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to play a role in the regulation of
chromatin structure and gene
expression in central nervous
system cells.""!

It is important, therefore, to
develop methods for the detection
of epigenetic bases in genomic
DNA.M"! A method based on bisul-
fite treatment, PCR amplification,
and nucleotide sequence analysis
has become routine for the detection of SmC in DNA.['>"!
Bisulfite treatment converts cytosine (C) to uracil (U;
Figure 1a), whereas SmC remains intact (Figure 1b).l41¢
However, this method is unable to differentiate ShmCl'+'®!
from 5mC, because ShmC is converted into cytosine 5-
methylenesulfonate (CMS) during the process,”® which
behaves as C residues during PCR amplification (Figure 1c).
To overcome this problem, an oxidative bisulfite sequencing
method has been developed recently to locate ShmC with
single base resolution.”” Selective chemical oxidation of
S5hmC to 5fC by potassium perruthenate (KRuO,) enables
bisulfite conversion of 5fC into uracil. Sequences of oxidized/
bisulfite-treated DNA are compared with untreated and
bisulfite-only sequences to distinguish C, SmC, and ShmC. In
a second combined enzymatic and chemical approach, ShmC
is converted into C, and C and 5mC into U, before
sequencing.”!! The enrichment of ShmC-containing DNA
for targeted sequencing has also been accomplished by

[*] Dr. W. W. Li, L. Gong, Prof. H. Bayley
Department of Chemistry, University of Oxford
Mansfield Road, Oxford, OX1 3TA (UK)
E-mail: hagan.bayley@chem.ox.ac.uk
Dr. W. W. Li
Institute for Science and Technology in Medicine, Keele University
Thornburrow Drive, Stoke-on-Trent, ST4 7QB (UK)

[**] We thank Oxford Nanopore Technology for financial support.

@ Supporting information for this article (including synthesis and
characterization of sulfur-substituted 5ShmC derivatives, the modi-
fication of 5hmC in ssDNA, UPLC-MS analysis, and single-channel
electrical recordings) is available on the WWW under http://dx.doi.
org/10.1002/anie.201300413.

Angew. Chem. Int. Ed. 2013, 52, 4350 —4355

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Condition 1: NaHSO; (> 4 M), pH 5.0, 70°C, 1 h;
Condition 2: NaHSOj3 (0.05 - 0.6 M) / excess of HS-R', pH 5.0, 42°C, 18-48 h
R =H, 2'-deoxyribose, or single-stranded DNA; R' = peptides (e.g. glutathione), or sugars (e.g. glucose)

Figure 1. Bisulfite reactions of cytosine derivatives. a) Bisulfite (>4.0m) at high temperature
(condition 1) converts C into U;['? bisulfite (0.05-0.6 M) in the presence of excess of thiol at lower
temperature (condition 2) does not affect C. b) Under either condition 1 or 2, 5mC is unreactive.

) Under condition 1, 5hmC is converted into CMS; under condition 2, 5hmC is converted into CMS
as the minor product and SMC as the major product.

enzymatic modification of ShmC with B-glucosyltransferase
followed by chemical modification with a biotin tag.l*?*2¥
DNA methyltransferase-directed thiol and selenol substitu-
tion of the hydroxy group of ShmC in DNA has also enabled
subsequent modification with a biotin- or fluorescein-con-
taining group.” However, the use of expensive enzymes with
restricted recognition motifs, the need for the synthesis of
analogues of enzyme co-factors or substrates, and the multiple
steps required for nucleobase modification are drawbacks of
these approaches.

Single-molecule sequencing of modified bases in unam-
plified DNA is an attractive alternative to this method.
Single-molecule, real-time differentiation of ShmC and SmC
has been achieved based on their influence on the rate of
a polymerase engaged in sequencing-by-synthesis, but the
signals are context-dependent and the error rates are high.!
Nanopore methods are a promising alternative for single-
molecule DNA sequencing”?! and sequencing of the four
canonical bases (G, A, C, and T) has recently been accom-
plished.” = In the experiments that demonstrated the
feasibility of base identification for strand sequencing,
biotinylated DNA strands were immobilized within an
engineered protein pore after binding to streptavidin, which
prevented translocation through the pore.””?¥ In this way,
5hmC and SmC could be differentiated from G, A, C, or T.*”
Herein, we report an alternative approach in which ShmC is
chemically modified in situ, permitting the enrichment of rare
ShmC-containing sequences and their identification with
a protein nanopore at the single-molecule level.

Bisulfite converts ShmC into CMS by transformation of
the 5-hydroxy group to a sulfonate (Figure 1c; Supporting
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Information Figure S1a)."”! We speculated that CMS is
produced through formation of an exo-methylene intermedi-
ate (Figure S1b), similar to those implicated in the mecha-
nisms of the enzymes T4 deoxycytidylate hydroxymethy-
lase,* thiaminase,”” and thymidylate synthase,®! and sub-
sequent attack by the nucleophilic sulfite anion (Figure S1Db).
If this mechanism is correct, a nucleophilic thiolate should
trap the exo-methylene intermediate to form the correspond-
ing S-thiomethyl derivative (Figure 1c; Figure S1b). We
tested this idea by using two model compounds (ShmC and
5-hydroxymethyl-2'-deoxycytidine (ShmdC)). The reaction of
ShmC with excess of glutathione (GSH) or 1-thio-f-b-
glucopyranose in the presence of bisulfite in D,O at pD 5.0
yielded CMS (25 %) and the sulfur-substituted ShmC adducts
(SMC, 75 % Figure S1a). '"H NMR spectroscopy (Figure S2)
showed that the reactions were complete after 18 hours at pD
5.0 and 42°C. The ShmC and ShmdC adducts were isolated by
HPLC and characterized by UV/Vis absorption spectroscopy,
negative and positive ion mode electrospray ionization MS,
and NMR spectroscopy (Figures S3,S4; Tables S1,S2).

When the pD of the reaction was increased from 5.0 to 7.0,
the reaction rate decreased (Figure S2). This suggests that
protonation of the N-3 atom of ShmC at pD 5.0, to initiate
formation of the exo-methylene intermediate, is more impor-
tant than deprotonation of the thiol (pK, =9.42 for GSHP),
which would provide a higher concentration of the nucleo-
philic thiolate. In another possible pathway, bisulfite reacts
with the 5-hydroxy group of 5ShmC to form a sulfite ester that
subsequently undergoes substitution by either a nucleophilic
thiolate or a second sulfite anion (Figure S1c¢). Under the
same conditions, G, A, T, and 5mC (as nucleosides) were
unaltered (data not shown). Remarkably, in the presence of
GSH and bisulfite, the nucleobase C in
cytidine underwent the initial attack by
bisulfite to form 5,6-dihydrocytidine-6-sul-
fonate,"** but did not undergo hydrolytic
deamination to generate U at the rela-
tively low concentration of bisulfite and
low temperature that was used.'>*! Thiol shme
derivatives (e.g. glutathione) do not react =<:
with 2’-deoxycytidine and do not affect the
formation of 5,6-dihydrocytidine-6-sulfo-
nate (NMR data not shown). Bisulfite is
known to participate in the deamination
step.”) During subsequent alkali treat-
ment (adjusted to pH 13 with aqueous

ssDNA

reaction products of C and ShmC after bisulfite treatment
with a high concentration of bisulfite at a high temperature
(condition 1, Figure 1) in these four ssDNAs were character-
ized by ultra-performance liquid chromatography mass spec-
trometry (UPLC-MS). Measurement of the masses of the
unmodified ssDNAs, the stable intermediate products (after
bisulfite treatment), and the final modification products (after
alkali treatment; Figure S6) enabled us to determine the
number of ShmC and C bases as CMS and U, respectively
(Figure S7, Table S3, and Supporting Information). CMS is
stable under both acidic and basic conditions, whereas the 5,6-
dihydrouracil-6-sulfonate intermediate is only stable under
acidic or neutral conditions (Figure 1¢).**1 5mC is unaltered
in the overall reaction (Figure 1b).

Next, the ShmC of ssDNA-1 was modified at pH 5.0 by
bisulfite at a lower concentration and temperature in the
presence of excess GSH at 42 °C for 36-48 hours (condition 2)
followed by alkali treatment (Figure 1 and 2a). UPLC-MS
showed the formation of an adduct of GSH and ssDNA
(ssDNA-1-SG, yield approximately 70%) and a sulfonated
DNA adduct (ssDNA-1-CMS, yield approximately 30%;
based on the relative intensities of the MS peaks; Fig-
ure 3a,b). At 70°C for four hours or 42°C for 15 hours, the
reactions were incomplete. No conversion of C into U
occurred, and SmC was also unchanged. In a control experi-
ment with sSDNA-4, in which the ShmC and 5SmC of ssDNA-
1 are replaced by SmC and C, respectively, no modification of
any nucleobase (including C into U conversion) was
observed, based on UPLC-MS analysis (data not shown).
The chemistry of ssDNA-1 and ssDNA-4 is therefore
consistent with that of the model mononucleotides (Figur-
es S1,S5).

a) Two-step bisulfite mediated biotinylation of 5hmC

Biotin or fluorophores
HN o pH 75,16 h
1) NaHSO3 / GSH _G
pH 5.0, 42°C, 36-48 h S
OH ———————— 503 /_{
“(( N »—NH
N K NH, 2) pH 13, RT, 5 min NH2 NH; NH o»_ 2

DNA-CMS DNA-SG DNA-SG-Biotin

b) Single-step bisulfite mediated biotinylation of 5hmC

]

108 NaOH), the 5,6-dihydrocytosine-6- . biotin M

1) NaHSO3 / Cys-biotin, H
sulfonate nucleobase was trar}sformed e ST o SEdh Ho NN &
back to C rather than to U (Figure 1a; on " + DNACNMIS
Figure S5). N;\i{NHZ 21 1B R TN N“QH2

Next, the modification of ShmC in o '

single-stranded DNA (ssDNA) by bisulfite — DNA-Cys<Biotin

under conditions 1 and 2 (Figure 1) was

carried out. Four 28-mer ssDNAs contain-
ing SmC and ShmC were used: 5-ACTG-
TATCAXCTGGTCCTGTATYTAATA-

3; 1, X=5hmC and Y=5mC; 2, X=
5hmC and Y=C; 3, X=5hmC and Y=
5hmC; 4, X=5mC and Y=C. First, the
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Figure 2. Bisulfite-mediated biotinylation of 5hmC in ssDNA. a) Modification of 5ShmC with
glutathione (condition 2, Figure 1) and subsequent modification of the primary amino group
of the adduct. G, A, T, C and 5mC remain intact, while the 5-hydroxy group of 5hmC is
substituted by sulfite to form DNA-CMS (~30%) and DNA-SG (~70%). In a second step,
the primary amino group of glutathione is modified by biotin- or fluorescein-N-hydroxysulfo-
succinimidyl ester (shown as spheres). b) Direct bisulfite-mediated biotinylation with N-
biotinyl-L-cysteine (condition 2, Figure 1).

Angew. Chem. Int. Ed. 2013, 52, 4350 —4355


http://www.angewandte.org

a)
miz = 8557.7 (calcd.) NH, OH
100 - 8558.0 j\/ |
] & '\|‘
O\C -
e e e e o e o o B e e e e O
8000 8500 9000 9500
c)
100 - miz=9186.4 91870
E (calcd.)
L ]
1 | P A
0 e
8000 8500 9000 9500
miz
OH &
o
GsH HN N
e
S NH §
NH, o \/40
N)j// S NH
A
(0] o N
| oy H© Biotin

Angewandte
imemationalediion . CEIMIE

b) NH, $O3
OH
N/
A I mz=s847.0 O%
(e} ’T‘ (calcd.) HN
o
100~ sere0 /_f
NH,, NH  GSH
N7 ©
mi/z = 8621.7 |
0\0 (cacld.) O)\N NH;
I o
8623.0 -SSDNA OH
0 T T T T "A T T T
8000 8500 9000 9500
d)
8888.0
100 1 m/z = 8887.1
] (calcd.)
X
0 T T T T T  § T T T T T
8000 8500 9000 9500
miz
Ho. O
on "1
NH Biotin
NH, S "
N7 H
e >
o” N NH
|
°

Figure 3. UPLC-MS characterization of ssDNA-1, and its modified products. a) Mass spectrum of unmodified ssDNA-1. b) Mass spectrum of
a single UPLC peak containing a mixture of ssDNA-1-CMS and ssDNA-1-SG, which were not separated. c) Mass spectrum of a UPLC peak of

a biotinamidyl hexanoate glutathione DNA adduct (ssDNA-1-SG-Biotin)

from the two-step modification approach (Figure 2a). d) Mass spectrum

of a biotinamidyl cysteinyl DNA (ssDNA-1-Cys-Biotin) adduct from the single-step modification (Figure 2b) of ssDNA-1.

Two approaches were explored for the incorporation of
biotin into ssDNA at the ShmC site. First, the N-terminal
primary amine of the GSH in ssDNA-1-SG was selectively
modified with biotin N-hydroxysulfosuccinimidyl esters®-*!
with yields ranging from 50% to 95%, depending on the
length of the linker in the reagent (Figure 2a and 3c). The
overall yield of biotinylation of ShmC-containing DNA over
two steps was 30-65 %. Similarly, fluorescein can be incorpo-
rated using N-hydroxysuccinimidyl esters with yields of
around 60 % (data not shown). Second, a synthetic biotinyl
cysteine derivative (Supporting Information) was used for
a single-step incorporation of biotin at ShmC sites in ssDNA-
1 and a 100-mer ssDNA with yields ranging from 35-55 %, as
demonstrated by UPLC-MS (Figure 3d; Figure S8). Impor-
tantly, the biotinylated ssDNAs can be enriched by using
immobilized streptavidin (Figure S9).*’)

Angew. Chem. Int. Ed. 2013, 52, 4350 —4355 © 2013 Wiley-VCH

The wild-type staphylococcal a-hemolysin (aHL)*? pro-
tein nanopore (which is not optimized for nucleobase
detection)®™ was then used to detect modified ShmC in
a ssDNA, wusing the streptavidin immobilization
approach.’** The 40-mer ssDNA (DNA40-hmC, Figure 4a;
Figure S10) contained a fragment of the POUSF gene (5'-
TATACACAGGCXGATGTGGG-3') from human embry-
onic stem cells,™® in which a 5SmC at position 9 with respect to
the 3"-end (X) was replaced by ShmC. Biotinylation at the 3'-
end placed the ShmC in the immobilized DNA40-hmC at the
recognition site near the constriction in the lumen of the aHL
pore.[® In the presence of DNA40-hmC and streptavidin, the
open pore current (Iy) was decreased to a new level (Ig;
Figure 4b). The histogram of Ipgg, values (Igpsy, = (In/
1,)100) shows a main peak with Izgg, =11.8£0.1 (Fig-
ure 4b,c), which is set at zero for further comparison with
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Figure 4. Detection of modified 5hmC in an immobilized ssDNA with the wild-type aHL pore.

a) Scheme of the immobilized 40-mer ssDNA (5-TTTTTTTTTTTTTTTTTTTTTATACACAGGCX-
GATGTGGG-TEG-biotin-3"). X=5hmC (DNA40-hmC, top) or X=glutathione adduct of 5hmC
(DNA40-SG, bottom; Figure 2a and 3b). TEG-biotin is a biotin moiety attached to a 15-atom mixed
polarity triethylene glycol spacer.®®! b) Current levels for an aHL pore before and after blockade with
DNA40-hmC only (top) or DNA40-hmC, DNA40-CMS and DNA40-SG (bottom), after addition of the
modified products to the recording chamber (Supporting Information). The recordings were made at

3]
(4]

S. Kriaucionis, N. Heintz, Science
2009, 324, 929.
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+160 mV in 1M KCl, 20 mm Tris-HCl, containing 0.1 mm EDTA, pH 8.0. c¢) Histograms of residual
current levels for an aHL pore interrogated with DNA40-hmC (top), and an aHL pore interrogated
with DNA40-hmC, DNA40-SG and DNA40-CMS (bottom). The value of Igess, for DNA40-hmC was set

equal to 0.

modified ssDNAs. When DNA40-hmC was modified by
reaction with glutathione and bisulfite (Figure S10) and
added to a recording chamber already containing DNA40-
hmC, the histogram showed two additional peaks correspond-
ing to a glutathione-ssDNA conjugate (DNA40-SG) and
a sulfonated ssDNA conjugate (DNA40-CMS; Figure 4c).
The peak with the larger shift (Alxgsy, = —2.7 £0.1) relative
to DNA40-hmC was tentatively assigned to DNA40-SG,
because of the larger size of GSH compared to the sulfonate
group. In control experiments with the 40-mer ssDNAs where
position 9 was SmC, G, A, C, or T, histograms of the electrical
recordings showed no change (data not shown) after treat-
ment with glutathione and bisulfite and subsequent addition
of alkali. Therefore, the combination of chemical modifica-
tion and nanopore analysis enables us to detect ShmC within
a ssDNA using the wild-type o HL pore.

In summary, we have described a simple non-enzymatic
modification of ShmC, bisulfite-mediated thiol substitution,
which allows coupling to peptides, fluorescein, and biotin.
This single-step biotinylation procedure should be a useful
way to enrich ShmC-containing DNA fragments, and com-
pares favorably with alternative approaches that use
enzymes.”?*®! By nanopore analysis, the modified ShmC
residues can easily be distinguished from other nucleobases,
which provides a basis for single-molecule sequencing to
localize epigenetic markers in unamplified DNA. The
approach might be extended to other epigenetic bases such
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