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Uracil is an undesired component of DNA, as it arises from
spontaneous deamination of cytosine.l'! This hydrolysis reac-
tion promotes mutations, since the resulting U-G pair can be
misread during DNA replication. As a result, multiple cellular
enzymes have evolved to detect uracil in DNA and remove it
prior to replication.” In E. coli uracil DNA glycosylase
(UDG) enzyme functions to guard the bacterial genome. In
humans, similar enzyme activities exist, including the proteins
UNG1/2, SMUG, and TDG.®! These enzymes flip uracil out of
the DNA helix and cleave it from its deoxyribose sugar,
leaving an abasic site in its place.!

Chemical sensors of UDG enzymes could be useful in
multiple respects. Mechanistic studies of the enzymes can
benefit from such probes.’! In addition, if such probes could
function in cells, they could be used to screen activity of
enzyme mutants, and to probe biological regulation of DNA
repair pathways. Finally, inhibitors of DNA repair enzymes
are currently receiving intense interest in anticancer ther-
apeutic approaches;® thus simple light-up reporters of such
enzymes could be also useful in screening drug candidates.

Previous efforts to develop fluorescent sensors for uracil-
glycosylase enzymes have been limited by large size, by their
indirect readout and by poor performance. Designs have
generally relied on large duplex DNA constructs of 28-39
nucleotides.” Signals were generated by changes in confor-
mation (loss of duplex structure) which results after uracil is
removed and the DNA strand is ultimately cleaved. Signal
enhancements of 4- to 8-fold were reported; these signals
report only indirectly on the uracil deglycosylation because
they require subsequent steps of DNA degradation and/or
unwinding before the signal is seen. Although such DNA
constructs were able to function in vitro, function of such
structures in biological media such as cell extracts can be
further complicated by false signals from DNA-unwinding
activities in the cell, from nuclease degradation, and from
other DNA-binding proteins (such as single-strand-binding
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proteins) that can all lead to loss of duplex integrity. Although
one previous report describes signals generated in mamma-
lian cells with a 39-base DNA construct,’” control experi-
ments to rule out these likely sources of background signal
were not performed. Finally, the large size of such constructs
adds cost, complexity and lowers the likelihood of intra-
cellular uptake.

It has been known for some time that UDG enzymes also
show activity on single-stranded DNAs.® One earlier report
described an in vitro kinetics assay for E. coli UDG making
use of double- and single-stranded DNAs containing the
fluorescent dye 2-aminopurine (2AP), which is quenched in
DNA; increases in fluorescence of 3- to 8-fold were reported
with UDG.”) 2AP deoxynucleoside is a convenient probe in
DNA as it stacks like a DNA base; however, it has low
fluorescence efficiency and emits in the UV region.!"]

Our aim was to construct sensors for UDG activity that
are simpler, smaller and more effective than previous
examples. As part of a program to build enzyme sensors
from small synthetic DNA oligomers containing fluorescent
DNA base replacements,'!! we observed that the fluorophore
pyrene is especially well quenched by the DNA base thymine,
a phenomenon that occurs by the photoinduced charge
transfer (PICT) mechanism.['”! Pyrene is especially useful as
a fluorophore because it has a high quantum yield, robust
brightness, and is shifted to the red by ca. 40 nm relative to
2AP, allowing for detection in the visible region. Pyrene
deoxyriboside (Y), an nonnatural DNA nucleoside, has been
used broadly as a reporter of DNA structure and interac-
tions.">!¥ Both beta and alpha anomers of Y are known to
stack strongly with neighboring DNA bases and stabilize
DNA helices in which they are substituted.™ Other pyrene-
substituted nucleosides and nucleobase analogues are known
in the literature as well.l'’

In preliminary experiments we found that, like thymine,
uracil also effectively quenches pyrene deoxyriboside when
adjacent to it. This led us to conceive of the possibility of a
direct enzyme sensing strategy: if UDG activity were able to
remove uracil next to pyrene, the fluorescence of this reporter
would be strongly enhanced in real time as the reaction
proceeds. However, it was not clear whether this large,
hydrophobic nonnatural nucleobase would unfavorably inter-
act near the enzyme active site.

To test this possibility we prepared a set of short single-
stranded DNA oligomers containing pyrene a-deoxyriboside
(see probes 1-9 in Figure 1). They were designed to contain
the minimum DNA-like structure that might retain enzymatic
activity, and to place one or two uracils directly adjacent to
the chromophore. Probe 2 was identical to 1 but contained
thymine residues instead of uracil as a control for UDG
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Figure 1. A) Structure of probe 1. B) Sequences of probes in this study.
Y = a-pyrene deoxyriboside; S=tetrahydrofuran spacer.

activity, which is specific to uracil. The candidate probes were
characterized by MALDI-mass spectrometry (see Supporting
Information) and by their absorption and fluorescence
spectra. We found that all were quenched by the incorporated
DNA bases by at least 90 % (and some by 98.7 %; Supporting
Information, Table S2). Although all contain the same pyrene
fluorophore, quantum yields vary by a factor of 9, ranging
from probes 4 and 5 (@, =0.032), which contained one uracil,
to probes 1, 6, and 7, (0.004) which contained two. Thus it
appeared that uracil is highly effective at quenching pyrene,
yielding an intense quenching effect of 98.7 % in probes 1, 6
and 7 relative to reference compound 10. Comparison of 1
and 2 shows that uracil is at least as effective at quenching
pyrene as thymine, which quenches through PICT from
pyrene to the nucleobase.'” Given the similar electronic
properties of uracil, we presume the same mechanism is active
in our probes. Adenine is known not to quench pyrene
significantly.!'”

Next we tested the ability of the probes to act as substrates
of Escherichia coli UDG (Ec UDG) in buffer at 37°C. Probes
were tested at 400 nm concentration, and enzymatic activity
was evaluated by fluorescence increases over time (Figure 2).
Apparent initial rates of the resulting reactions were eval-
uated by the slopes taken from early time points (see
Supporting Information). Note that apparent rates for 1, 6,
7, 8 are likely for the second uracil removal and are thus
somewhat lowered by this fact. We found that 1 and 3-8 were
in fact substrates for the enzyme, but with apparent rates
varying by a factor of ca. 500. Compounds 6-8 (4mer and
Smer length) proved suboptimal in size and were relatively
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Figure 2. In vitro enzymatic assay of probes incubated with E. coli
UDG. A) Fluorescence spectra over a 60 min time course (excitation
340 nm). B) Increase in emission over time at 395 nm, along with data
for thymine-containing control (2) and with UDG inhibitor (UGI).
[probe] =400 nm; [UDG] =1 UnitmL™"; [UGI]=1 UnitmL™" at pH 8.0,
37°C.

slow substrates, requiring several hours to reach maximum
signal (Supporting Information). Not surprisingly, control
thymine-containing probe 2 showed no measurable activity.
Probes 1, 3, 4 and 5 were all quite good substrates.
Comparison of probes 3-5 with 1 shows that only four bases
(including pyrene) appear to be necessary for strong activity.
Interestingly, it also appears that additional phosphodiester
backbone interactions contribute favorably to the activity, as
added abasic monomers (S, Figure 1 B) maintain a high level
of substrate activity relative to shorter compounds.

Of the probes that displayed high enzyme substrate
activity, probe 1 also showed the strongest internal quenching.
As a result, the probe shows a robust 90-fold light-up signal
after 1 h with the enzyme (Figure 2). Probe 5 was the simplest
compound with strong enzymatic activity; it also proved to be
a useful sensor, although its light-up response (due to the
presence of only one quenching uracil) is smaller, at 9-fold
(see Supporting Information). To confirm that probes are
responding specifically to uracil deglycosylase signal rather
than nonspecific nuclease activity or some other fluorescence-
producing mechanism, we measured time courses with 1,
control 2, and 1 with a known UDG inhibitor (UGI) added
(Figure 2B). Results showed the rapid and strong light-up
behavior of 1, but no detectable signal from 2 (which differs
by only two methyl groups). No signal was observed when the
specific inhibitor was present. To gain further evidence as to
the mechanism of fluorogenic behavior in the probes, we
incubated probes 3 and 1 (which contain one or two uracil
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residues, respectively) with UDG and analyzed them by
MALDI mass spectrometry. The results confirmed the loss of
these uracils (mass 95) with replacement by water, yielding
abasic sites in both cases (Figure 3), as expected for the UDG
enzyme mechanism.

A) 22312  5-A-AU-Y-U-A-A
AP, e A
B) 2043.3 5"-A-A-Ap-Y-Ap-A-A
C) 1856.0 5-A-A-U-Y-S-S-S
D) ‘MLEH 0 5-A-A-Ap-Y-S-S-S
1200 1900 2600 3300
m/z

Figure 3. MALDI-TOF mass spectra of A) probe 1, B) probe 1 after
treatment with UDG, C) probe 3, and D) probe 3 after treatment with
UDG, confirming loss of uracil in the enzymatic reaction.

To obtain a measure of the efficiency of probe 1 as a UDG
substrate, we performed steady-state kinetics measurements
with varied probe concentrations. We found that the com-
pound exhibited Michaelis—-Menten saturation behavior, and
was readily fit to a Lineweaver—-Burk plot. This revealed a
K appy Of 210 nM, which is in the same range as native DNA
substrates,”) establishing that the nonnatural pyrene residue
does not adversely affect enzyme substrate activity for E. coli
UDG. We also showed that a thermostable UDG from A.
fulgidus"® (Afu UDG) which is closely homologous to E. coli
UDG exhibits similar activity with probe 1 as the E. coli
enzyme (see Supporting Information).

Given the observed success of compound 1 in reporting
with bacterial UDG enzymes in vitro, we wondered whether
it might be possible to observe such activity directly
associated with cells. To carry out preliminary experiments
in this direction, we used an E. coli strain in which the Ec
UDG had been deleted and transformed with a plasmid
encoding a thermostable Afu UDG"¥ under the control of an
IPTG inducible promoter. We grew the bacteria and then
treated them with probe (5 pum) in buffer at 20°C or at 65°C
(where Afu UDG enzyme activity is optimal) for 1-4 h.
Observations by fluorescence microscopy clearly revealed
blue signals for compound 1 for the bacteria expressing Afu
UDG (Figure 4). Importantly, little or no signal was seen
when control probe 2 was instead used, establishing that the
fluorescence arises not from random nuclease activity, but
instead from uracil-specific activity. Similarly, no signal was
observed for the bacteria that have Ec UDG deleted (see
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Figure 4. Images and spectra of sensors with bacterial cells.

A,B) Bright-field (left) and fluorescence microscope images (right) of
Escherichia coli (BW (310)DE3udg(—)) cells transformed with the
pET28a plasmid containing the Afu UDG gene. Cells were incubated in
a solution containing A) probe 1 or B) thymine control probe 2 at 5 pm
for 4 h (65°C). Excitation 330-380 nm; emission > 420 nm. C,D) Spec-
tra of bacterial solutions diluted ten-fold (excitation 340 nm). C) Probe
1 with bacteria expressing Afu UDG, incubated with probe for 1 or 4 h;
D) Control probe 2 with bacteria under the same conditions.

Supporting Information). We also observed that probe 1
could signal apparent changes in the relative amounts of
activity: signals were high after addition of IPTG, an inducer
of protein expression, whereas without IPTG, signals were
observable but considerably lower.

We confirmed that these signals were indeed originating
from pyrene by measuring fluorescence spectra of the
bacterial solutions (Figure 4 C), which revealed the character-
istic bands of pyrene emission. Intensity of the emission
measured in this way corroborated our visual observations:
higher signals were seen with bacteria treated with IPTG, and
higher signals were seen at 65°C relative to 20°C, consistent
with the Afu enzyme’s optimal activity at the higher temper-
ature. Only very small levels of emission were seen with
control probe 2 or with bacteria lacking UDG activity.

Taken together, the data show that this small modified
DNA probe design yields highly efficient chemosensors for
probing an enzymatic glycosylase activity in real time. Our
design yields a very strongly quenched starting probe, yielding
low background. The use of pyrene, as a robust fluorophore,
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yields a bright positive signal after reaction, and its longer
wavelength provides signals in the visible range which can be
imaged by microscopy directly in cells. The direct mechanism
yielding signal allows for real-time fluorogenic reporting on
UDG activity, which is not the case with previous sensor
constructs built from a considerably larger duplex DNA
architecture.”!

A further advantage of probes such as 1 or 5 is their small
size and simplicity, which allows them to be synthesized easily
and may aid in cellular uptake. It is worth noting that some of
the known uracil glycosylases (such as TDG) have been
shown to prefer double-stranded DNA as a substrate, rather
than single-stranded DNA.?3 For such enzymes, single-
stranded oligomers such as 1 should be considered useful
reporters of the presence of enzymatic activity and of relative
levels of this activity, rather than as native-like substrates.
However, some UDG enzymes (e.g. UNG2 and SMUG in
humans) are known to readily accept single-stranded DNAs
as substrates as well; it is not yet clear whether such enzymes
in the cellular setting act primarily on double-stranded DNA
or on single-stranded replication or transcription intermedi-
ates. To the extent that such single-stranded intermediates are
biological targets of the enzyme, the current chemosensors
could be considered native-like substrates and might be
directly useful for mechanistic studies. Previous studies have,
in this light, made use of short ssDNA substrates containing 2-
AP;” the stronger light-up response, higher quantum yield
and longer wavelength of pyrene may aid in such studies in
the future. It will also be of interest in the future to build the
pyrene fluorophore Y into native duplex DNA reporters for
mechanistic studies of enzymes that act primarily on double-
stranded substrates."!

In summary, our data shows that very small modified
DNA oligomers containing the nonnatural fluorescent base
pyrene can act as highly efficient reporters of UDG activity
both in vitro with purified enzymes and in the context of
bacterial cells as well. The favorable fluorescence properties
of pyrene make it possible for the small chemosensors to be
imaged by microscopy, thus allowing for direct observation of
a cellular repair activity. Future work will be directed to use of
compounds such as 1 in screening enzyme mutants as well as
in studying multiple classes of uracil glycosylase enzymes,
including those from eukaryotic cells.
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