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Abstract: A 5-formyl-2'-deoxycytidine (fdC) phosphoramidite
building block that enables the synthesis of fdC-containing
DNA with excellent purity and yield has been developed. In
combination with phosphoramidites for 5-methyl-dC,
5-hydroxymethyl-dC, and carboxy-dC, it was possible to
prepare a segment of the OCT-4 promoter that contains all
four epigenetic bases. Because of the enormous interest in these
new epigenetic bases, the ability to insert all four of them into
DNA should be of great value for the scientific community.

Aside from the four canonical nucleosides, the genome
contains several DNA modifications that are of epigenetic
importance. The nucleoside 2'-deoxycytidine is often methy-
lated at the CS5 position to give 5-methyl-2’-deoxycytidine (1,
mdC), which is involved in epigenetic gene silencing.['! In
recent years, the oxidation products of mdC were discov-
ered.”! Ten-eleven-translocation proteins (TET1-3) are now
known to oxidize mdC to 5-hydroxymethyl- (2, hmdC),
S5-formyl- (3, fdC), and 5-carboxy-2’-deoxycytidine (4,
cadC).*” These “new” modifications (Figure 1A) are pri-
marily found in the CpG context in DNA promoter sequen-
ces, where they seem to be involved in regulating gene
expression.®l Lately, the synthesis and analysis of a tRNA
segment of human mitochondrial tRNAM® that carries 5-
formyleytidine in the anticodon loop was reported.”!

To study the function of these new nucleosides, it is of
utmost importance to develop methods that enable the
synthesis of DNA strands that contain hmdC, fdC, and
cadC. Recently, we reported the enzymatic incorporation of
these nucleosides into DNA by means of their triphos-
phates."” However, a sequence-specific incorporation of the
nucleosides, particularly into CpG islands, which would be
required for proteomics studies, is not possible with this
method.
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Figure 1. A) The recently found epigenetically relevant nucleosides

5-methyl- (1, mdC), 5-hydroxymethyl- (2, hmdC), 5-formyl- (3, fdC),
and 5-carboxy-2"-deoxycytidine (4, cadC). B) Sequence of an OCT-4
promoter segment, in which cytidines in CpG contexts were substi-
tuted with the epigenetic nucleosides 1-4.

The “Achilles’ heel” of the synthesis of DNA strands
containing all new epigenetic nucleosides is the incorporation
of fdC because of the high reactivity of the formyl group.!"''%!
The only currently available fdC building block is inserted as
the 1,2-diol precursor, and periodate treatment is required to
obtain the formyl moiety;“‘” this reagent is, for instance,
incompatible with hmdC."™®) Moreover, the periodate-based
deprotection promotes side reactions that prevent the syn-
thesis of DNA strands that contain multiple fdCs. Conse-
quently, DNA strands that contain the four epigenetic
nucleosides mdC, hmdC, fdC, and cadC at defined sites are
synthetically not accessible.['"]

Herein, we report the development of a new fdC
phosphoramidite building block that can be inserted multiple
times, or even consecutively, into DNA strands by using
standard phosphoramidite chemistry. High coupling yields
during solid-phase synthesis as well as mild deprotection
conditions even enabled the preparation of a OCT-4 pro-
moter sequence that contains all four epigenetic nucleosides
(Figure 1B, ODN1).

The electron-poor heterocycle of 3 is a major chemical
obstacle for fdC incorporation, as this moiety promotes
glycosidic bond cleavage even under the mildly acidic
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conditions that are commonly used for oligonucleotide syn-
thesis. Furthermore, the formyl group of 3 is sensitive to
oxidation, and, most importantly, 5S-formylcytosine is readily
attacked by nucleophiles, particularly at the C6 position
(Figure 1A)."" To mask the reactivity of the aldehyde
functionality, we examined various protecting groups (for
details, see the Supporting Information). Finally, the best
results were obtained when the aldehyde is converted into
a 1,3-dioxane unit with propane-1,3-diol. This acetal turned
out to be sensitive enough for later cleavage under mild
conditions (80 % aqueous acetic acid, 20°C); nevertheless, it
is sufficiently stable to remain intact during solid-phase DNA
synthesis. However, the temperature at which the deprotec-
tion is carried out at the end of the synthesis is a crucial
parameter. Cleavage at 15°C is too slow, whereas higher
temperatures (>25°C) lead to a significant amount of
glycosidic bond cleavage, mostly at fdC (for details, see the
Supporting Information). Therefore, deprotection of the fdC
acetal has to occur at approximately 20°C. The amino group
at the C4 position was protected with 4-methoxybenzoyl
chloride, which is compatible with the acetal moiety. For fdC,
we discovered that the commonly used benzoyl group is
already efficiently cleaved during the solid-phase DNA
synthesis, which gives rise to branched DNA products.

The synthesis of the fdC building block was achieved
starting from tert-butyldimethylsilyl (TBS)-protected fdC 5,
which was synthesized from 5-iodo-dC according to literature
procedures (Scheme 1).'! Notably, standard procedures for
acetal protection did not provide the desired product 6.
Activation of the formyl group is strictly required, and TiCl,
turned out to be the only Lewis acid that gave acceptable
yields. Subsequent protection of the amino group at the
C4 position with 4-methoxybenzoyl chloride and silyl depro-
tection furnished the fdC derivative 7, which was converted
into the fdC phosphoramidite building block 8 by standard
procedures.™*

To examine the quality of the new fdC building block 8,
we prepared oligonucleotide ODN2, which contains five fdCs
(Figure 2B). The solid-phase synthesis was performed using
standard phosphoramidite conditions.'”:*! For fdC, the cou-
pling times were increased from 30 to 60 seconds to ensure
maximum coupling yields. For deprotection of the standard
nucleosides and cleavage of the oligonucleotide from the solid
support, we first treated the solid-phase material with
saturated aqueous NH,OH solution (24 h, 25°C). The HPL
chromatogram depicted in Figure 2 B shows the result for the
crude product of the synthesis of the dimethoxytrityl (DMT)-
protected oligonucleotide. In a second deprotection step, the
oligonucleotide was treated with acetic acid for six hours at
20°C, which cleaved the acetal and DMT protecting groups.
The HPL chromatogram that was obtained for the unpurified
DNA strand ODN2, which contains five fdCs, is shown in
Figure 2C. As only one peak was observed, the synthesis had
occurred in high yield.

To verify that five fdC nucleosides are indeed present in
the DNA strand, we measured a MALDI-TOF spectrum
(Figure 2D), which showed the expected exact mass. Further
proof for correct incorporation was obtained by digestion of
the synthesized, but still crude oligonucleotide with nucle-

www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

O NH, CO NH,
HO OH
H ~ TN 0)\ng
o

SN
| IS TiCly,
TBSO N™ ~0O triethyl ortho- TBSO N
formate o)
OTBS CH.Cl, (83%) OTBS
5 6
0o
fo HN
1) p-MeOBzCl, A _
pyridine (92%) 0 /’L o
_—
) o N"0
) HF « pyridine, HO
EtOAc (93%) 0
OH
7

o}
1) DMT-CI,

sias!
2)iProN. L O~y O)\(gN o~

pyridine (87%)
1 |
NiPr; N ’go

DMTO
M ¥ )\6) w

N~N'N N O‘E”O\/\CN
NiPr;

CH,Cl, (81%) 8

Scheme 1. Synthesis of acetal-protected fdC phosphoramidite 8.
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Figure 2. A) Sequence of the synthesized ODN2 with fivefold incorpo-
ration of fdC using 8. B) Reversed-phase HPL chromatogram of crude
ODNZ2 directly after basic cleavage from the resin (NH,OH, 23 h,
25°C, 0-80% buffer B in 45 min). C) Reversed-phase HPL chromato-
gram of crude ODN2 directly after acidic cleavage of the DMT and
acetal groups (80% aq. acetic acid, 6 h, 20°C, 0-40% buffer B in

45 min). D) MALDI-TOF spectrum of fully deprotected, but crude
ODN2. E) UHPL chromatogram and quantification data of unpurified
digested ODN2.
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ase S1 and snake-venom phosphodiesterase I to give the 5'-
monophosphates. These were further hydrolyzed to the
nucleosides by antarctic phosphatase. The obtained nucleo-
side mixture was analyzed by UHPLC-MS/MS (QQQ; Fig-
ure 2E). The obtained UV chromatogram was clean and
showed signals only for the expected nucleosides. The fdC
nucleoside was identified based on the retention time and its
characteristic MS/MS fragmentation (m/z=256.1—140.1).
Next, we quantified the amount of dC, fdC, and dT (Fig-
ure 2E, inset) by using synthetic isotopologues of the nucleo-
sides as internal standards, which is a method that was
recently described.['" We obtained the expected dC/fdC ratio
of approximately 4:5, which is in full agreement with the
sequence. The fact that these values are obtained with the
crude synthesis product underpins the superior properties of
the new fdC phosphoramidite. Most importantly, we did not
detect any a-fdC nucleosides, which indicates that (- to a-
anomerization was fully suppressed with the new building
block. We also investigated whether hmdC and cadC are
present during DNA synthesis; these are the reduction and
oxidation products of fdC, which might be formed during the
iodine oxidation step. As expected, none of these compounds
were detected (Figure 2E, inset). In summary, the fdC
phosphoramidite 8 enabled the synthesis of fdC-containing
oligonucleotides. With this building block in hand, we have
established the basis for the synthesis of oligonucleotides that
contain all four epigenetic nucleosides.

Therefore, we then synthesized oligonucleotide ODN1
with the sequence of a segment of the OCT-4 promoter (mus
musculus, chromosome 17, 35505895-35505943; Figure 3 B).
All cytidines in the respective CpG contexts were substituted
with the epigenetic nucleosides 1-4. The best results were
obtained with the cyclic-carbamate-protected hmdC phos-
phoramidite (for detailed conditions of the oligonucleotide
synthesis, see the Supporting Information).!'” This carbamate
building block and the ester-protected cadC unit forced us to
use NaOH (0.4m in methanol/water (4:1)) instead of NH,OH
in the first deprotection step to avoid the formation of amide
moieties (Figure 3 A).">17 After treatment of the synthesized
ODNI1 with NaOH, the oligonucleotide was precipitated with
ethanol. We next performed the second deprotection step
with acetic acid. Figure 3 C shows the HPL chromatogram of
the crude material after the second deprotection step. It is
clearly visible that the process yielded ODNI as the major
product, despite the fact that ODN1 is a 49 mer oligonucleo-
tide that contains four modified nucleosides (for detailed data
of crude ODNI, see the Supporting Information). Purifica-
tion by HPLC after the first deprotection step and subsequent
acidic treatment as described above gave pure ODN1 in 31 %
(Figure 3 C, inset; see also the Supporting Information). The
oligonucleotide was fully digested, and the product of
hydrolysis was analyzed by UHPLC-MS/MS, which corrobo-
rated the presence of all incorporated nucleosides. Isotope-
based quantification confirmed the amounts of the epigenetic
nucleosides relative to dC to be 1.2:1.2:0.9:1.0:15.0, which is
in full agreement with the sequence (Figure 3B, D).

In summary, the new fdC building block 8 enabled the
synthesis of fdC-containing DNA strands in unprecedented
yield and quality, which will facilitate biological studies of
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Figure 3. A) Used phophoramidites. B) Sequence of the synthesized
OCT-4 promoter segment, in which cytidines in CpG contexts were
substituted with the epigenetic nucleosides 1-4. C) Reversed-phase
HPL chromatogram of crude and purified (inset) ODN1 after complete
deprotection (0-40% buffer B in 45 min). D) UHPL chromatogram
and quantification data of digested ODN1. Bz=benzoyl.

fdC. In combination with phosphoramidite building blocks for
mdC, hmdC, and cadC, it is now possible to synthesize
oligonucleotides that contain all four epigenetically important
cytidine nucleosides 1-4. This will pave the way for a more
detailed analysis of how these nucleosides influence biolog-
ical processes and stem-cell development.®
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