
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

1/
19

/2
02

5 
8:

29
:4

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
5-Carboxylcytos
aLudwig Institute for Cancer Research, Targe

of Medicine, University of Oxford, OX3 7FZ, U

uk
bBeijing National Laboratory for Molecular S

Bioorganic Chemistry and Molecular Eng

University, Beijing 100871, China. E-mail: z
cState Key Laboratory of Natural and Biom

Sciences, Peking University, Beijing 100191,

† Electronic supplementary informa
10.1039/c9ra04375f

Cite this: RSC Adv., 2019, 9, 29010

Received 11th June 2019
Accepted 8th September 2019

DOI: 10.1039/c9ra04375f

rsc.li/rsc-advances

29010 | RSC Adv., 2019, 9, 29010–290
ine is resistant towards
phosphodiesterase I digestion: implications for
epigenetic modification quantification by mass
spectrometry†

Fang Yuan, ab Ying Bi, a Jia-Yuan Zhang, ac Ying-Lin Zhou, b

Xin-Xiang Zhang*b and Chun-Xiao Song *a

DNA cytosine modifications are important epigenetic modifications in gene regulation and pathogenesis.

DNA hydrolysis followed by HPLC-MS/MS is the gold standard in DNA modification quantification. In

particular, it is the only sensitive and accurate method for low abundance modifications, such as 5-

carboxylcytosine (5caC). Here, we report the discovery of the nuclease resistance property of 5caC to

snake venom phosphodiesterase I (PDE1), a 30 to 50 exonuclease commonly used in several DNA

hydrolysis protocols. We conducted a systematic evaluation of six commonly used hydrolysis protocols

and found that all protocols that use PDE1 underestimate the level of 5caC. Finally, we identified the best

method for cytosine modification quantification of biological samples, which leads to an over 10-fold

higher amount of 5caC being detected compared with other methods. Our results highlight that caution

should be taken when choosing a DNA hydrolysis protocol to quantify certain DNA modifications.
Chemical modications of cytosine bases in DNA have been
recognized as crucial epigenetic mechanisms for gene regula-
tion and cellular development.1,2 5-Methylcytosine (5mC) and 5-
hydroxymethylcytosine (5hmC) are the two most abundant and
best studied DNA cytosine modications,3 while 5-for-
mylcytosine (5fC) and 5-carboxylcytosine (5caC) are low abun-
dance demethylation intermediates.4 5HmC, 5fC and 5caC are
oxidized sequentially from 5mC by the ten-eleven translocation
(TET) family of dioxygenases,4,5 and 5fC and 5caC can be
removed by thymine DNA glycosylase (TDG) and converted back
to unmodied cytosine through base-excision repair.6,7 5FC and
5caC have also shown potential biological functions;8,9 for
instance, 5caC stalls the RNA polymerase II elongation
complex.10

The global levels of these DNA modications are oen the
rst important data required to study their functions, before
more expensive experiments, such as sequencing are under-
taken.11,12 In this regard, high-performance liquid
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chromatography coupled with tandem mass spectrometry
(HPLC-MS/MS) is an important and widely used technology in
epigenetics, and also the gold standard for accurately detecting
and quantifying the overall level of DNA modications.13,14 In
fact, it is the only method sensitive enough to quantify 5caC, the
scarcest cytosine modication in the mammalian genome with
only several parts per million compared to unmodied cyto-
sine.4,12 In order to perform HPLC-MS/MS analysis, DNA
samples rst need to be hydrolysed to single nucleosides. The
traditional DNA hydrolysis approach is the nuclease P1 protocol
developed by Crain et al.15 The abundance of several important
DNA/RNAmodications was determined by HPLC-MS/MS using
this protocol.16–18 However, this two-step trio-enzymatic diges-
tion method is complex and time-consuming. For example,
DNA must be denatured rst and the pH of the aqueous solu-
tion needs to be adjusted twice. Eoin and Jesse later developed
a simple protocol for hydrolysing DNA, which only needs one
step of incubation. In this protocol, Benzonase, a commercially
available endo-nuclease was used instead of P1 nuclease.19 All of
the three enzymes used in this protocol can work together
under the same pH condition and DNA does not have to be
denatured rst. This new one-step Benzonase protocol saves
much time compared with the nuclease P1 protocol, and has
become a popular choice since its publication.3,20,21 Another
one-step protocol used DNase I instead of P1 nuclease or Ben-
zonase.4 More recently, commercial enzymatic mixtures have
also become available for one-step DNA digestion, albeit at
a higher cost.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The discovery of 5caC peak loss during the HPLC-MS/MS
analysis of 5caC-containing oligonucleotide using certain DNA
hydrolysis protocols. (A) Workflow: ODNs containing either 5-for-
mylcytosine (5fC) or 5-carboxylcytosine (5caC) were first hydrolyzed
into nucleosides with different hydrolysis protocols, and then sub-
jected to HPLC-MS/MS analysis. (B) 5fC level were similar among
samples treated with PDE1, Benzonase/PDE1, NEB and Degradase
hydrolysis methods (N ¼ 3). (C) Obvious peak loss of 5caC was
observed in the PDE1, Benzonase/PDE1 and DNase I/PDE1 protocols
treated samples. n.d. not detectable; error bars show SD (n ¼ 3); P
value of Dunnett's multiple comparison test comparing NEB Digestion
Mix with other methods. **P < 0.01; ***P < 0.001; NS, insignificant.
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Our group has been using the simple and low cost Benzonase
protocol in the HPLC-MS/MS quantication of DNA cytosine
modications. However, when we recently employed this
protocol on a 5caC-containing synthesized oligonucleotide
(ODN), we found that the 5caC level was two to three orders of
magnitude lower than expected. On the other hand, the quan-
tication result of 5caC 20-deoxynucleoside standard solution
treated with Benzonase protocol was consistent with the actual
concentration. This phenomenon indicates that the Benzonase
protocol has an unusual effect on hydrolysing 5caC-containing
DNA.

This unexpected nding prompted us to conduct a system-
atic investigation of the Benzonase protocol together with ve
other commonly used DNA hydrolysis protocols, including two
commercial products, for HPLC-MS/MS analysis of DNA cyto-
sine modications in the present study. MALDI-TOF analysis
was also used in order to conduct a mechanistic study on the
hydrolysis efficiency of target enzyme. Finally, in order to help
researchers choose a suitable hydrolysis method for MS quan-
tication of cytosine modications, we investigated the perfor-
mance of all existing protocols on hydrolysing genomic DNA
from cell lines that contain variable levels of the four cytosine
modications.

First, to verify the loss of 5caC signal during the HPLC-MS/
MS analysis, we employed six commonly used hydrolysis
protocols, including the Benzonase protocol, to hydrolyse two
short ODNs containing either 5fC or 5caC (Table 1 and Fig. 1A).
The hydrolysed products were analysed by HPLC-MS/MS. The
result showed that, while DNase I/PDE1 and P1-treated samples
showed lower 5fC levels (69.4% and 57.8% compared with DNA
Degradase Plus treated sample), the 5fC-containing ODN
treated by other hydrolysis protocols shared similar 5fC levels,
indicating that different digestion protocols in general have
little effect on the hydrolysis of 5fC-containing ODN (Fig. 1B).
However, the 5caC levels differed dramatically in 5caC-
containing ODN samples treated with different protocols
(Fig. 1C). The DNA Degradase Plus protocol and NEB Digestion
Mix gave the highest 5caC level, while no 5caC signal was
detected in the samples treated with the PDE1 or Benzonase/
PDE1 protocol. The 5caC level was also lower in the DNase I/
PDE1 and P1-treated samples, but unlike 5fC results, DNase I/
PDE1-treated sample gave much lower 5caC level (27.6%)
compared with P1 (43.9%). This result showed that several
hydrolysis protocols caused apparent 5caC loss in the HPLC-
MS/MS analysis.
Table 1 Different hydrolysis methods investigated in this work

Hydrolysis methods Name Enzyme

One-step PDE1 PDE1, ALP
Benzonase/PDE1 Benzonase, P
DNase I/PDE1 DNase I, PDE
NEB Nucleoside D
Degradase DNA Degrad

Two-step P1 P1 nuclease,

This journal is © The Royal Society of Chemistry 2019
An aqueous solution of 5caC 20-deoxynucleoside with
a known concentration was used as control sample. Aer
treated with the same six enzymatic digestion protocols, the
5caC 20-deoxynucleoside was analysed by HPLC-MS/MS. Except
for DNase I/PDE1 group, the intensities of the 5caC peaks were
similar among untreated and other methods treated nucleo-
sides, showing that enzyme treatments do not affect the ability
to detect 5caC single nucleosides (Fig. S1†). Based on these
results, we propose that, the loss of 5caC signal in HPLC-MS/MS
analysis using these hydrolysis protocols is due to the incom-
plete digestion of 5caC-containing ODN fragments, and there-
fore could severely inuence the quantication of 5caC in DNA
samples.

One common enzyme used in the protocols that resulted in
5caC signal loss is the 30 to 50 exonuclease PDE1 (Table 1). The 30

to 50 exonuclease activity of PDE1 was rst found in 1959,22 and
has been widely used to hydrolyse DNA samples since then.4,19

Certain lesions of DNA, such as apurinic (AP) sites and thymine
glycols (Tg) are reported to be refractory to PDE1 digestion.23,24
Time Temp. (�C)

2 h 37
DE1, ALP 37
1, ALP 37
igestion Mix (NEB) 37
ase Plus (Zymo) 37
PDE1, ALP Step 1: overnight 37

Step 2: 3 h

RSC Adv., 2019, 9, 29010–29014 | 29011
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Moreover, a polyamine-modied nucleoside was shown to be
more resistant to PDE1 than unmodied ODNs.25 However, no
studies have reported the nuclease resistance property of
natural occurring DNA cytosine modications like 5caC. To the
contrary, studies that reported undetected 5caC using HPLC-
MS/MS oen attributed this to the extremely low abundance
of this modication.26,27 In order to investigate whether 5caC is
refractory to exonucleases like PDE1, we used an 11-mer caC-
containing ODN as a model, and analysed the hydrolysed
products of this model using MALDI-TOF aer treatment with
different enzymatic digestion protocols (Fig. 2A). The original
ODN had one peak at m/z ¼ 3366.0 (Fig. 2B), while DNA
Degradase Plus-treated ODN showed no peak (Fig. 2C), indi-
cating the complete digestion of the ODN. A new peak with m/z
¼ 1802.1 was observed in both PDE1-treated ODN and
Benzonase/PDE1-treated ODN (Fig. 2D and E), corresponding to
the short fragment of this ODN ending with 5caC (50-TCGAC5-
caC-30), which demonstrated that, mechanistically, 5caC could
block the 30 to 50 exonuclease activity of PDE1 digestion right at
the modication position.

The time-dependent PDE1 resistance of 5caC to digestion
was also investigated using the 5caC-containing ODNmodel. As
shown in Fig. S2,† protocols that use the NEB Nucleoside,
Digestion Mix or DNA Degradase Plus (Zymo) can digest target
5caC ODN completely in 2 h. However, protocols using
Benzonase/PDE1 or PDE1 digested less than 20% of the ODN
substrate even aer 24 h of incubation, conrming the resis-
tance of 5caC to PDE1 digestion.

Global quantication of one nucleoside modication can
indicate its potential role in the biological system and is crucial
data to guide subsequent sequencing and biological experi-
ments. It is extremely important to choose a suitable hydrolysis
Fig. 2 (A) Scheme of using MALDI-TOF to investigate whether 5caC is
refractory to exonucleases like PDE1. Results of (B) control 5caC-
containing ODN, (C) DNA Degradase Plus treated ODN, (D) PDE1
protocol treated ODN and (E) Benzonase/PDE1 protocol treated ODN
revealed that 5caC-containing ODN is resistant to PDE1 exonuclease
hydrolysis.

29012 | RSC Adv., 2019, 9, 29010–29014
method that can fully digest the DNA sample in an unbiased
manner. The rst paper to discover 5caC in the mammalian
genome in 2011 used the DNase I/PDE1 protocol.4

Unlike P1 nuclease, which exhibits both exonuclease and
endonuclease activity that can directly hydrolyse DNA to single
nucleosides,28 Benzonase29 and DNase I28 are both endonucle-
ases that cleave DNA to release oligonucleotides. In order to
fully digest DNA into single nucleosides, exonuclease PDE1 is
added in these two hydrolysis protocols. Unfortunately, for 5caC
substrates, our results already showed that such combined DNA
hydrolysis protocols could lead to modest to severe underesti-
mation of 5caC levels in synthesized ODN samples. Genomic
DNA (gDNA) contains much more complicated base composi-
tions and chemical modications. To further demonstrate the
5caC digestion issue in a more biologically related setting, we
next tested gDNA from mTet1 catalytic domain overexpressed
293T cells. Since Tet proteins can oxidize 5mC to 5hmC, 5fC and
5caC, these three cytosine modications are expected to exist in
relatively high levels in this cell line.

The HPLC-MS/MS quantication results of each cytosine
modication are shown in Fig. 3. The levels of all modications
investigated in this experiment were lower using the P1
Nuclease hydrolysis protocol than a one-step protocol like the
NEB Digestion Mix, indicating that, although with the longest
incubation time, this two-step hydrolysis protocol cannot fully
digest gDNA. As for different one-step hydrolysis methods
treated samples, the levels of 5mC were similar among all
samples, while the level of 5hmC was about 20% higher in the
Digestion Mix-treated sample than others. The levels of 5fC
were similar among PDE1, Benzonase/PDE1, DNase I/PDE1 and
NEB Digestion Mix-treated samples, while 20% lower in the
Degradase-treated sample. The levels of 5caC in this gDNA
sample were strikingly different between the different hydro-
lysis methods. Unlike the ODN results, the NEB Digestion Mix-
treated gDNA gave the highest 5caC level (5caC/dG value was
Fig. 3 HPLC-MS/MS quantification of four DNA cytosine modifica-
tions in the genomic DNA from Tet1 overexpressed 293T cells using
different DNA hydrolysis protocols. (A) 5mC, (B) 5hmC, (C) 5fC, (D)
5caC. Error bars show SD (n ¼ 3); P value of Dunnett's multiple
comparison test using NEB Digestion Mix as control. **P < 0.01; ***P <
0.001.

This journal is © The Royal Society of Chemistry 2019
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2.06 � 10�3), while the 5caC/dG value was 1.38 � 10�3 in the
Degradase-treated sample, 33% lower than the Digestion Mix-
treated group. PDE1 and PDE1/Benzonase methods gave the
lowest 5caC/dG values (1.28 � 10�4 and 1.40 � 10�4 respec-
tively), indicating that only 6.2% and 6.8% of the 5caC modi-
cations were digested into single nucleosides in these samples.
The 5caC/dG level in the DNase I and P1 nuclease-treated
samples (8.26 � 10�4, and 1.03 � 10�3) were 40.0% and
49.7% of those in Digestion Mix-treated group, respectively.

Another biologically relevant sample we tested was gDNA
from Tdgox/ox mouse embryonic stem cells (mESC) and Tdg�/

� mESC.30 There are a few studies that reported the level of 5caC
in wild-type mESC,4,6 while Tdg knock-out leads to increased
levels of 5fC and 5caC in mESC.30,31 Since most of these works
used a PDE1-containing hydrolysis enzyme mix or the two-step
protocol, we wanted to investigate the inuence of different
hydrolysis methods on the level of 5caC detected.

The same amount of gDNA was used in each hydrolysis
experiment. As shown in Fig. 4A and B, the levels of 5hmC were
similar among PDE1, Benzonase/PDE1, Degradase, NEB
Digestion Mix and P1-treated Tdgox/ox gDNA samples, and all
one-step hydrolysis methods-treated Tdg�/� gDNA samples.
However, the 5caC/dC levels in Tdg�/� mESC treated with
Degradase or NEB Digestion Mix were 6 to 10 times higher than
those treated with PDE1, Benzonase/PDE1 or P1 nuclease
methods (Fig. 4D). Moreover, unlike the successful quantica-
tion of 5caC in Tdg�/� mESC using Degradase or NEB Digestion
Mix, we could not detect any 5caC signal in Tdgox/ox gDNA
samples treated with the PDE1, Benzonase/PDE1 or P1 nuclease
methods (Fig. 4C).

According to these results, we conclude that both the NEB
Digestion Mix and DNA Degradase Plus are suitable hydrolysis
methods to obtain accurate 5caC levels in gDNA from biological
samples, although the former gives more stable results in most
of the cases. DNase I and P1 nuclease protocols gave acceptable
Fig. 4 HPLC-MS/MS quantification of genomic DNA of Tdgflox/flox

mESC and Tdg�/� mESC using different DNA hydrolysis protocols. (A)
5hmC in Tdgflox/flox mESC, (B) 5hmC in Tdg�/� mESC, (C) 5caC in
Tdgflox/flox mESC, (D) 5caC in Tdg�/� mESC. n. d. not detectable; error
bars show SD (n ¼ 3); P value of Dunnett's multiple comparison test
using NEBDigestionMix as control. *P < 0.05; **P < 0.01; ***P < 0.001;
NS, insignificant.

This journal is © The Royal Society of Chemistry 2019
results in high 5caC-containing gDNA samples, while the 5caC
level was severely underestimated in the PDE1 and Benzonase/
PDE1 protocol treated gDNA sample. Although PDE1 should be
avoid in the HPLC-MS/MS quantication of 5caC, it might be
useful to analyse the distribution of 5caC in the genome. Since
the hydrolysis of DNA using PDE1 will be blocked and leave
5caC at the 30 end, it could be developed into a sequencing
method to determine the localization of the 5caC.

In summary, we rst reported the signal loss of 5caC during
the HPLC-MS/MS quantication analysis using certain common
DNA hydrolysis methods. We identied the cause to be that
5caC is resistant to PDE1, an exonuclease used in DNA hydro-
lysis protocols like, Benzonase/PDE 1 and DNase I/PDE 1.
Genomic DNA extracted from mTet1 catalytic domain overex-
pressed 293T cells and Tdg knockout mESC were used to eval-
uate the performance of six commonly used DNA hydrolysis
protocols. Among all the protocols tested, Nucleoside Digestion
Mix gave the highest 5caC level. Our results have strong impli-
cations to the epigenetic research that cautions should be made
when choosing a DNA hydrolysis protocol to quantify certain
DNA modications not to introduce bias. Such bias could be
particularly strong in low abundance modications, including
5caC, but also potentially other modications, for instance, the
more recently reported N6-methyladenine (N6-mA) in DNA.32–34
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