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ABSTRACT: DNA glycosylases constitute a biologically and
biomedically important group of DNA repair enzymes
responsible for initiating base excision repair (BER). Measuring
their activities can be useful for studying the mechanisms DNA
damage and repair and for practical applications in cancer
diagnosis and drug screening. Previous fluorescence methods for
assaying DNA glycosylases are often complex and/or limited in
scope to a single enzyme type. Here we report a universal base excision reporter (UBER) fluorescence probe design that
implements an unprecedentedly rapid oxime reaction (>150 M−1 s−1) with high specificity for the abasic (AP) site of DNA. The
molecular rotor design achieves a robust >250−500-fold increase in fluorescence upon reaction with AP sites in DNA. By using
the fluorescence reporter in concert with specific DNA lesion-containing substrates, the UBER probe can be used in a coupled
assay in principle with any DNA glycosylase. We demonstrate the utility of the UBER probe by assaying five different
glycosylases in real time as well as profiling glycosylase activity in cell lysates. We anticipate that the UBER probe will be of
considerable utility to researchers studying DNA repair biology owing to its high level of generalizability, ease of use, and
compatibility with biologically derived samples.

■ INTRODUCTION

The study of the mechanisms of DNA damage and repair is
critically important to understanding the origins of cancer.1,2

DNA glycosylases are a class of DNA repair enzyme
responsible for initiating base excision repair (BER).3−6

Enzymes of this broad class recognize damaged or mispaired
DNA bases and hydrolyze the N-glyosidic bond between the
targeted base and the sugar (Figure 1). The resulting
hemiacetal abasic (AP) site created by base excision is then
cleaved and ultimately filled in by downstream repair enzymes
using the complementary strand to preserve the original
genetic information. Most glycosylases play a genoprotective
role, preventing the accumulation of cytotoxic mutations in the
genome.2 For example, two important human glycosylases are
OGG1,7,8 which excises 8-oxoguanine, one of the most
common oxidized lesions in DNA,2 and UNG,9 which removes
uracil arising from cytosine deamination. Because these forms
of damage lead to mutations, DNA glycosylases such as OGG1
have been extensively investigated for their role in onco-
genesis.10 Many cancers are characterized specifically by
aberrant DNA glycosylase activity; one example is found in
MUTYH-associated polyposis (MAP),11 a disease that often
progresses to colon cancer and is characterized by low
MUTYH activity. Conversely, upregulation of glycosylases is
also known to confer chemotherapy resistance by increased
DNA repair.12 In light of the success of PARP inhibitors, which
are employed to downregulate DNA repair in breast cancer
patients, DNA glycosylases have also become a topic of interest
as potential targets for cancer treatment.13 In addition to

genoprotection, researchers are also studying other roles that
DNA glycosylases play in areas such as immune responses and
epigenetics. For example, OGG1 has been shown to play a role
in allergen-mediated inflammatory responses,14 and TDG,
another DNA glycosylase, is now well established as a regulator
of DNA epigenetic marks.15

Given their central roles in cancer biology and their potential
therapeutic impact, DNA glycosylases have become a target for
development of probes to measure their activities.16 Conven-
tional biochemical assays of DNA glycosylase activity require
discontinuous, gel-based, or radiation release assays, which are
poorly suited to high throughput screens or assaying activity in
biological contexts. Such limitations have stimulated recent
efforts toward developing fluorescence sensors of DNA
glycosylases. Fluorescence assays have the advantage of being
real-time, sensitive, and potentially adapted for studies in cells
or lysates, and the measurements are readily accessible to most
researchers through microplate readers or epifluorescence
microscopy. However, the vast majority of reported
fluorescence probes of DNA glycosylases either require
multiple components or discontinuous steps to generate a
fluorescence signal, thereby negating the real-time advantage of
fluorescence and/or prohibiting their use in complex media.16

Multicomponent glycosylase sensors, such as those relying on
DNA cleavage, require multistep transduction pathways to
generate a fluorescence signal, creating multiple avenues for
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false negatives or positives. Other reported sensor designs have
used highly modified oligonucleotide substrates.17 Probes
based on modified oligonucleotides can potentially alter
enzyme/substrate interactions and may be challenging to
produce for researchers unfamiliar with phosphoramidite
chemistry and/or automated oligonucleotide synthesis. Finally,
most reported glycosylase reporters are limited to a specific
DNA glycosylase, a fact that has given rise to a patchwork of
probes and assays, leaving researchers with no single, easy-to-
use tool. In an effort to meet these challenges, we sought to
develop a universal base excision reporter (UBER) probe
design that could enable measurements of any glycosylase
using a single small-molecule reporter.
The UBER probe design was inspired by several recently

reported twisted internal charge transfer (TICT) and
molecular rotor probes.18,19 In both TICT and rotor probes,
a fluorophore that experiences nonradiative relaxation through
bond rotation is conjugated to a reactive functionality that
targets the probe to a biomolecule of interest. The probe is

designed such that upon binding the target biomolecule, bond
rotation within the probe becomes constrained, resulting in a
significant fluorescence increase. Many of the recently reported
probes are targeted to hydrophobic protein pockets such as the
active site of the Halotag enzyme.19,20 The AP site generated in
DNA by base excision potentially constitutes a similarly
constrained, water-excluded target site, which we hypothesized
could be exploited to constrain a TICT or rotor-based probe
(Figure 1). The hemiacetal AP site is in equilibrium with its
aldehyde form, which provides a convenient handle that can be
targeted with reactive alpha nucleophiles. Previously reported
aldehyde reactive probes (ARP) have applied this chemistry to
label AP sites with aminooxy-functionalized fluorophores and
affinity tags;21−24 however, none have attempted to use such
chemistry to engender a fluorogenic or light-up response. As a
result, use of such molecules has been limited to AP site
quantitation by gel-based assays rather than real-time base
excision monitoring. By simultaneous labeling of the AP site
and activation of probe fluorescence, the UBER probe design

Figure 1. Light-up mechanism of the UBER probe design in measuring DNA glycosylase activity. Upon excision of a damaged DNA base by the
glycosylase of interest, the resulting hemiacetal form of the DNA AP site reacts with the aminooxy linker of the UBER probe to yield a strongly
fluorescent probe−DNA oxime conjugate. Prior to oxime formation with the DNA AP site, the UBER probe is largely nonfluorescent due to free
bond rotation about the linker attachment site. The neighboring bases of the DNA duplex constrain bond rotation, yielding a fluorescence response
that is highly specific for the AP site of DNA over small-molecule aldehydes and ketones.

Figure 2. Probes and their properties. (a) Structures of the UBER probes and aminooxy linkers reported in this study. (b) Emission spectra of
oligonucleotide−probe conjugates compared to the emission spectra of the free probe at 2 μM concentration in 50 mM Tris buffer pH 7.0.
Excitation was at 470 nm for CCVJ1 and 450 nm for NP1/2 and BD1/2.
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can in principle report in real-time on base excision activity.
Furthermore, by employing the probe with substrates
containing a variety of DNA lesions, the UBER probe might
be used to measure any potential glycosylase or substrate of
interest.
Herein we describe the design and synthesis of aminooxy-

functionalized, fluorescence light-up probes that undergo
ultrafast oxime formation to measure DNA base excision in
real-time. The molecular rotor-based design reacts with high
specificity toward the AP site of DNA at an unprecedented rate
(∼150−300 M−1 s−1) and affording a ∼ 250−500-fold
fluorescence light-up response. The coupled UBER probe
assay enables facile quantification of specific glycosylase
activities in vitro or in cell lysates. To test the ease of use
and utility of the UBER probe, we measured the activities of
UNG and OGG1 in cell lysates representing DNA glycosylases
with both high and low turnover numbers, respectively.

■ RESULTS AND DISCUSSION
Probe Design and Synthesis. To begin our study, we

synthesized aldehyde-reactive linker L1 and the N-methylated
L4 using previously reported chemistry25 (Figure 2a). The
aminooxy alpha nucleophile was selected because the resulting
oxime bond is less readily reversible than hydrazine/hydrazone
adducts,26 and oximes have previously proven useful to label
DNA AP sites.21 We attached linkers L1 and L4 to three
fluorophores that have been previously reported as TICT
probes or molecular rotors. Specifically, we chose the well
characterized environmentally sensitive 1,8-naphthalimide
fluorophore,27 the molecular rotor 9-(2-carboxy-2-cyanovinyl)-
julolidine (CCVJ),18 and the environmentally sensitive
benzoxadiazole dye,28 yielding probes NP1, CCVJ1, and
BD1 respectively. In addition to their reported environmental
sensitivity, we selected these fluorophores for their spectral
range as well as synthetic ease of conjugation (see Supporting
Information (SI) for full synthesis details).
Fluorescence Responses. To assess the potential

fluorescence response of each probe, we prepared a 17mer
DNA hairpin containing a single AP site and reacted it with a
10-fold excess of probe overnight (see SI for full procedure).
The subsequent DNA−probe conjugates were precipitated to
remove excess fluorophore, and full DNA labeling was
confirmed by MALDI-TOF mass spectrometry (Table S2).
The reacted DNAs were resuspended in buffer to a
concentration of 2 μM and the emission spectra compared
with the spectra of the free probes in solution. We found that
in comparison to the free dye, all three probes demonstrated
increased fluorescence when covalently attached to the DNA
AP site (Figure 2b). In particular we were pleased to see that
CCVJ1 yielded a dramatic 256-fold increase in fluorescence
when bound to the AP site. In addition to its large fluorescence
response, CCVJ1 is accessed readily through a facile four-step
synthesis and has good spectral overlap with fluorescein. This
makes the probe accessible to a wide range of researchers and
well suited to the majority of fluorescence-based instruments.
Because the probes based on 1,8-naphthalimide and

benzoxadiazole had multiple potential linker attachment sites,
we also synthesized NP2 and BD2 with altered attachment
points and found that in the case of BD2, changing the
position of the linker yielded a much lower increase in
fluorescence over the free probe. This was somewhat surprising
given that the attachment site is closer to the bond that is
hypothesized to induce TICT.27 While NP2 demonstrated

similar photophysical properties to NP1, the synthesis and
purification of NP2 was simpler, making it the preferred 1,8-
naphthalimide-based probe. Due to the close overlap in
excitation spectra of all three probe designs, they can easily be
excited at a common wavelength (∼440−480 nm) and
produce a multicolor output for multiplexing applications if
desired (Figure S1).

Oxime Formation Kinetics. After determining that
CCVJ1 produced the strongest fluorescence light-up signal of
the compounds tested, we next evaluated reaction rates with
this probe. To measure oxime formation kinetics, 5 μM CCVJ1
was reacted with 20 μM AP DNA, and the resulting
fluorescence time course was used to determine second-
order rate constants by nonlinear regression analysis. We
selected Tris buffer because it is commonly used in glycosylase
assays with a salt concentration of 100 mM NaCl. To our
surprise, we found that probe CCVJ1 demonstrated remark-
ably rapid oxime formation kinetics (Figure 3a). At pH 7.0,

CCVJ1 reacted with an apparent second-order rate constant of
147 M−1 s−1 (Table 1), 103−104 times faster than typical

oxime formation in neutral aqueous buffer.26 These results are
important because rapid oxime formation are crucial for an
efficient coupled assay (see below). Consistent with previous
studies of oxime kinetics,26 we found that second-order rate
constants decreased with increasing pH.
We performed additional experiments to study the origins of

this unusually rapid reaction. A study by Kojima et al.29

demonstrated that a naphthalene moiety in close proximity to
an aminooxy group accelerated the rate of oxime formation
with double stranded AP DNA ∼3-fold over a probe with a
longer linear linker. The authors suggested that the planar

Figure 3. Fluorescence real-time responses with varied conditions and
dye linkers. (a) Time course of oxime formation between CCVJ1 (5
μM) and AP-DNA (20 μM) under varied buffer conditions (50 mM).
Ionic strength adjusted to 150 mM with NaCl. (b) Time course of
CCVJ1−3 (5 μM) with AP-DNA (20 μM) in 50 mM Tris pH 7.0
buffer. Ionic strength adjusted to 150 mM with NaCl.

Table 1. Apparent Second-Order Rate Constants of Oxime
Formation between CCVJ1 and AP-DNAa

buffer k2 (M
−1 s−1)

Tris pH 7 147 ± 8
Tris pH 7.5 51 ± 2
Tris pH 8 29 ± 1
DEDA pH 7 440 ± 12

aBuffer concentration 50 mM and ionic strength adjusted to 150 mM
with NaCl. Values represent average of three independent replicates,
with standard deviations shown.
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naphthalene accelerates oxime formation by prebinding the
DNA through stacking interactions. The maximum rate
observed in their study, however, was ∼0.005 M−1 s−1 at pH
8, over 5000 times slower than the k2 we observed with CCVJ1
at pH 8 (Table 1). To test the effect that proximity between
the alkoxyamine and planar portion of the probe had on oxime
kinetics in our probes, we synthesized probes having variable-
length linkers (CCVJ2 and CCVJ3) from aldehyde reactive
linkers L2 and L3, respectively (Figure 2a). We found that
homologating the linker length of CCVJ1 by one or two
ethylene glycol units slowed the reaction rate considerably
(Figure 3b), which is consistent with the notion that the
hypothetically prebound aryl group in CCVJ1 positions the
nucleophile well for reaction, while longer linkers in CCVJ2/3
would engender a higher entropic penalty for reaction. When
linker L1 (having no aryl group) was added to the reaction as a
competing alpha nucleophile, it showed no effect at
concentrations up to 500 μM, suggesting that the presence
of the aryl group in CCVJ1 markedly accelerates the reactivity
of linker L1 (Figure S3). Interestingly, the brightness of
CCVJ2 and CCVJ3 probes was significantly diminished
compared to that of CCVJ1, likely owing to greater
conformational freedom of the longer linkers in the bound
state (Figure S4). To test the importance of a double-stranded
DNA structure to the rate and fluorescence response, we
reacted an AP-containing single-stranded DNA oligonucleotide
with CCVJ1. At pH 7, CCVJ1 reacted with a second-order rate
constant of 33 M−1 s−1 with the single-stranded substrate,
roughly 5-fold slower than a double-stranded hairpin with
identical sequence context (Figure S5). Furthermore, the
reaction with the single-stranded DNA only yielded a 4-fold
increase in fluorescence, suggesting that rigidly stacked
neighboring bases (as found in double-stranded DNA) are
key to constraining bond rotation in CCVJ1. These results are
consistent with the hypothesis that the more rigid binding site
created by the AP site in double stranded DNA is essential to
the observed rate acceleration.
In addition to Tris buffer, we also measured oxime formation

kinetics of CCVJ1 with AP DNA in a solution of a catalytic
amine buffer previously shown to accelerate oxime forma-
tion.30 To this end, we employed 50 mM N,N-dimethylethy-
lenediamine (DEDA)·HCl buffered to a pH of 7.0 in place of
the above Tris buffers. Under these conditions, we found that
the rate of oxime formation proceeded yet ∼3 times faster,
achieving a second-order rate constant of 440 M−1 s−1 (Figure
3b). Such rapid rates of oxime formation at neutral pH are
unprecedented for unactivated aldehydes.
To further explore the hypothesis that the oxime rate

acceleration in these AP-site DNAs was related to base stacking
interactions, we measured the fluorescence of CCVJ1 in the
presence and absence of a non-lesion-containing DNA hairpin.
We observed a ∼2.5-fold increase in fluorescence intensity
upon addition of DNA to the probe, suggesting a small but
significant amount of intercalation (Figure S6). When we
instead used a DNA hairpin containing a tetrahydrofuran
spacer (a pseudo AP site), which mimics an AP site without
the reactive hemiacetal, we observed a ∼10-fold increase in
fluorescence over the free probe, ∼4-fold higher than with
undamaged DNA, suggesting that the probe intercalates more
readily into the AP site mimic than into duplex DNA alone
(Figure S6). Without a covalent attachment to the AP site, the
dye−DNA interaction is hypothesized to be dynamic and
flexible, given the relatively low fluorescence increase

compared to the 256-fold enhancement observed upon
covalent attachment after reaction with an AP site. In a
separate experiment, we tested the effect of adding an
equimolar amount of pseudo AP DNA to the reaction with a
true abasic site DNA and observed no effect on the rate of
apparent oxime formation (Figure S6).

Neighboring Base Effect. Given the well-characterized
ability of DNA nucleobases to quench fluorescent species,31 we
sought to explore the effect that neighboring bases X and Y had
on the potential light-up signal of CCVJ1 as well as on the rate
of oxime formation (Figure 4a,b). To test this, we reacted
CCVJ1 with a library of 16 DNA hairpins representing all
possible combinations of neighboring DNA bases (Figure

Figure 4. Effects of structural context on CCVJ1 probe. (a, b) Base
identities of X and Y are listed on x-axis as neighboring pairs XY. (c,
d) Base identity of Z is listed on x-axis. (a, c) Relative reaction rates
between CCVJ1 (5 μM) and AP-DNA (20 μM) with varied (a)
neighboring bases or (c) opposing bases. (b, d) Maximum
fluorescence signal observed between CCVJ1 (5 μM) and AP-DNA
(20 μM) with varied (b) neighboring bases or (d) opposing bases. All
values based on average of duplicate runs. (e, f) Model of CCVJ1
(green) covalently bound to the AP-site of DNA viewed from (e)
major groove and (f) minor groove.
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4a,b). We found that cytosine and guanine exert the least
quenching effect, with combinations of X = C/G and Y = C/G
yielding the greatest maximum signals, while adenine and
thymine exert an apparent quenching effect that reduced signal
by half. With respect to the rate of oxime formation, the
greatest effect appears to be exerted by the 3′ neighboring base
Y. Both guanine and adenine 3′ to the AP site consistently
yielded the fastest oxime formation, with X = A, Y = A yielding
the fastest rate (relative rate = 1.0), while combinations with
thymine or cytosine yielded rates about half as fast. In general,
purine neighboring bases gave the highest rates, consistent
with the apparent need for preassociation and stacking of the
probe with the DNA to increase local concentration of the
reactive aminooxy group. Purines are documented to stack
more strongly with aromatic species than pyrimidines.32

In addition to the 5′ and 3′ neighboring bases, we were also
interested in studying the effect of the orphaned base Z paired
opposite the abasic site on the UBER probe system (Figure
4c,d). Using the sequence where X = C and Y = G, we varied
the identity of the base Z opposite the AP site. We found that
pyrimidine bases afforded the greatest fluorescence response,
increasing the overall signal by almost 50% compared to cases
when Z is a purine (Figure 4c). Given that neighboring
pyrimidines were shown to be quenchers of CCVJ1, the strong
fluorescence signal observed when Z = C and Z = T suggests
that steric occlusion by the orphaned base plays a greater role
in the degree of probe light up than any electronic interactions.
As a result, the smaller pyrimidine bases yielded a greater
fluorescence light-up response than the larger purine bases. We
also observed a strong effect by the opposing base on the rate
of oxime formation (Figure 4d). Adenine, which has the
strongest base stacking interactions,32 resulted in the slowest
rate of oxime formation. Conversely, cytosine, which has the
weakest base stacking interactions showed the fastest rate of
oxime formation. This trend is in contrast to the neighboring
base effect discussed above in which stronger stacking bases
accelerated the rate of oxime formation. Together these results
suggest that the rate of oxime formation is mediated by the
favorability of CCVJ1 stacking with adjacent X and Y bases as
well as the competition with base stacking of the opposing Z
base. Overall, we conclude that the optimal neighboring base
combination for monitoring glycosylase activity with CCVJ1
can be attained with X = C, Y = G, and Z = C which reacted
with CCVJ1 at a rate of 320 ± 13 M−1 s−1 and afforded an
overall 508-fold increase in fluorescence relative to the probe
alone (Figure S13).
Using the experimental data obtained by our neighboring

base studies, we constructed a model of CCVJ1 bound to the
AP site (Figures 4e,f and S15). The resulting structure shows
that the dye intercalated into the AP site and suggests that
CCVJ1 may approach the AP site from the major groove with
substantial overlap to the 3′ side of the dye, consistent with the
fact that the 3′ neighboring base exerts the most significant
effect on rate. The model suggests that the aromatic ring of
CCVJ1 plausibly undergoes stacking with neighboring bases,
consistent with the observed fluorescence quenching effect,
while the linker protrudes into the minor groove. Additionally,
the orphaned thymidine base is partially disrupted from its
base stacking interactions.
AP Site Selectivity and Preference. One potential

limitation to the aldehyde-reactive probe design in its current
implementation is the potential for other aldehydes or ketones
in the environment to react with the probe and generate a false

positive signal. Because our probe design depends on
conformational restriction to induce a light-up signal, we
hypothesized that off-target oxime formation with small
molecules might induce a relatively small signal relative to
DNA, thus providing a measure of selectivity in signaling. To
test this possibility, we reacted CCVJ1 with 500 μM of several
biologically relevant ketones and aldehydes including form-
aldehyde, 4-hydroxybenzaldehyde, pyridoxal phosphate, glyox-
ylic acid, pyruvic acid, and α-keto glutarate and found that
none of them generated a significant light-up response after 30
min of incubation, suggesting that the light-up response of this
probe is highly selective for the DNA AP site (Figure S7).
Another potential concern is that ketones or aldehydes in the
environment might compete with the DNA AP site to react
with the aminooxy group, thereby consuming the free probe
and reducing the maximum signal. Given the rapid oxime
formation kinetics observed between our probes and the AP
site in DNA, we were hopeful that side reactions with other
carbonyl compounds would proceed relatively slowly, giving
the probe a high degree of kinetic selectivity for its intended
DNA target. We initially tested the reactivity of CCVJ1 with
AP site-containing DNA in the presence of increasing amounts
of competing 2-deoxyribose, the closest small-molecule
analogue to the DNA AP site. We found that even in the
presence of 1 mM deoxyribose (200 equiv), there was no effect
on the maximum signal observed from the probe, and at 4 mM
(800 equiv) the probe still retained 85% of the signal
compared to the AP DNA alone (Figure 5). We repeated

this experiment with pyruvic acid, a highly reactive ketone and
a common cellular metabolite. We found that concentrations
up to 200 μM pyruvate (40 equiv), which is comparable to
levels of pyruvate found in the cell,33 gave no significant
reduction in overall signal. These data further bolster the
hypothesis that there is a preassociation between the DNA
bases surrounding the AP site and the planar portion of the
probe, causing the rate acceleration to be highly selective for
the AP site of DNA.

Coupled Assay Measurements. Similar to an enzyme-
coupled assays, the UBER probe design generates signal via a
secondary reaction which consumes the product of the first
enzymatic reaction according to the following scheme: .

Figure 5. Effect of competing aldehydes/ketones on maximum
fluorescence signal. CCVJ1 (5 μM) was reacted with AP DNA (20
μM) in the presence of increasing amounts of deoxyribose or
pyruvate. Maximum fluorescence values were observed after 1 h and
compared to the control with no competing aldehyde/ketone.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b09812
J. Am. Chem. Soc. 2019, 141, 19379−19388

19383

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09812/suppl_file/ja9b09812_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09812/suppl_file/ja9b09812_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b09812/suppl_file/ja9b09812_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b09812
permanent
高亮

permanent
高亮

permanent
高亮

permanent
高亮

permanent
高亮

permanent
高亮

permanent
高亮

permanent
高亮



The observed signal, therefore, is equal to the rate v1.
However, unlike enzyme-coupled assays, the UBER probe
design does not require enzymatic catalysis for the secondary
reaction to occur at a reasonable rate. In the early phase of
enzyme-coupled reactions, as intermediate accumulates, the
rate of v1 increases and asymptotically approaches v0. This
relationship allows for the direct measurement of enzyme
activity in a coupled assay system. The delay between the start
of the reaction (t = 0) and the time at which v0≈ v1 is referred
to as the lag time, tss. For a one-enzyme-coupled system,
McClure34 derived the equation for lag time which can be
adapted for our system as

= −
× [ ]

t
F

k
ln(1 )

probess
2 (1)

where k2 is the second-order rate constant of oxime formation,
[probe] is the concentration of UBER probe, and F1 is a
constant term defining the limit at which v0 and v1 are defined
as equal, typically 0.99 (see SI for full derivation). eq 1
demonstrates that the lag time for the UBER probe-coupled
assay is governed solely by the concentration of probe and the
second-order rate constant of oxime formation. Therefore, we
can adjust assay conditions to ensure that lag time is
reasonably short by increasing probe concentration.
Given the second-order rate constants calculated above for

CCVJ1 in Tris buffer and a probe concentration on the order
of 10−100 μM, we can calculate that tss for an UBER probe-
coupled assay will be on the order of 5−50 min. This is in
marked contrast with typical oxime k2 rate contants of 0.01−1
M−1 s−1 which would yield impractical tss values of 10−1000 h
unless mM concentrations of probe were used. Therefore, the
ultrafast oxime formation kinetics of the UBER probe are
essential for the practical implementation of a coupled assay
and enable the direct measurement of enzyme activities.
CCVJ1 as a General DNA Glycosylase Sensor. On the

basis of the results of our neighboring base effect study, we
purchased or prepared several glycosylase oligonucleotide
substrates in which the identity of the base lesion X was varied
to correspond to the known activities of different target
glycosylases (Figure 6e). For these studies we chose human
enzymes SMUG1/UNG, OGG1, MPG, and NTH1, which
represent a diverse array of human glycosylases. We set the
standard assay conditions as 2 μM substrate and 20 μM probe.
Assays were carried out in a 60 μL volume in a 384-well format
on a microplate reader using a fluorescein filter set. For each
enzyme, we were able to observe a robust fluorescence signal
(Figures 6a−d). Consistent with literature measurements, we
found SMUG1 to be significantly slower than UNG on a
double stranded substrate9 (Figure 6a).
One practical issue with the UBER probe design is the

secondary lyase activity of the subset of BER enzymes that act
as bifunctional glycosylases. While monofunctional glycosy-
lases only exhibit base excision activity, bifunctional glyco-
sylases possess a secondary strand scission or lyase activity that
cleaves the DNA backbone after base excision. Because alpha
nucleophiles such as alkoxyamines are known to inhibit lyase
activity and prevent cleavage of the AP site,23,35 we
hypothesized that the UBER probe system could still detect
bifunctional glycosylases. While lyase activity is common in
bacterial glycosylases, among human glycosylases only NTH1
and NEIL1−3 possess robust lyase activity.3 We note that

while OGG1 is considered a bifunctional glycosylase, its lyase
activity proceeds relatively slowly and is generally considered a
monofunctional glycosylase in vivo.36 Indeed, under our assay
conditions, OGG1 generated signal in an equivalent manner to
the monofunctional glycosylases we tested. However, when
testing CCVJ1 with NTH1 using a 5-hydroxycytosine (5hC)-
containing DNA hairpin, we observed a partial lowering of
signal compared to the monofunctional glycosylases, suggest-
ing that some of the hairpin substrate is cleaved prior to
reacting with CCVJ1. In some contexts, NTH1 is reported to
behave as a pseudo-single-turnover enzyme which could also
explain the partial loss of signal.37 However, subsequent
additions of enzyme did not yield a fluorescence increase
which rules out the pseudo-single-turnover explanation (Figure
S14). We found that using higher concentrations of the DNA
substrate (60 μM) yielded higher fluorescence signal,
consistent with the hypothesis that many of the potential
AP-sites are lost to lyase activity. Despite this loss of signal, the
overall fold change observed (20-fold) is still sufficient for
detection and quantification of enzymatic activity.
To test the utility of the probe-coupled assay for

characterizing inhibitors, we measured the IC50 value of the
UNG inhibitor UGI (Figure 6f,g). The resulting IC50 of 7.53 ±
0.44 nM is consistent with literature values reporting its tight

Figure 6. Quantitative coupled assays using CCVJ1. Shown are data
from reaction of lesion containing substrates with (a) UNG and
SMUG1 (5 nM), (b) MPG (100 nM), (c) NTH1 (500 nM), (d)
OGG1 (100 nM) in real-time with (a, b, d) lesion-containing DNA (2
μM) and CCVJ1 (20 μM) or (c) lesion-containing DNA (60 μM)
and CCVJ1 (20 μM). (e) Sequences of lesion-containing hairpin
substrates. (f) IC50 curve of UGI with UNG fitted to the Boltzmann
equation. (g) Real-time fluorescence traces of UNG with increasing
concentrations of UGI (0.3 to 30 nM). Delay time tss of 25 min
indicated with dotted line.
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1:1 binding stoichiometry.38,39 In all cases, the z-factor of the
assay was calculated to be >0.95, well above the threshold
necessary for high throughput screening.
Assaying Substrates Generated in Situ. Because the

probe and substrate are independent from one another, the
UBER probe assay can also be implemented without
synthesizing lesion-containing oligonucleotide substrates.
This is particularly advantageous for cases where the DNA
lesion of interest is costly or challenging to incorporate into a
synthetic oligonucleotide using conventional phosphoramidite
synthesis. For example, by treating calf thymus DNA (ctDNA)
with increasing concentrations of the DNA alkylating
compound dimethyl sulfate (DMS) for 2 h, we were able to
generate a suitable alkylated DNA substrate for the enzyme
MPG (Figure 7). Upon treatment of 0.1 mg/mL alkylated

ctDNA with 100 nM MPG in the presence of CCVJ1 (20
μM), we observed an increase in fluorescence that correlated
linearly to the concentration of DMS used (Figure S8a).
Importantly, alkylated ctDNA that was treated with the highest
level of DMS (1 mM) showed no increase in fluorescence
when treated with probe alone, suggesting that spontaneous
depurination of the alkylated ctDNA, which could lead to a
false positive, occurs at a negligible rate under our assay
conditions (Figure 7). Preincubation of the alkylated ctDNA
with CCVJ1 prior to the addition of MPG also showed stable
fluorescence, providing further evidence that spontaneous
depurination occurs at a rate far below background (Figure

S8c). We were similarly able to produce a substrate for OGG1
by treating calf thymus DNA under oxidizing conditions with
Fenton’s reagent (Figure S8b). These preliminary tests suggest
that by generating suitable enzyme substrates in situ, the
UBER probe can be employed with inexpensively produced,
biologically derived substrates and can circumvent the need to
synthesize modified oligonucleotides if desired.

Profiling Cellular Glycosylase Activity. After demon-
strating that the UBER probe could efficiently report on base
excision activity from a variety of glycosylases in vitro, we
explored whether the probe could be employed to profile
endogenous glycosylase activity in cell lysates. We first tested
the UBER probe’s ability to report on UNG activity in whole
cell lysates using the previously described UNG hairpin
substrate (Figure 8a). Using 5 μM hairpin and 25 μM
CCVJ1, we observed a strong, real-time fluorescence response
in the presence of 0.2 mg/mL crude HeLa cell lysate. The
oligonucleotide substrate sequence is based on the high
melting GAA sequence motif that has been shown to confer
high nuclease stability in short hairpins.40 To confirm that the
fluorescence response originated from endogenous UNG
activity and not off-target binding with proteins or sponta-
neous depurination, we treated lysate with CCVJ1 and a
control hairpin in which the lesion had been replaced by an
undamaged T:A base pair. Importantly, the control hairpin
yielded no fluorescence response, indicating a low degree of
false positive signal. Additionally, treating the lysate with 1 U/
mL of inhibitor UGI completely ablated the fluorescence
response, confirming the specific enzymatic origin of the light-
up activity. To our knowledge, CCVJ1 represents the first
fluorogenic probe to measure real-time UNG activity in cell
lysates.
To further demonstrate the utility of the UBER probe, we

used it to monitor changes in UNG activity at different phases
of the cell cycle. Lysates were generated from HeLa cells
arrested in the G0/G1 phase as well as actively dividing cells,
and UNG activity was quantified by measuring initial rate
velocity. We observed a ∼5-fold increase in UNG activity in
actively dividing cells relative to cells arrested in the G0/G1
phase (Figure 8b), consistent with literature reports.41 This
experiment demonstrates the ability of the UBER probe to
measure dynamic changes in glycosylase expression level in
response to environmental stimuli or disease states using a
simple mix-and-measure format.

Figure 7. Measuring real-time MPG-mediated base excision of
alkylated bases in calf thymus DNA (0.1 mg/mL) by 100 nM MPG
enzyme in the presence of CCVJ1 (20 μM). The results with different
concentrations of alkylating agent are shown.

Figure 8. Applications of an UBER probe for measuring multiple repair activities in cell lysates. (a) Fluorescence time-course of 25 μM CCVJ1
with HeLa cell lysate (0.2 mg/mL) and 5 μM of UNG hairpin substrate. The inhibitor UGI was used at a concentration of 1 U/mL to completely
abolish UNG activity. Inset shows close overlap of the control and UGI treated lysates. (b) Quantification of UNG activity in actively replicating
HeLa cells and G0/G1 cell cycle arrested HeLa cells. Activity was quantified by measuring initial rate velocity using 25 μM CCVJ1 with lysate (0.2
mg/mL) and 5 μM of UNG hairpin substrate.
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Encouraged by the results, we then tested whether the
UBER probe could detect endogenous glycosylase activity
from a more challenging target such as OGG1. It is well
established that the turnover number of UNG is quite high
(∼1−10 s−1)5 while the turnover number for many other
glycosylases is quite low (0.001−0.1 s−1).42 Additionally, most
glycosylases, including OGG1, have very low basal expression
levels in healthy cells. Given these facts, previous attempts to
detect OGG1 activity in lysates have relied on a multistep
signal amplification process43 or extended reaction times44

(24−48 h) to yield signal. However, we found that after a 4 h
incubation with CCVJ1, we were able to quantify OGG1
activity in MCF7 lysates (Figure 9). While the overall signal

was appreciably lower than that observed for UNG, addition of
the potent OGG1 inhibitor SU0268 completely abolished
OGG1 repair activity relative to the control, demonstrating the
sensitivity of CCVJ1. In this case, the majority of the
background signal observed was attributed to intercalation of
probe into unreacted hairpin as well as genomic DNA. In
additional experiments, we also used CCVJ1 to measure
OGG1 activity in HeLa cells which demonstrated ∼3× lower
OGG1 activity, consistent with literature findings of relative
OGG1 activity in these two cell lines45 (Figure S9).
Interestingly, HeLa cells demonstrated ∼2× higher UNG
activity than MCF7 cells (Figure S10).

■ CONCLUSIONS
We have shown that molecular rotor dyes with optimized,
relatively short linkers can yield robust and rapid fluorescence
signals in response to abasic sites generated during DNA base
excision repair. Perhaps the most striking finding in this study
is the unprecedentedly fast oxime formation reaction observed
between UBER probe CCVJ1 and DNA AP-sites. We observe
rates that are 3−4 orders of magnitude faster than standard
oxime bond formation reactions at neutral pH. As a
bioorthogonal labeling strategy, oxime linkages have generally
been criticized for suffering from slow reaction rates (∼0.001−
0.01 M−1 s−1) relative to a number of recently reported
biofunctionalization reactions such as tetrazine ligations (∼1−
100 M−1 s−1). Given this context, the results presented here are
all the more surprising. It is worth noting that under more
conventional oxime formation rates, the UBER probe design
would require days or possibly months to reach tss and would
likely suffer from off-target reactivity with other aldehydes and

ketones. Therefore, the key to the success of the UBER probe
design hinges upon its extraordinarily selective and rapid oxime
formation with the AP site.
The UBER probe design exhibits several significant

advantages over previously reported methods for assaying
DNA glycosylase activity. Traditional biochemical methods
such as gel-based assays or radiation release assays have the
advantage of sensitivity as well as using unmodified, native
substrates.46,47 However, they are discontinuous and therefore
time and labor intensive. To illustrate this point, consider a
small 394-compound library screen of potential glycosylase
inhibitors. Using a discontinuous method, screening each
compound at a single concentration using five time-points to
measure vi would require 1970 individual enzyme reactions to
be run and quenched at the same time for each prior to
running each reaction on a gel. Using a continuous
fluorescence assay, the entire screen could be completed on
a single microplate in a matter of hours. Molecular beacon
probes of base excision,48 like the current probes, have the
advantage of being continuous; however, because they rely on
strand cleavage they cannot be used with monofunctional
glycosylases, which represent the majority of human
glycosylases, without further downstream processing. CCVJ1,
with its 250−500-fold increase in fluorescence, combines
sensitivity and generalizability in a continuous assay that can be
adapted for use with virtually any human glycosylase.
Furthermore, the ability to monitor the dynamic response of
glycosylase activity in cell lysates enables efficient glycosylase
activity profiling which previously would have only been
achieved through lower sensitivity fluorescence methods which
could require days to develop an observable signal.44

By utilizing a separate reporter molecule, the UBER probe
can be paired in a coupled assay with any DNA substrate
without further modification. This could enable sensing of as-
yet undiscovered DNA glycosylase activities. In many cases,
enzyme substrates can be purchased from commercial
oligonucleotide suppliers or generated in situ from biologically
derived DNA, negating the need to purchase or synthesize
heavily modified oligonucleotides. Additionally, by working
with native substrates rather than modified reporter
oligonucleotides, the UBER probe produces no interference
with native enzyme activity. Unlike previous probes that rely
on secondary DNA cleavage (lyase) activity to generate signal,
the UBER probe generates signal in direct proportion to base
excision and requires no secondary enzyme activity. In
particular, CCVJ1 produces a significantly larger light-up
response than a conventional molecular beacon48 which must
be customized for each enzyme of interest. This large-fold
change enables sensitive detection of DNA glycosylase activity
in cell lysates in a relatively short amount of time.
It should be noted that both the naphthalimide probes NP1

and NP2 as well as benzoxadiazole probes BD1 and BD2 also
experienced accelerated rates of oxime formation and
substantial light-up signals with AP DNA (Figure S11),
suggesting that this molecular strategy could be general and
can provide different emission colors as desired (Figure S1).
The best-performing probe studied here was CCVJ1, which
employs a molecular rotor dye with a short, two-carbon linker
and yields a robust >250−500-fold fluorescence light-up
response to AP sites. The probe design enables real-time
reporting of glycosylase base excision in a simple mix-and-read
format. Additionally, because of its unusual rate acceleration
and light-up mechanism, the UBER probe design offers very

Figure 9. Fluorescence measurement of MCF7 cell lysates (0.2 mg/
mL) with 25 μM CCVJ1 following a 4-h incubation with 5 μM of an
OGG1 hairpin substrate. The inhibitor SU0268 was used to abrogate
OGG1 activity. Error bars represent standard deviation of three
replicates.
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low background and low off-target light-up signals, even in the
presence of high concentrations of common small-molecule
carbonyl compounds and the complex matrix of cellular lysates.
Moreover, the synthesis of CCVJ1 is facile, proceeding in four
steps with high yields. These properties make the probe a
promising tool for researchers interested in studying, in
principle, any DNA glycosylase either in vitro or in tissue or
cell extracts.
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