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Abstract
Nuclease Sensor Trio: Fluorogenic DNA sensors were developed for distinct classes of
nucleases: 3′-exonuclease, 5′-exonucleases, and endonuclease. The highly selective sensors, built
from very small modified DNA oligomers containing the nonnatural fluorescent base pyrene, and
employing thymine as a quencher, were found to function in a variety of complex biological
media.
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Nucleases are a broad class of enzymes that hydrolyze the nucleic acid backbone for
multiple biological functions including DNA replication, DNA repair, recombination, and
recycling. In biological research, nucleases are widely used for processing and tailoring
DNAs and RNAs, and for probing their structure as well. Many sequence-specific restriction
nucleases as well as sequence-general nucleases are now widely available, and nucleases
have become one of the most widely employed classes of enzymes in modern biology and
biotechnology. They have been utilized in the polymerase chain reaction, in molecular
cloning, gene mapping and nucleic acid analysis.[1] Importantly, phosphodiesterases are
synthesized by bacteria and are used as markers of bacterial contamination; for example,
assaying nuclease levels has been a standard method for measuring contamination by
Staphylococcus.[2]

Nuclease activities can also be detrimental to research and to human health. The enzymes
can be unwanted contaminants that may degrade the experimenter’s DNA or RNA samples.
Moreover, the presence of phosphodiesterases in biological fluids and in cells presents a
challenge to researchers who study the use of DNAs and RNAs as potential therapeutic
agents. In humans, variable activities of cellular phosphodiesterases have been correlated
with disease; for example, disruption of phosphodiesterase activities have been implicated in
asthma,[3] depression,[4] schizophrenia[5] and stroke[6]. Phosphodiesterases are clinically
important therapeutic targets, and a number of drugs are approved for use against these
enzymes.[7,8]
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The ability to rapidly measure specific nuclease activities is important in the development of
these and future clinical approaches to phosphodiesterase-linked disease. Detection of
nuclease activity has been traditionally performed with radioactive labeling,[9] gel
electrophoresis,[10] high performance liquid chromatography[11] and enzyme-linked
immunosorbent assays[12]. The recent development of nuclease sensors that yield optical
signals have partly resolved some limitations of the traditional methods, which are generally
time-consuming and laborious. Examples of optical nuclease sensor types include
intercalating dyes,[13–15] cationic dyes,[16] conjugated polymers,[17] metal
nanoparticles,[18–25] carbon nanotubes[26,27] and molecular beacons[28,29]. However, these
approaches in most cases report on phosphodiester cleavage with little or no regard to
location and type of bond, which can be problematic because of the overlapping types of
activity that exist in the many known nuclease enzymes. One of the broadest classifications
of nucleases is that of their preferred location of cleavage in the DNA or RNA strand:
namely, from the 5′-end (5′-exonucleases), from the 3′-end (3′-exonucleases), and from
internal linkages (endonucleases). Significantly, despite extensive studies of nucleases
during the recent decades, a selective fluorogenic method to distinguish these distinct classes
of nuclease activities has not yet been developed. One sensor of 3′-exonuclease activity was
recently developed,[30] but sensors of endonuclease and 5′-exonuclease activity are still
desired. Here, we report the development and properties of highly selective fluorogenic
nuclease sensors to detect and distinguish single-strand nucleases of these three distinct
classes.

Our approach to this chemosensing problem involved the use of short modified DNA strands
containing designed fluorescent nucleobases.[31–34] The use of the DNA backbone renders
such compounds trivial to synthesize using automated nucleic acid synthesizer. In addition,
they are highly soluble in water, and easily delivered into live cells. Furthermore, the bases
are efficiently stacked on one other, and as a result the fluorescent properties of such
oligomers are often dramatically sequence-dependent.[35,36] Previously we have studied the
remarkable quenching effect of neighboring bases on the emission of fluorescent non-natural
bases.[37,38] For example, thymine (T) was found to be an efficient quencher of an adjacent
fluorogenic pyrene α-deoxyriboside (Y) by a photoinduced charge transfer mechanism.[39]

Other bases were less strongly quenching of this fluorophore, while adenine (A) had no
effect on its emission. Recently, we reported a novel fluorogenic sensor for DNA base
excision repair that takes advantage of the fact that uracil (like T) also effectively quenches
pyrene.[34]

With the aim of selective reporting of distinct nuclease activities, we envisioned a series of
programmed sequences of single-stranded modified nucleic acids (Scheme 1), taking
advantage of the unnatural structure of fluorescent base Y and its quenching properties. We
began by selecting as our initial targets three well-characterized bacterial nucleases,
including one of each class (3′ and 5′ exonuclease, and endonuclease; see below). We then
prepared a number of candidate fluorogenic substrates 3–10 nt in length (see Supporting
Information (SI) Table S1), incorporating Y and T residues in varying numbers and
positions. Preliminary enzyme substrates studies of the fifteen candidates (Figures S1-S3)
led us ultimately to four best-performing probes (1–4, Scheme 1) that were studied in greater
detail.

First, the short modified oligomer 5′-AYT (1) was designed as a 3′-exonuclease sensor, and
as a representative enzyme target of this type we chose the bacterial enzyme Exo T, also
known as RNase T,[40,41] which cleaves DNA or RNA from the 3′-end. The fluorescence of
Y in AYT (1) is strongly quenched by the neighboring T (see below). In the presence of Exo
T, however, the quencher T is expected to be cleaved from the end (if the neighboring
unnatural pyrene does not block this activity) to give AY which would emit bright
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fluorescence. While thymine quenches pyrene strongly, adenine has little or no effect on its
fluorescence quantum yield.[38]

The second chemosensor, 5′-YTAAAAAAAA (YTA8, 2) was as a substrate for a single-
stranded DNA specific 5′-exonuclease, RecJf.[42] The length of the A8 tail at the 3′-end of 2
was designed to fulfill a substrate requirement of RecJf nuclease, which functions poorly
with shorter DNA fragments.[42] In our design, RecJf nuclease is expected to cleave the 5′
terminal Y from the sensor YTA8 (2) as the initial cleavage event, releasing Y and
separating it from the neighboring quenching thymine nucleobase. However, prior to our
preliminary experiments it was not known whether the enzyme would be able to recognize
the unnatural α-pyrene nucleotide as a substrate.

Lastly, YTTY (3) was our initial design as a sensor for a single-strand endonuclease,
nuclease S1, a well-known enzyme from Staphylococcus. Similar to the other probes, the
pyrene in probe 3 is quenched by nearby thymines; in this third case, any of three bond
cleavages might enhance fluorescence. S1 nuclease can cleave very short oligomers of DNA
or RNA, including dimers, but it was not known whether it would also cleave DNA near the
large and α-anomeric pyrene residues.

During the design of the probes, we considered structure and sequence motifs that might
make them selective only for one class of nuclease over the others. In our preliminary
studies, we found that the dimer composed with fluorophore-quencher pair YT remained
dark in the presence of Exo T or S1 nucleases (data not shown), which suggested that YT is
not a good substrate for Exo T and S1. Thus, YTA8 is expected to be non-fluorogenic in the
presence of Exo T and S1 even though some of its bonds can be hydrolyzed by Exo T and
S1 to some extent. In addition, AYT (1) and YTTY (3) are too short to be substrates for
RecJf enzyme, rendering them nonresponsive to this 5′-nuclease.[42] To make the
endonuclease sensor YTTY (3) resistant to 3′-exonuclease Exo T (Figure S6), we added a
phosphate group at the 3′-terminus to yield the final design of this probe (YTTYp, 4) since a
terminal phosphate is known to inhibit this 3′-nuclease.[43] It still remained in question
whether AYT (1) would be fluorogenic in the presence of the endonuclease S1.

To test the fluorogenic nuclease sensors, the short probe oligomers were prepared according
to standard DNA synthesis protocols. The synthesized probes were purified by HPLC and
characterized by MALDI-TOF-mass spectrometry and by their absorption and fluorescence
spectra (Table S2; Figures S4, S5). We also measured the quantum yields, which were all
very low in comparison to that of pyrene nucleotide, which is a bright fluorophore (Φfl >
0.3).[38] Although thymines quenched the pyrene residues efficiently in all three probes, the
quantum yield of the quenched probe YTTYp (4, QY = 0.020) was unexpectedly high
compared to AYT (1, QY = 0.0088) and YTA8 (2, QY = 0.0055). This is likely due to the
intramolecular complexation of pyrenes in 4 in the excited state, as evidenced by the small
residual excimer fluorescence emission of this probe (Figure S5). Excimer-forming pyrene
dimers are not as strongly quenched by thymine as pyrene monomers are.[38]

The nuclease chemosensors were tested at 100 nM with enzymes in vitro, and cleavage
reactions were monitored by fluorescence increase over time (Figure 1). We were pleased to
find that all three classes of nuclease sensors AYT (1), YTA8 (2) and YTTYp (4) were good
substrates for their target nucleases, exhibiting rapid responses and robust fluorecence in
spite of the presence of the large, hydrophobic non-natural base. All nuclease sensors
showed pronounced light-up signals ranging from 40-fold (probe 1 with Exo T) to 250- fold
(4 with S1) increase in fluorescence over a period of 60–180 min. Control experiments in
reaction buffer without nuclease enzyme confirmed that none of the sensors yielded any
signals from nonspecific degradation.
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Next we examined the selectivity of the designed nuclease sensors for the three classes of
nuclease activity represented in our target enzymes. As shown in Figure 2, all nuclease
sensors AYT (1), YTA8 (2) and YTTYp (4) were found to be highly selective for the
assigned nucleases. For example, AYT (1) remained dark in the presence of RecJf and S1,
likely due to its short length and positioning of pyrene. We also noted the remarkable
preference of S1 endonuclease for the tetranucleotide (YTTYp, 4) over a trinucleotide
(AYT, 1). (S1 endonuclease is known to produce mono-, di- and tri-deoxynucleotides[44]).
Modification of nucleotides likely affects the substrate preference of S1 endonuclease. It
was reported to be possible to identify trinucleotide-nucleic acid alkylating agent adducts
from enzymatically digested DNA with S1 endonuclease.[45] Exo T and S1 were also
inefficient at cleaving the phosphodiesterase bond between Y and T of YTA8 (2); although
they may cleave some A monomers from the sensor, this would not yield a fluorogenic
signal. Finally, as designed, the 3′ terminal phosphate of YTTYp (4) successfully suppressed
3′ exonuclease activity of Exo T, as evidenced by the fact that YTTY (3) produced a robust
increase in fluorescence in the presence of both Exo T and S1 enzymes (Figure S6) while 4
was highly selective for only S1 (Figure 2C).

Encouraged by these results, we proceeded to perform further tests of the fluorogenic probes
in complex biological media that contain varied types of nuclease activities. Sensors 1, 2,
and 4 were incubated separately in solutions of human saliva, serum, urine, and sweat
(Figure 3A-D and Figure S7). Overall, sweat showed the lowest level of total nuclease
activity; serum and urine exhibited several-fold higher activity, and saliva displayed the
highest activity of the four. Interestingly, the fluids exhibited differences in the general
classes of activity present. 5′-exonuclease-selective sensor 2 reacted slowly in all fluids
tested, suggesting that this type of nuclease activity is low in all cases. Sweat and urine
showed signals of similar magnitude over time for 3′-exonuclease (1) and endonuclease (4)
activity. Serum yielded similar responses, but with a more rapid initial response from the
endonuclease sensor. In contrast, saliva yielded a greatly different signal,[46] with a rapid
and robust response from the 3′-nuclease sensor 1, followed by a slower but similarly robust
signal from the endonuclease sensor 4. These three fluorogenic sensors, which were
developed to be selective among three specific bacterial nucleases, are not expected to
maintain this high specificity among all human nucleases, since many specialized nucleases
will have distinct substrate preferences. Nevertheless, these results showed that varied
nuclease activities in complex biological media can be analyzed and differentiated by use of
three simple structural chemosensor variants.

The above experiments probed nuclease activities in extracellular fluids. Next we asked
whether they could be applied to nuclease activities that exist within human cells, and
whether different cellular compartments contain measurably different classes of activity. To
test this, we incubated the sensors 1, 2, and 4 separately with the cytoplasmic and nuclear
fractions of HeLa cell lysate (Figure 4). We are not aware of previous studies of relative
classes of nucleases in the nucleus, but other studies have suggested that exonucleases are
predominant in the cytoplasm.[47] Sensors 1, 2 (after an initial lag), and 4 gave similar
signals in the cytosolic fraction, indicating a mix of exo- and endo- nuclease activities in
similar amounts. Interestingly, the nuclear fraction yielded a significantly different response:
sensor 4 gave a greater signal than the other two sensors, indicating higher endonuclease
activity in the nucleus relative to exonuclease activities. Taken together, the results establish
that the chemosensors can function in complex biological media, and are able to indicate
clear differences in the types and relative levels of nuclease activities present.

In summary, we have developed three highly selective fluorogenic nuclease sensors built
from very small modified DNA oligomers containing the nonnatural fluorescent base
pyrene. Compared to most other methods for measuring nuclease activity, these nuclease
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sensors have advantages in 1) ease of use, requiring only simple addition to a sample; 2)
small size and simplicity, which facilitates synthesis; 3) low sensor loading, thus requiring
only very small amounts of the synthetic compounds; 4) a robust increase in fluorescence,
exhibiting high signal over background; 5) the ability to selectively assess different classes
of nuclease activities; and 6) utility in biological and cellular samples. Future work will be
directed to development of sensors with varied wavelengths of signals, and to applications
of the sensors in new biological contexts.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
In vitro responses of nuclease sensors 1, 2, and 4 with a 3′-exonuclease (A), a 5′-
exonuclease (B), and an endonuclease (C), respectively (red lines). Blue lines correspond to
control experiments lacking enzyme. Insets show emission spectra over the time courses.
Excitation 342 nm, emission 375 nm, [nuclease sensor] = 100 nM, 25 °C. [Exo T] = 25 U/
mL, [RecJf] = 900 U/mL, [S1] = 100 U/mL. See SI for details.
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Figure 2.
Selectivity of nuclease sensors among distinct classes of nucleases. (A) sensor 1 (AYT); (B)
sensor 2 (YTA8); (C) sensor 4 (YTTYp). Conditions: 25 °C, excitation 342 nm, emission
375 nm for Exo T and S1, 374 nm for RecJf. [nuclease sensor] = 100 nM. [Exo T] = 25 U/
mL, [RecJf] = 900 U/mL, [S1] = 100 U/mL.
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Figure 3.
Reactivity of nuclease sensors 1, 2, and 4 in biological fluids. (A) 10% saliva; (B) 10%
serum; (C) 10% urine; (D) 8.3% sweat. Conditions: 37 °C, excitation 342 nm, emission 375
nm. [nuclease sensor] = 100 nM
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Figure 4.
Reactivity of nuclease sensors 1, 2, and 4 in cytoplasmic and nuclear fractions of HeLa cell
lysate. [nuclease sensor] = 5 uM. [cell lysate] = 1.7×1011 lysed cells/mL) at 37 °C, with
excitation 342 nm, emission 375 nm.
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Scheme 1.
Class-selective fluorogenic nuclease sensors built from modified DNAs, using thymine
residues as quenchers for fluorescent pyrene monomers (Y). Backbone cleavage by
nucleases separates thymine from pyrene, resulting in a signal.
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