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The synthesis of the triphosphates of 5-hydroxymethyl-, 5-formyl-, and 5-carboxycytidine and the incorporation of these building blocks into
long DNA fragments using the polymerase chain reaction (PCR) are reported. In this way DNA fragments containing multiple hmC, fC, and caC

nucleobases are readily accessible.

Recently three new nucleobases were discovered in
DNA isolated from mouse embryonic stem cells.'~* The
three nucleobases are oxidation products of 5-methylcyto-
sine (mC), which is a base that regulates transcriptional
activity.” The oxidation reaction of 5-methylcytosine to
5-hydroxymethylcytosine (hmC), 5-formylcytosine (fC),
and finally 5-carboxycytosine (caC) is now understood to
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be performed by 10-11-translocon proteins (TET1-3).°

These enzymes are a-ketoglutarate dependent oxidases,
which directly utilize molecular oxygen for the oxidation
reaction.’ The three new nucleobases are currently thought
to be involved in epigenetic programming of cells,
and they could be intermediates of a long searched for
pathway of active demethylation.®” ' Recently new se-
quencing methods that allow the genome wide localization
of hmC'"'? and fC'? in genomic DNA were reported.
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In the past couple of years phosphoramidite building
blocks of hmC, fC, and caC, which allow the solid phase
synthesis of oligonucleotides containing the new bases
at defined sites, were developed.'*~'® However, to search
for proteins that interact with these new epigenetic bases, and
to decipher the biological/biochemical questions associated
with the new nucleobases, longer oligonucleotides contain-
ing multiple hmC, fC, and caC bases are required. In this
direction, we thought that using the corresponding triphos-
phates (Figure 1) in combination with the polymerase chain
reaction (PCR) would solve this chemical problem.'* !
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Figure 1. Depiction of the canonical DNA base dC and of mC
as well as of the new epigenetic bases hmC, fC, and caC as
triphosphates.
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In such a PCR, one would exchange the dCTP either com-
pletely or partially by the corresponding xdCTP (x = hm
f or ca) so that these DNA fragments contain the new bases
hmC, fC, and caC at the corresponding dC positions.

While the triphosphate of hmC (hmdCTP) is already
commercially available and its incorporation via PCR is
established, the corresponding fdCTP and cadCTP com-
pounds were unknown at the beginning of this study. The
chemical synthesis of both building blocks was achieved
as outlined in Scheme 1. For f{dCTP we started the synthesis
with the fC nucleoside 1, which was prepared as described
recently by us.>> This compound was converted into the
5’-monophosphate 2, which was obtained after HPLC purifi-
cation in 29% yield. We subsequently employed the new
triphosphate method recently described by S. D. Taylor et al.
using sulfonyl imidazolium triflate as the activating reagent
and pyrophosphate.* The procedure allowed us to access the
triphosphate from the monophosphate in 70% yield. The
triphosphate was best isolated by ion exchange chromatogra-
phy at 4 °C using a DEAE-cellulose column® with a gradient
from 100% water to 0.5 M TEAB (pH 7.5). The crude
triphosphate product was further purified by FPLC (0.1 M
TEAB, 1 M TEAB,; 0—100% over 30 min) using a MonoQ
5/50 GL anion exchange column (GE). This two-step proce-
dure allowed us to generate the reactive aldehyde-containing
fC triphosphate in sufficient yield for all further studies.

Scheme 1. Synthesis of f{dCTP and cadCTP

O NH,
\ ) 8 AR
proton sponge H N Ph=S-N g
PO(OMe);, POCI; | A = Cors

0C3h29°/! (R N” 0 _ BuaN, DMF, 0 °C
HO-P-0. 27 (BusNHY,{(H,07P,
o 6 0. DMF,0°Ctort
e 3h,70%
ENHE;
OH

OH
1 2
O NH,
8 8 9 N-o
HO-P-0-P-0-P-0.
1 1 1
O, O O o

®,
ENHE, "NHEL, TNHE, )
fdcTP

*Q *Q

oTBS OH

HF-py, py, EtOAc
i, 19 h, 73%

LIOH, MeCN/H,0O
__n19has%

TBSO.

O NHy 1 Q Q9 NH,

N (:El ° ONHEt, @O
L, o (L

o o 9
(BuzNH),(H207P5) il ] ]
BugN, DMF, rt HO-P-0-P-0-R-0.
—25h » Oy O O o}
2.1z, py. HO. 1t ONHEt; *NHE; ONHEt, o

OH 2h, 7%
5 cadCTP

(22) Globisch, D.; Miinzel, M.; Miiller, M.; Michalakis, S.; Wagner,
M.; Koch, S.; Briickl, T.; Biel, M.; Carell, T. PLoS ONE 2010, 5, ¢15367.
(23) Mohamady, S.; Desoky, A.; Taylor, S. D. Org. Lett. 2011, 14, 402.

367



The cadCTP compound was prepared from the TBS
protected caC methyl ester 3 which was also prepared as
described recently by us.!” We first cleaved the TBS groups
to obtain compound 4. The methyl ester was subsequently
saponified which provided the unprotected caC nucleoside 5.
5 was next introduced into the one-step triphosphate
synthesis reported originally by Eckstein et al.>> Here the
yield could be improved to 7% if the conditions developed
by Huang et al. were employed.?*

We recently reported the synthesis of hmC, fC, and caC
phosphoramidites and the incorporation of these building
blocks into DNA strands. Primer extension studies showed
that none of the new bases are mutagenic.'!” Here we report
the development of PCR conditions for the incorporation
of fdCTP and cadCTP into long oligonucleotides. We
chose the oct4 promotor sequence (see Supporting Infor-
mation (SI)) as the DNA template. The primers for the
PCR were designed to yield a 150 bp product containing 77
modified dCs (4 dC are present in the primer; these are not
exchanged). For this purpose the forward and reverse
primers were annealed to the template at 55 °C. The
elongation of the primers was best performed at 75 °C
(for fdCTP) and 72 °C (for cadCTP). Different poly-
merases were screened. We discovered that the DNA
polymerase Vent (exo™) (for f{dCTP) and KOD XL poly-
merase for (cadCTP) provided the best results (see SI). To
ensure complete extension of the primer the elongation
time was lengthened compared to the time used for in-
corporation of dCTP. The experimental results of the
PCRs are described in Figure 2.

The PCR products obtained with cadCTP can only be
visualized when a 1 x TBE buffer system is used for the
analysis. When other buffers such as TAE were used we
noted that the obtained oligonucleotide products did not
give a distinct band in the gel electrophoresis potentially
because of the additional carboxylic acid groups present on
caC. Rather a broad smear is detected due to the lower
buffer capacity. The TBE buffer system in contrast pro-
vides sharp bands for the caC containing DNA products.
As depicted in lanes 5 and 6, both triphosphates fdCTP
(lane 5) and cadCTP (lane 6) yielded PCR products with
the correct length (negative control lanes 1 and 2) if our
developed PCR methods are employed. In the shown
experiments we replaced the dCTP completely by the
corresponding xdCTP. Hence full length PCR product
can only be formed when the triphosphate is accepted, as
further shown by the negative control in lane 2. Further
proof for the correct incorporation of fC and caC using
PCR was obtained by LC-MS experiments. The PCR
products were to this end fully digested. For this purpose
the sugar phosphate backbone was first cleaved with
nuclease S1 and snake venom phosphodiesterase, giving
the 5’-monophosphates. These were further hydrolyzed to
the nucleoside level by Antarctic phosphatase.® Using this
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Figure 2. (A) Depiction of the results of the PCR analyzed by gel
electrophoresis. Lane 1: without template. Lane 2: without any
dC derivative. Lane 3: dCTP. Lane 4: protected D»,'>N,-hmdCTP.
Lane 5: f{dCTP. Lane 6: cadCTP. (B) UV trace (left) and mass trace
of fC (right) of a fully digested PCR mixture with fdCTP.

procedure even the highly modified DNA prepared here
was fully digested. The resulting nucleoside mixture was
subsequently analyzed by LC-HRMS or LC-MS/MS. The
data obtained for incorporated fdCTP are shown in
Figure 2B (for cadCTP, see SI). Clearly evident is the
presence of dA, dT, and dG in addition to the fC-nucleo-
side. Our results show that both fC and caC can be
inserted as triphosphates into long DNA fragments
using PCR. The observation that formyl group contain-
ing nucleosides can be incorporated into PCR products
despite their high reactivity is in line with a recent report
by Hocek et al. This group reported the PCR based
synthesis of aldehyde containing DNA products.?’-?
It is interesting that the polymerase tolerates also the
negative charge associated with the carboxylic acid
present in caC. For future quantification of fC and
caCinnatural material we also prepared isotope labeled
fC and caC triphosphates and incorporated them into
DNA strands using basically the same PCR conditions
showing the broad applicability of the here reported
technology (see SI).

We next turned our attention to the hmC base. Here, the
corresponding triphosphate is generated from the mono-
phosphate, which is directly isolated from natural sources.
A chemical synthesis of the hmC triphosphate was not
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Figure 3. (A) Synthesm of the protected D,,'*°No-hmdCTP. (B)
UV trace (top) and D,,'’N,-hmC mass trace (bottom) of a fully
digested PCR mixture.

performed so far, which limits our ability to create DNA
fragments with modified hmC, e.g. with isotopically la-
beled compounds as needed for mass spectrometry based
quantification and proteomics studies. The synthetic chal-
lenge associated with the synthesis of hmdCTP is the
benzylic hydroxyl group of the hmC heterocycle which is
more reactive than the primary 5'-OH group. This makes
it difficult to access the 5'-monophosphate directly from
hmC. To circumvent this problem and to enable the PCR
incorporation of modified hmC building blocks, we in-
vestigated the ability to insert a protected hmC derivative
by PCR followed by deprotection. The synthesis of the
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protected hmdCTP building block and the results of the
PCR study are shown in Figure 3.

To exemplify the possibilities associated with the chemi-
cal method, we prepared for this study the unnatural 2 x
['"*N]and 2 x D modified hmC (SI). The starting point for
the synthesis is the TBS protected iodouracil 6,>° which was
carbonylated to 7 and reduced to 8. Compound 8 was
protected as the carbamate 9, and the TBS groups were
cleaved to obtain 10. We utilized the optimized one-pot
triphosphate synthesis described above to obtain the la-
beled hmdCTP 11. Subsequent PCR based incorporation
studies showed that the reaction is best performed with the
KOD XL polymerase with again slightly prolonged elon-
gation times (30 s instead of 15 s). The PCR product was
subsequently deprotected with 0.1 M NaOH in water/
methanol 1:4 for 1 h at rt. The DNA was finally purified
using a silica membrane (see SI). The agarose gel of the
deprotected and purified DNA fragment is depicted in
Figure 2A, lane 4. Again a clean PCR product is observed.
The results of the total digest performed under the opti-
mized conditions reported above are shown in Figure 3B.
Again next to dA, dG, and dT as well as small amounts of
residual dC from the primers, an additional signal is observed
with the correct retention time and exact molecular weight for
D»,"*N,-hmC. Most importantly we do not observe a signal
for un-deprotected hmC showing that full deprotection of the
carbamate protecting group present on our hmdCTP build-
ing block was achieved. In summary we report here the first
chemical synthesis of the three triphosphates hmdCTP,
fdCTP, and cadCTP of the new epigenetic bases hmC, fC,
and caC and describe PCR conditions which enable the
incorporation of these building blocks into long DNA frag-
ments. The chemical synthesis allows even the synthesis and
incorporation of isotopologues of the new bases, which should
facilitate mass spectrometry based quantification methods.

We believe that the reported synthetic methodologies
disclosed here will strongly advance our ability to study the
biology and biochemistry of the new epigenetic bases hmC,
fC and caC.

Acknowledgment. We thank the excellence cluster
EXC114 and the SFB749 as well as the Volkswagen founda-
tion and the DFG for Grant CA275/8-4 for financial support.
S.S. and T.P. thank the Fonds der Chemischen Industrie
for predoctoral fellowships. C.B. thanks the Boehringer
Ingelheim Fonds for predoctoral fellowship.

Supporting Information Available. Experimental pro-
cedures and spectroscopic data of all new compounds.
This material is available free of charge via the Internet at
http://pubs.acs.org.

(29) Schiesser, S.; Hackner, B.; Pfaffeneder, T.; Miiller, M.; Hagemeier,
C.; Truss, M.; Carell, T. Angew. Chem., Int. Ed. 2012, 51, 6516.

The authors declare no competing financial interest.

369



