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We reported a one-pot fluorescence-based assay to quantitively
detect A3A activity combined with cytosine deamination and uracil
excision. After deamination by A3A and USER enzyme treatment,
the fluorescent turn-on effect at 520 nm was observed, which can
be used to evaluate the A3A activity and screen inhibitors.

Besides epigenetic modifications, gene expression can also be
regulated by cytosine deamination by APOBECs (Apolipoprotein B
mRNA-editing enzyme catalytic polypeptide-like).' The APOBEC
family, which consists of APOBEC1 (A1), APOBEC2 (A2), sub-
family APOBEC3 (A3), APOBEC4 (A4) and activation-induced
cytidine deaminase (AID), can catalyse the removal of an amino
group from the cytosine (C) base to form uridine (U) in single
strand DNA or RNA.” The genetic alterations by APOBECs will
change the transcription and mRNA processing, exhibiting
diverse and important functions in human health.**

APOBECs were also found to be closely related to many diseases.
Based on the deamination reaction of cytosine, APOBECs, in
particular APOBEC3, can protect mammalian cells by providing
defence against the replication of retroviruses and DNA viruses
such as HIV, murine leukemia viruses (MLV), hepatitis B virus,
herpesviruses, and human papillomavirus (HPV).>*° However,
this ability is a kind of double-edged sword where the over-
expression of these proteins could lead to the development of
cancer, for instance, breast cancer, clear cell ovarian cancer
(CCOC), bladder cancer and so on.''™** The misregulation of
these proteins was shown to affect cellular localization, DNA
targeting accuracy and failure to maintain genomic integrity.
Among others, APOBEC3A (A34) is known as the main source of
APOBEC-signature mutations in tumors.’®'” Recent research
found that a large proportion of the Asian, Amerindian, and
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Oceania population is associated with A3A overexpression,
which may be responsible for their increased risk for cancer.'®
Therefore, the detection of APOBEC activity is important to
understand its relationship with malignancy.

Up to now, there are only a few ways to detect APOBEC activity.
Almost all methods were designed based on the monitoring of the
C to U deamination reaction on DNA oligos by APOBEC or
followed uracil excision. Through a variety of measurement
techniques, such as Nuclear Magnetic Resonance (NMR), gel
electrophoresis or droplet digital PCR, the activity of APOBEC can
be evaluated.'”**?> The above methods are somewhat compli-
cated, laborious and require specific instruments, resulting in
difficulty for inhibitor discovery.>® In contrast, a fluorescence
deamination assay based on FRET (FOrster resonance energy
transfer) is cheap, sensitive and easy to operate, and has been
exploited to develop many innovative and powerful methods for
nucleic acid or protein detection,*® including APOBECs.”” How-
ever, the present FRET-based deamination assay still has sufficient
space for improvement. Above all, after the conversion from
cytidine to the AP site, NaOH was used to cleave the AP site, which
is not compatible with most biological systems and is harmful to
DNA, proteins and the relative buffer or fluorophores. Next, HC]
was needed to neutralize the pH, which makes the assay more
complicated, and may lead to bias for fluorescent detection.
Thus, although the present FRET-based assay is effective, the
employment of NaOH requires several steps to perform the
APOBEC activity assay, which brings a barrier for high through-
put screening of inhibitors.

To reduce the experimental steps, here we introduced a one-
pot fluorescent detection method for APOBEC3A activity with
low background noise using a commercially available USER
(Uracil-Specific Excision Reagent) enzyme, which is a mixture
of Uracil DNA glycosylase (UDG) and DNA glycosylase-lyase
endonuclease VIII. This method can provide a gentle way to
cleave DNA after the deamination of A3A. The one-pot assay,
which can mix all ingredients together, is more convenient for
the screening of a large number of inhibitors in a single assay.
Without harsh reaction conditions such as the use of NaOH,
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Scheme 1 A strategy for detection of the activity of A3A.

we optimized the assay to develop a one-step detection system
in one tube, which makes the manipulation easier. By adding
all materials at one time, the fluorescence can be recorded after
a period of time. Following this design, A3A will catalyse the
deamination of cytidine to uridine in the ssDNA probe. Then
the USER enzyme in the mixture will firstly generate abasic sites
(AP), and then cleave the ssDNA probe into two fragments.
Because the fluorophore and quencher molecule in the ssDNA
probe are far apart from each other after cleavage of the ssDNA
probe, the FRET effect between them disappears, resulting
in an increase of the fluorescence signal. Altogether, this
fluorescent turn-on system can be applied to detect the activity
of A3A (Scheme 1).

To obtain the best turn-on performance, the length of
the ssDNA probe was firstly optimized. Different lengths of
ssDNA probes with 6-FAM at the 5’-terminal and 3’-dabcyl at
the 3’-terminal (DNA-C1) were designed. The sequence of TTCA
which is the favoured sequence of A3A was included in all
ssDNA probes.” This indicated that the 6 nt DNA probe exhibited
the maximum increase in fluorescence intensity (Fig. S1, ESIt).
This is not surprising because the shorter distance between the
fluorophore and quenching group has better FRET performance.*®
The results of gel electrophoresis verified that the turn on effect
was induced by cleavage of the ssDNA probe. Next, the reaction
time was optimized. After the addition of the DNA probe and all
enzymes together, the fluorescence spectra were recorded in
different incubation times. The result showed that the highest
fluorescence intensity was achieved at 8 h, which means the
complete degradation of ssDNA (Fig. S2, ESIf). So, the 6 nt
oligonucleotide DNA-C1 and 8 h incubation time were selected
in further investigations.

Within our expectations, the fluorescent turn on phenom-
enon was only observed with the incubation of the DNA probe,
A3A and USER together, while no change was seen with A3A or
USER enzyme alone (Fig. 1a). These results further identify the
feasibility of our design. All reaction products were analysed by
denaturing polyacrylamide gel electrophoresis (PAGE) because
cleaved ssDNA oligo showed faster migration. The result was in
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Fig. 1 (a) Fluorescence spectra of different sensing systems. (b) PAGE
analysis of the detection of A3A activity strategy. (c) Images of ssDNA
untreated (1) and treated (2) by A3A/USER under UV light. (d) The fluores-
cence of the one step and multi-step detection strategy. Multi-step
strategy (1 and lane 1); one step strategy (2 and lane 2); DNA without any
treatment (3 and lane 3).

consensus with the fluorescence data while only the ssDNA
probe in lane 4 was cleaved compared to the others (Fig. 1b).
What’s more, the fluorescence of the reaction system can be
observed by the naked eye under UV irradiation (Fig. 1c).

As mentioned above, whether all steps of this assay can be
fulfilled in one-pot and one tube is important to increase its
application prospects, in particular for inhibitor screening. The
mild reaction conditions in our assay provide the possibility to
accomplish this goal. Then we added all reagents into the
reaction buffer (25 mM HEPES buffer, pH 6.5, 1x CutSmart®
buffer, pH 7.9) at one time and incubated it at 37 °C for 8 h.
Compared with the experiments performed in multi-steps, even
higher fluorescence intensity can be achieved in the one-pot
experiment (Fig. 1d). This meant that the assay in this work is
easier to be operated and showed wide application potential.

The reaction conditions of this one-pot assay were optimized
in the above studies. The sensitivity and selectivity of this method
were next investigated. As shown in Fig. 2a, the fluorescence was
gradually enhanced as the concentration of A3A increased. In two
A3A concentration ranges (from 0.005 uM to 0.03 pM and from
0.03 uM to 0.2 uM), good linear correlations between fluorescence
and A3A concentration were observed (Fig. 2b). The detection
limit of this method is as low as 5 nM of A3A in this system. The
two linear ranges might be related to the feature of the enzyme.
At the beginning of the enzymatic reaction, while most of A3A
was in free status, the increase of A3A would lead to a fast
enhancement of fluorescence. But when the A3A was almost
saturated, the increase of A3A would lead to a slow increase of
fluorescence. This kind of phenomenon was also reported in the
detection of other enzymes such as polynucleotide kinase.?

To further prove that the fluorescence turn-on is induced by
cytosine deamination, we changed the ssDNA probe without
cytidines. DNA-G (GTTGAA) with guanine instead of cytosine was
designed. Compared with the result with DNA-C1 within cytosine
in the DNA probe, no obvious fluorescence enhancement can be

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Fluorescence spectra of the sensing system containing different

amounts of A3A. (b) A linear relationship between the fluorescence
intensity at 494 nm and the concentration of the A3A. (c) The selectivity
of A3A to DNA-G. (1) DNA only; (2) DNA-G + A3A; (3) DNA-G + USER; (4)
DNA-G + A3A + USER; (5) DNA-C1 + A3A + USER. (d) The selectivity of
different proteins: (1) A3A; (2) BSA; (3) Klenow polymerase; (4) T4 PNK; (5) a
mixture of the four proteins. (BSA) = 5 uM, the concentration of the other
three enzymes was 50 U mL™.

observed for the DNA-G probe, whose fluorescence intensity was
similar to the background. This indicated that the fluorescence
turn-on was firstly induced by cytosine deamination, suggesting
that this assay can indeed detect A3A (Fig. 2c). Then we inves-
tigated the selectivity of the assay and evaluated the influence by
other enzymes or proteins such as BSA, Klenow polymerase and
T4 PNK. No fluorescence turn-on can be obtained in these
proteins unless in the mixture with A3A, indicating a good
selectivity of this assay (Fig. 2d).

To further verify the feasibility of the strategy for A3A detection
and the potential for inhibitor screening, we used aurintricarb-
oxylic acid (MN1, Fig. 3a), a previously reported A3A inhibitor,
to study the influence on this assay.”” We first incubated A3A
with different concentrations of MN1 for 1 h. Then other
component parts were added to the mixture and incubated
for another 6 h at 37 °C. If A3A were inhibited by compound
MN1, the cytosine deamination would be suppressed, which
would result in less cleavage of the ssDNA probe and lower
fluorescence intensity. The relative fluorescence intensity was in
line with expectations, and decreased with the increase of the
concentration of MN1 (Fig. 3b). The ICs, value, half-maximal
inhibitory concentration, was calculated as 40.5 pM from the plot
of the relative activity of A3A versus MN1 concentration, which is
0.03 pM for 0.0038 pM A3A in other literature.?” Then we chose
five compounds (MN1, MN2, 17-AAG, PES, MN3, Scheme S1,
ESIt) as the model to simulate the high-throughput screen (HTS)
for small molecule inhibitors of A3A catalytic activity in 384-well
plates. The solution of ssDNA probe, A3A and USER enzymes
were separately mixed with each compound, and then the
fluorescence was recorded by the fluorescence plate reader. As
shown in Fig. 3¢, different compounds exhibited various inhibition
efficiencies. Among them, compound MN1 showed the best
inhibition ability. The catalytic activity of A3A was almost totally
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Fig. 3 (a) The structure of MN1. (b) Representative A3A inhibitor dose—
response assays. MN1 was chosen as the inhibitor of A3A (0.5 uM). The
curve shows the relative activity of A3A in the presence of an increasing
concentration of MN1. The concentrations of MN1 were 0.1 uM, 1 uM, 10
M, 30 pM, 50 pM, 100 pM, and 1 mM. (c and d) The HTS assay to detect
A3A activity through multi-steps (c) and one step (d). The meaning of the
numbers in ¢ and d are identical. 1 to 5 means the different compounds
(100 uM): (1) MN1; (2) MN2; (3) 17-AAG; (4) PES; (5) MN3. (6) DNA-C1 + A3A +
USER; (7) DNA-CZ1; (8) buffer.

inhibited by MN1 in this concentration (100 uM). Apart from MN3,
no obvious fluorescence decline was obtained by the other three
compounds compared with the control of sample 6, suggesting
that only MN3 has a weak inhibitory effect. We also compared the
activity of these compounds through a one-pot assay or multi-step
assay to verify the reproducibility. All of them showed very similar
inhibition results (Fig. 3d), which proved that our one-pot method
could be used for the HTS of inhibitors.

In addition to the in vitro assay and inhibitor screening, we
extended this method to eukaryotic cell lysates. Two cell lines,
HeLa and HEK 293T cells, were chosen in this study. After
removing the culture media, the cells were washed and then lysed
using a lysing buffer to prepare the lysates.'” The concentration
of the cell lysates was determined by BCA protein assay. A
normalized amount of the cell lysates was mixed and incubated
with ssDNA probe or other constituents for 6 h at 37 °C, and then
the fluorescence detection was performed. However, without
USER Enzyme, the samples of ssDNA probe with cell lysates
(samples 3 and 6, Fig. 4) also exhibited obvious fluorescence
compared to the negative control (samples 1 and 2). This may be
induced by the pre-existing uracil excision enzymes inside the
cell. To identify whether the fluorescence enhancement was
induced by cytosine deamination and uracil excision, we used a
known uracil glycosylase inhibitor (UGI) to inhibit endogenous
UDG in the cell lysates.*® After the addition of UGI, the fluores-
cence was decreased both in the HeLa and HEK 293T cells
(samples 4 and 7). The reason why there was still some back-
ground might be due to the incomplete inhibition of UGI to UDG
enzyme, or the degradation of DNA probe by other cellular
components. Then extra USER Enzyme was added to compensate
for the UDG inhibition by UGI, generating a recovery of the
fluorescent signal (samples 5 and 8). The decline and restoration
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Fig. 4 Fluorescence intensity of the sensing system containing cell
lysates extracted from Hela and HEK 297T cells (2 pg of protein).
(1) DNA-CZ1; (2) DNA-C1 + USER; 3 to 5 used the cell lysates from Hela
cells: (3) DNA-C + cell lysates; (4) DNA-C + cell lysates + UGI; (5) DNA-C +
cell lysates + UGl + USER; 6 to 8 used the cell lysates from HEK 293T:
(6) DNA-C + cell lysates; (7) DNA-C + cell lysates + UGI; (8) DNA-C + cell
lysates + UGI + USER.

4 5 7

of fluorescence indicated that the fluorescent change was relative
to the uracil excision and cytosine deamination, which can be
used to preliminarily evaluate the catalytic ability of APOBECs.
From the results, it was demonstrated that the content of
APOBECs in HelLa cells is higher than in HEK 293T cells.

In conclusion, we have presented a convenient and effective
strategy to detect the activity of APOBEC3A. In this strategy, we
use the USER enzyme instead of NaOH/HCI to cleave DNA,
which can avoid the side-effects of NaOH/HCI and allow the
assay to be performed in a one-pot manner. In addition, the
length of the ssDNA reporter was optimized and shortened to
only 6 nt, exhibiting a stronger turn on performance compared
to the present method. Next, we proved the feasibility of this
strategy using the known A3A inhibitor MN1 and simply
simulating this strategy for HTS. Based on the advantages of
the one-step assay and enhanced turn on effect, this method is
more convenient than the existing assay for APOBECs and
competent for high-throughput inhibitor screening. Finally,
the rough evaluation of APOBEC activity in cell lysates was
preliminarily investigated. With increasing attention towards
the deamination events in recent years, we hope that this new
assay will provide a simple route for activity detection of
APOBECs and the screening of new inhibitors.
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