and the resulting
solution was allowed to incubate for 15 min before fluorescence measurement. The resulting
solution was examined within 2 h. No time-dependent fluorescence response was observed
after mixing, showing a rapid association between them. Time-resolved fluorescence decay
was recorded on a time-correlated single photon counting FLSP920 system. The time-
resolved measurement was carried out under the corresponding excitation and emission
wavelengths. A Ludox solution was used as scatter for the instrument response. The data
were fitted with a multiexponential decay, and ;(2 was less than 1.1.

The stoichiometry of EPI binding to DNA was determined by Job’s plot analysis. The total
concentration of EPI and the corresponding DNA G-quadruplex unit was maintained at 2
UM, and the EPI-to-DNA concentration ratio was sequentially varied.

Alkaloids were titrated with DNAs for measurement of the binding constants, and the
fluorescence intensity was plotted as a function of the aptamer concentration. The data were
fitted by KaleidaGraph (Synergy Software) according to a 1:1 binding model.>* The titration
experiments were carried out by keeping the alkaloid concentrations at 0.5 M or 20 nM.

To investigate the effect of ionic strength on the binding of alkaloids to the aptamer, the
fluorescence intensities of 1 £M alkaloids in the presence of 1 4M aptamer were measured
on addition of increasing Tris-HCI (pH 7.5) concentration by keeping the K* concentration
at0.1 M.
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UV/Vis Absorption Spectra

UV/is absorption spectra were determined with a UV2550 spectrophotometer (Shimadzu
Corp., Kyoto, Japan) at room temperature using a quartz cell with a path length of 1 cm.

1H NMR Measurements

The DNA oligonucleotide was dissolved in 25 mM potassium phosphate buffer (pH 7.0) and
75 mM KCI in 10%/90% D,0O/H50 solution. The final NMR sample contained 0.2 mM
DNA. The DNA-EPI complexes were prepared by adding an appropriate amount of EPI to
the DNA sample. 1D IH NMR experiments were carried out on a Bruker Avance 600 MHz
spectrometer at 25 °C with the WATERGATE water suppression technique. High-

resolution *H NMR spectra were acquired with the following acquisition parameters: time
domain, 32 K; 90° pulse width, 11.0 s; spectral width, 16 ppm; relaxation delay, 1.0 s; and
acquisition time, 3.2 s. 128 scans were accumulated. Fourth-order polynomial function was
applied for the baseline correction.

RESULTS AND DISCUSSION

HTG in K* Solution as an Effective FSA for Selectively Targeting and Fluorescently

Lighting up Epiberberine
As shown in Scheme S1, Supporting Information, PAs and BAs share a similar heterocyclic
structure. These alkaloids are reported to be weakly fluorescent in aqueous solution, with
moderate fluorescence enhancement or fluorescence decrease upon binding to nucleic acids,
dependent on the nucleic acid sequences and identity of the alkaloids.3%4045 We aim to
develop an FSA that has a tight and selective binding to a natural IA target and, at the same
time, functions as a critical transducer element to significantly light up the 1A’s
fluorescence. Because of their crescent shapes and almost planar rigid structures, 1As seem
to exhibit higher binding capacity to G-quadruplexes than to ss- and ds-DNAs/RNAs.39-49
These reports thus help to narrow the selection of the sequence pool for aptamer
identification. In this work, considering the potentially practical application of the screened
aptamer, G-quadruplexes derived from natural sequences were thus selected as the aptamer
candidates to target specifically one of these alkaloids. The G-quadruplex sequences studied
here (Table S1, Supporting Information) are mainly derived from human (entries from 1 to
15, Table S1, Supporting Information) and oxytricha (T3TT, T3TTs, T3T3T3) telomeres,
oncogene c-myc (mPu22, 1XAV) and c-kit (203M) promoters, an HIV integrase inhibitor
(T30695), and a G-quadruplex DNAzyme (PS2.M). Their folding conformations in K*
solution have been well documented.55-58 Due to the low abundance of EPI in plants
compared to the other alkaloids, little attention has been paid for EPI interaction with
nucleic acid. As shown in Figure 1 (inset), EPI alone in solution is nearly nonfluorescent
(curve a), while upon binding to TA[Q], EPI becomes a fluorophore with its fluorescence
increasing up to 45 times (curve b). The excitation and emission bands of EPI appear at 377
and 540 nm, respectively. The fluorescence quantum yield of TA[Q]-bound EPI is about
0.41, at least 27 times higher than that of EPI alone in aqueous solution (see the Supporting
Information).
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We then tested the DNA sequence dependence of EPI fluorescence enhancement in order to
screen an optimal FSA. The FSA based on a G-quadruplex structure must have a strong
binding with EPI and at the same time have a relatively weak fluorescence response to the
other 1As. As shown in Figure 1, the EPI fluorescence enhancement is strongly dependent on
the G-quadruplex DNA sequences. Most of the HTGs are more efficient than the others in
lighting up the EPI fluorescence in K* solution. On the basis of the sequence dependence
results, we can make the following conclusions for the HTG sequences. First, variation in
the flanking sequences at the 5 end of the HTG core ([Q]) has a larger effect on the EPI
emission than the flanking sequences at the 3" end. G-quadruplexes without any residues at
the 5" end of the core [Q] induce small fluorescence response. Second, at the 5” end, at
least two residues with an adenosine residue immediately adjacent to the core [Q] are
required to significantly enhance the EPI fluorescence (for example, TA[Q] with the
required least sequence as an efficient FSA). Further lengthening of a residue at the 5” side
(e.g., TA[Q] versus TTA[Q] and TA[Q]TT versus TTA[Q]TT) does not contribute the
fluorescence enhancement significantly. Third, varying the sequences at the 3 end of the
core [Q] alone (e.g., TA[Q] versus TA[Q]A, TA[Q]T, and TA[Q]TT) has no significant effect
on the EPI fluorescence. Thus, our results indicate that EPI binds to the K*-form telomeric
G-quadruplexes most likely at the 5" end.

The stacking interaction of PAs and BAs with HTGs has been proposed to mainly occur at
the 5" end by structural modeling.#344 The 3" end may be the second possible binding
site.4346 The preferable ligand binding at the 5 end has also been reported for other G-
quadruplexes.>3 It is well-known that HTGs adopt dominantly hybrid conformations in K*
solution.®5-61 The results that only the HTG sequences with appropriate 5 flanking
sequences, i.e., at least two residues with an adenosine residue, can efficiently enhance the
EPI fluorescence in K* solution (Figure 1), indicate thata 5" flanking adenine followed by
additional residue(s) is critical to form the EPI binding pocket at the 5" end of the hybrid-
form telomeric G-quadruplexes. Accordingly, it has been reported that the structured 5” end
sequences is critical for the formation of this hybrid form, as evidenced by a T:A:A triad
substructure that is formed with the 5'-TA-3” at the 5° end of the core [Q] and the A base
from the loop linking the tetrads.5® This may suggest a mode of binding related to this triad,
such as “intercalating triad”, which has been reported for the c-myc promoter G-quadruplex
recognition.>3 Structural studies are underway to determine the exact binding mode of EPI.

We further investigated the dependence of fluorescence responses upon TA[Q] binding on
the 1A structures. As shown in Figure 2, in the presence of TA[Q] and in 0.1 M K™
condition, PAs (EPI, BER, COP, PAL, and WOR) generally emit higher fluorescence than
BAs (JAT, SAN, CHE, and NIT). More importantly, the EPI emission is 18, 5, 13, 14, 68,
87, 135, and 293 times higher than BER, COP, PAL, WOR, JAT, SAN, CHE, and NIT,
respectively. The difference in fluorescence resulting from the alkaloid structures can even
be observed by the naked eye under UV illumination (Inset of Figure 2). The other G-
quadruplexes derived from human telomeric sequence having at least two residues at the 5’
end and a base A immediately adjacent to the core [Q] also have a higher EPI fluorescence
response than the other alkaloids (Figure S1, Supporting Information), while the
discrimination of EPI from the other alkaloids is slightly less than TA[Q]. Thus, TA[Q]
should be the minimal FSA sequence in lighting up EPI. The sequence variation at the 3
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end, however, has no significant effect on the selectivity of EPI binding. Thus, the selective
binding to EPI over the other alkaloids is also strongly dependent on the 5" end flanking
sequences. Note that these alkaloids share a similarly heterocyclic structure and all exhibit
weak fluorescence especially for EPI, BER, COP, and PAL in solution in the absence of a G-
quadruplex. Up to now, no DNA sequence has been reported to selectively discriminate one
alkaloid over the others by fluorescence method.39-49 In this work, we demonstrate that
HTG, especially with TA[Q] as an efficient and minimal FSA, can target EPI with a high
selectivity.

A 1:1 binding model has been proposed for the interaction of alkaloids with HTGs.#44° The
formation of 1:1 alkaloid complexes was also confirmed in this work as indicated by the
Job’s plot analysis (Figure S2, Supporting Information, with EPI as an example).
Fluorescence titration of alkaloids (0.5 ¢M) by TA[Q] was used here to evaluate the binding
strength. The typical titration curves and the fitting results according to the 1:1 binding
model are provided in Figure 3. The good fitting to the data also confirms such 1:1 binding
model. The binding constants (K71) with TA[Q] for COP, PAL, BER, and WOR are (1.4
+0.5) x 105, (4.1 £ 0.4) x 10°, (4.1 £0.4) x 10°, and (5.1 + 0.4) x 10° M1, respectively,
which are similar to the reported values.*44> Remarkably, EPI has a much tighter TA[Q]
binding with a binding constant of (2.8 + 0.6) x 107 M~1 (disassociation constant Ky = 37

+ 8 nM). However, JAT, SAN, CHE, and NIT exhibit a negligible fluorescence change upon
increasing the TA[Q] concentrations (for clarity, only SAN is shown in Figure 3). Although
these alkaloids also bind to G-quadruplex,*345 no further binding investigation was made
here due to the lack of FSA property. To determine the binding constant more accurately,**
we carried out the titration experiments at 20 nM EPI that is comparable with the Kj value,
and a similar binding constant was obtained (Figure S3A, Supporting Information).
However, the G-quadruplex [Q] without the 5”/3” flanking sequences has a similar binding
affinity to the alkaloids including EPI, PLT, COP, WOR, and BER (Figure S3B, Supporting
Information), again suggesting the vital role of the 5" flanking sequence on the EPI binding.
Note that the EPI binding affinity with the HTG is even comparable with the well-evaluated
telomerase inhibitors of telomestatin and BRACO-19 (for a review, see ref 30), but these
probes do not exhibit the aptamer-switched-on fluorescence properties. Thus, EPI is a
promising target for the HTGs having the aptamer-switched-on fluorescence behavior with a
high binding affinity and specificity.

We also conducted 1D 1H NMR titration experiments to study the binding of EPI with
TA[Q]. The TA[Q] alone (EPI free, Figure 4) in 0.1 M K* solution forms a major hybrid-1
G-quadruplex conformation as indicated by the well-resolved imino proton peaks, as shown
previously.®® Upon addition of EPI to the TA[Q] DNA solution, the imino proton peaks of
the DNA first broaden at lower EPI equivalence (0.5 N) and then become sharper at higher
EPI equivalence (Figure 4), indicating a medium exchange rate of EPI binding to TA[Q] on
the NMR time-scale. The observation of a relatively well-resolved imino proton peak
suggests a rather specific EPI binding. The upfield-shifting of the DNA imino proton peaks
indicates an EPI binding mode of the tetrad stacking.>® Thus, EPI most likely interacts
simultaneously with the G-quadruplex tetrad and the triad®® as mentioned above, by
intercalating between them. The NMR titration data support the 1:1 binding stoichiometry of
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EPI with TA[Q], as no further qualitative change is visible in the imino region at the EPI
equivalence higher than 1 (Figure 4), also meaning a specific affinity at the intercalating site.

In order to verify the role of the G-quadruplex structure-dependent EPI binding on
fluorescence enhancement, we carried out the binding experiments in Na* solution, in which
the HTG adopts mainly a basket antiparallel structure.>5-61 As shown in Figure 2, the
fluorescence intensity of EPI-TA[Q] in Na* is indeed 12 times lower than in K*. This K*-
form-dependent fluorescence enhancement is also visible for the other alkaloids (especially
PAs) but with less K*/Na* factors. Thus, our results suggest that EPI binding and
fluorescence enhancement are highly dependent on the G-quadruplex structure.

We compared the absorption spectra using EPI and COP (the second most lighting-up
emitter as indicated in Figure 2) as typical examples. As shown in Figure S4A, Supporting
Information, TA[Q] binding induces significant red-shifts in the absorption peaks of EPI and
COP. However, only EPI exhibits an obvious peak splitting upon binding to TA[Q] with the
appearance of four peaks at 359, 377, 465, and 490 nm between 300 and 500 nm (Figure
S4A, Supporting Information), indicating a stronger interaction with the G-quadruplex. The
ring A moiety of PAs (Scheme S1, Supporting Information) contributes mainly to the
absorption peaks between 300 and 400 nm, while the ring C/D moieties contribute mainly to
the absorption peaks between 400 and 500 nm.#2 Thus, the splitting of absorption peaks at
both regions suggests that the substituent pattern in EPI favors a strong binding of both of
the moieties to the G-quadruplex. This strong interaction would reduce the chance of excited
state intramolecular electron transfer that is responsible for the observed weak fluorescence
of alkaloids alone in solution.#2 The strong interaction of EPI with TA[Q] was also
confirmed by fluorescence decay experiments (Table S2, Supporting Information). The
average lifetimes of the EPI-TA[Q] and COP-TA[Q] excited states are 11.26 and 8.53 ns,
respectively. Thus, TA[Q] stabilizes the EPI excited state to a much greater degree in
comparison with COP, also suggesting that the specific interaction with EPI favors the
excited state relaxing via a radiative pathway.

Since the alkaloids are positively charged, their binding to G-quadruplex with increasing
Tris-HCI concentrations was investigated to reveal the possible contribution of the
electrostatic force in the aptamer binding. As shown in Figure S4B, Supporting Information,
the EPI fluorescence decays much slower than COP with increasing Tris-HCI
concentrations, suggesting that electrostatic force contributes less to the EPI binding to the
aptamer. This specific binding of EPI was also confirmed by the 7, experiments (Figure S5,
Supporting Information). The EPI binding induces a higher thermostability of the aptamer.
Taken together, our experimental results suggest that EPI interacts specifically with the 5’
end structured sequence of HTG, while the binding of the other alkaloids is much less
specific.

Selective EPI Sensor

EPI also exhibits wide biological and therapeutic activities including Alzheimer’s disease
inhibition,52 cell protection from damage,®® and DNA topoisomerase inhibition.54 The
strong aptamer binding of EPI over the other alkaloids provides a possibility in selectively
assaying EPI by fluorescence readout. Since BER, PAL, and SAN are abundant in plants and

Anal Chem. Author manuscript; available in PMC 2017 July 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 9

their interactions with DNA have been extensively studied,3%-4? in this work, the
concentration-dependent fluorescence response of EPI in the presence of the G-quadruplex
was directly compared with these alkaloids. As shown in Figure S6A, Supporting
Information, in the presence of 1 4/M TA[Q], EPI exhibits a significant linear fluorescence
response upon increasing its concentration, while the changes in fluorescence for BER, PAL,
and SAN are negligible. The detection limit for EPI is about 10 nM by assuming the signal-
to-noise ratio of 3, whereas the response of the other alkaloid at this concentration is still at
the noise level (Figure S6B, Supporting Information, with PAL as an example). Since the
medically important alkaloids are often highly similar in structure, it is valuable to develop a
reliable method to identify a special alkaloid. For example, because EPI and BER have an
identical molecular weight and the only difference between them is the substituent pattern at
the heterocyclic PA backbone, more care should be taken for preparing BER or EPI with a
high purity. As shown in Figure S7, Supporting Information, coexistence of 20 times higher
BER concentration produces little effect on the EPI fluorescence response, suggesting that
TA[Q] binding to EPI is highly selective, and BER does not compete with EPI in binding to
the aptamer. There is even no previous report5® on a simple and reliable fluorescence method
in identifying one alkaloid from the others with such high selectivity. Thus, our method
using the screened aptamer as the selector and fluorescence inducer most likely has the
potential in the EPI analysis with a high sensitivity and selectivity.

EPI as an Efficient Conformational Probe for HTG

Although TA[Q] was identified as the minimal FSA in targeting EPI, a significant EPI
fluorescence response was also observed for the natural HTGs other than TA[Q], suggesting
the potential functional applications of the screened EPI in efficiently exploring the natural
HTGs. Because the HTG structure is sequence and environment sensitive,55-61 there is an
increasing demand in developing G-quadruplex structure-selective probes.30 It is well-
known that the HTG DNA adopts an antiparallel basket structure in Na* and a hybrid
structure in K*.55-61 Thus, EPI could serve as an efficient probe to follow the G-quadruplex
conformation changes at different cation solutions. As shown in Figure S8A, Supporting
Information, addition of K* to the EPI-TA[Q] solution containing 0.1 M Na* induces a
prompt increase in EPI fluorescence, in contrast to the small change observed with the
identically molecular-weight BER as the fluorescent probe. Up to about 20 times higher
fluorescence response of EPI in comparison to BER can be obtained for the K*-induced
conformation conversion. Therefore, EPI can be used as a sensitive probe for probing the
HTG conformation.

Accumulating evidence suggests that the HTG RNA sequences can also form a G-
quadruplex structure.5® The formation of the RNA G-quadruplex in the living cell has been
identified.8” Therefore, there is a prompt need to develop selective probes that can
discriminate HTG DNA from the RNA counterpart. As shown in Figure S8B, Supporting
Information, a much lower fluorescence response for EPI binding to the RNA G-quadruplex
of rUA[Q] (Table S1, Supporting Information) is observed with a binding constant of (1.2
+0.2) x 105 M1, about 20 times lower than that with TA[Q]. Thus, EPI could serve as a
selective probe to investigate the structure of HTG DNA with a negligible interference from
the RNA counterpart. Upon alkaloid binding, the native global structure of HTG DNA in K*
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is still maintained.#3 Thus, EPI can serve as superior fluorescent probe for G-quadruplex
structure over the usually used porphyrin derivatives due to the weakness of their binding-
induced structure rearrangement.30

EPI as an Efficient G-Quadruplex Unit-Based Emitter for Long Telomeric DNA G-
Quadruplex Multimer

The above experiments were carried out only for the sequences containing a single DNA G-
quadruplex unit. However, the length of the HTG 3" terminal single-stranded overhang is
about 150-200 nucleotides.58 Higher-order G-quadruplex structures (beads-on-a-string
multimer) with consecutive G-quadruplex units that are connected by TTA linkers can be
formed in human telomere.5%-71 Thus, there is a great demand to develop a specific ligand
that has a similarly strong binding affinity to each individual G-quadruplex unit in the
multimer, independent of the G-quadruplex length. The biological applications of the natural
IA may be expanded if it can bind to the HTG multimer via a G-quadruplex-unit-based
manner. Thus, we further investigated the fluorescence responses of 1As upon binding to the
HTGs containing one, two, and three G-quadruplex units (5" -(TTA[Q]),TTA-3", n=1, 2, 3),
respectively. Among the investigated alkaloids, EPI is still the most efficient emitter upon
binding to the long HTGs (Figure S9, Supporting Information). Additionally, EPI also
exhibits a G-quadruplex unit-based 1:1 binding (Figure S10, Supporting Information). These
results suggest the potential application of EPI as a promising therapeutic candidate
targeting the HTGs. Fluorescence titration (with EPI at 0.5 M) indicates that EPI exhibits a
comparable binding constant Kj1 with these DNAs (Figure 5, in G-quadruplex unit, about
2.6 x 107 M~1 in average), meaning a G-quadruplex length-independent unit binding
behavior. Such binding strength was also confirmed with the EPI concentration at 20 nM
(best comparable with the Kj value, Figure S11, Supporting Information). Previously, it was
reported that some synthetic small molecules can target the G-quadruplex dimer’2 and
prompt formation of the G-quadruplex sandwich-like assembly.”3 Additionally, the
quadruplex—quadruplex interface in a multimer has been shown to have a varied effect on the
binding of a porphyrin derivative in comparison with the monomer binding.”* We note that
EPI screened here is the first reported natural fluorophore that can be used to target
independently each of the DNA G-quadruplex units in a long HTG multimer, which occurs
in the G-quadruplex monomer.

CONCLUSIONS

This work demonstrates that the HTG sequences can be developed as fluorophore-switching
aptamers (FSAs) targeting EPI, one of the natural 1As. The natural HTG, especially with 5’-
TAG3(TTAG3)3-3" (TA[Q]) as the minimal sequence, is the most efficient FSA for
selectively lighting up the EPI fluorescence, in comparison with BER, PAL, JAT, COP,
WOR, SAN, CHE, and NIT. It was found that the 5" end sequence of the tetrad has a greater
effect on the EPI discrimination capacity than the 3" end sequence, suggesting that the most
possible EPI binding site is at the 5 end. Although these alkaloids have identical parent
structures and differ by only the substituent pattern and minor structure modification, at least
20 times tighter binding affinity of the aptamer to EPI was observed. The binding
mechanism was briefly discussed. EPI stacking on the 5° end of the FSA tetrad and
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interacting with the substructure of the 5" end flanking sequences are the main driving
forces, while the other alkaloids experience more electrostatic force in the G-quadruplex
binding. The identified G-quadruplex-based FSA can be used as a switch for developing a
highly selective and sensitive EPI sensor (about 10 nM in detection limit) with an enhanced
fluorescence response. As an efficient conformation probe, EPI can efficiently differentiate
the HTG DNA structure from its RNA counterpart and monitor the DNA G-quadruplex
conformation conversion between different topologies. Importantly, EP1 exhibits a similar
binding capacity to each G-quadruplex unit of the long telomeric DNA G-quadruplex
multimer, suggesting that EPI may be used as a functional fluorescence probe for the HTG
multimeric recognition. This performance has not been achieved by the previously reported
probes. Our work will expand the applications of EPI alkaloid in sensors and therapeutics.
Due to the high selectivity and specificity of EPI binding to the HTG, there is further
necessity to identify the detailed molecular modeling in order to gain an insight into the
structural feature of the alkaloid to target HTG. This will be done in the future by more
techniques (for example, 2D NMR and modeling calculation).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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2 4 6 8 10 12 14 16 18 20 22

Figure 1.
Dependence of EPI (1 M) fluorescence intensity at 540 nm on the G-quadruplex sequences

(1 M) in 0.1 M K* solution (pH 7.5): [Q] (1), A[Q] (2), T[Q] (3), TA[Q] (4), AT[Q] (5),
AA[Q] (6), TT[Q] (7), TA[QIA (8), TA[Q]T (9), TTA[Q] (10), TTA[Q]TT (11),
AAA[Q]AA (12), TA[Q]TT (13), [Q]T (14), [Q]TA (15), mPu22 (16), 1XAV (17), PS2.M
(18), T30695 (19), 203M (20), T3TT (21), T3TT3 (22), and T3T3T3 (23). Inset: Excitation
and emission spectra of EPI in the absence (a) and presence (b) of TA[Q].
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Figure2.
Fluorescence intensity of the investigated IAs (1 M) in 0.1 M K* (red) and Na* (green) in

the presence of TA[Q] (1 4M). Inset: Photographs of these solutions under UV illumination.
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Figure 3.

Dependence of fluorescence intensity of 1As (0.5 £M) on gradual addition of TA[Q],
showing a 1:1 binding by the curve fitting (solid line). Inset: Photographs of the solutions
under UV illumination (from left to right: EPI, BER, COP, PAL, WOR, JAT, SAN, CHE,

NIT) with TA[Q] at 0.2 zM.
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Figure 4.
Imino proton region of the 1D 1H NMR titration spectra of TA[Q] in K* solution (pH 7.0) at

25 °C. TA[Q] was titrated with the EPI concentration ranging from 0 to 4 equivalence.
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Figureb.
Fluorescence intensity of EPI (0.5 M) in 0.1 M K* upon addition of increasing

concentrations of 5”-(TTA[Q]) ,TTA-3" containing one, two, and three G-quadruplex units
with n=1, 2, 3, respectively, showing a 1:1 binding by the curve fitting (solid line). The X-
axis is based on the G-quadruplex unit concentration. The results based on the G-quadruplex
strand concentrations are shown in Figure S9, This work was supported by the Zhejiang
Provincial Natural Science Foundation of China for Distinguished Young Scholars (Grant
No. LR12B05001), the Zhejiang Provincial Public Welfare Project (Grant No.
2014C31150), and the National Natural Science Foundation of China (Grant No. 21075112).
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