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A Nucleobase Analogue that Pairs Strongly with Adenine**

Marco Minuth and Clemens Richert*

Base pairing is a pivotal process in nature. Genetic informa-
tion is passed on by the formation of pairs between
complementary nucleobases."” The detection of DNA or
RNA sequences through hybridization also relies on base
pairing, with multiple base pairs being formed simultane-
ously." The two canonical base pairs (A:T and G:C) are of
different strength, though, so that the affinity of strands for
their target sequence depends strongly on the G/C content.
Differences in duplex stability between one sequence and
another are desirable for genetic material, for example to
facilitate strand separation at a TATA box, but are undesir-
able for detecting nucleic acid sequences in parallel or in
standardized fashion.l! For example, the failure of A/T-rich
sequences to hybridize under conditions appropriate for
mixed sequences causes false negative signals in diagnostic
tests, and the ability of G/C-rich sequences to form duplexes
with mismatches can lead to false positive calls.”

Nature tunes base pairing strength, where needed, either
through varying G/C content or through chemical modifica-
tion, as best exemplified by modifications in tRNAs.[l
Synthetic chemists have also developed nucleobase analogues
whose affinity for complementary bases exceeds that of their
natural counterparts®'!! including bases with alkynyl sub-
stituents." Among the two natural bases that pair weakly (A
and T/U), adenine is the one more readily converted into
a high affinity analogue. A well-established high affinity
derivative of adenine is 2,6-diaminopurine, which forms three
hydrogen bonds with thymine, resulting in more stable
duplexes. Binding to A with a high-affinity analogue of T
is more difficult, though, as adenine does not offer a third
functional group for hydrogen bonding on its Watson—Crick
face, making it necessary to reach into the major or minor
groove to engage more distant hydrogen bond acceptors or to
provide other interactions. To the best of our knowledge, no
nucleobase analogue that pairs with A with greater affinity
and greater selectivity than thymine, when incorporated into
DNA strands, is known.

Starting from thymidine as the lead, one possible way to
engage in additional molecular interactions with adenine is to
place an alkynyl group at the 2-position. Unfortunately, this
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Figure 1. Structure of thymidine and thymidine analogues.

leads to a pyrimidinium species when maintaining the
aromatic character of the nucleobase (1, Figure 1). The
instability of such species can be avoided when replacing
a natural deoxynucleoside with a C-nucleoside, so that
a neutral and more stable glycosidic bond arrangement
results. We have previously reported a 2-ethynyl derivative
of difluorotoluene (2), an isostere of thymidine,"! in the form
of ethynylfluorobenzene nucleoside 3, and we were able to
show that it pairs more strongly with adenine when incorpo-
rated in an oligonucleotide than its fluoro counterpart 2.1
Still, the overall base pairing strength of 3 was considerably
weaker than that of natural thymidine, as evidenced by
a depression in the UV-melting point of a dodecamer duplex
by 12.7°C, compared with the natural T-containing duplex.
Herein, we present 6-ethynylpyridone C-nucleoside 4, which
combines the hydrogen bonding capabilities of T at the 3- and
4-positions with the ability of an ethynyl substituent to engage
in stacking and van der Waals interactions. In duplexes, E
pairs more strongly and more selectively with adenine than
thymidine. In fact, 4 pairs with almost equal strength as a C
does when it binds to G, as detected in UV-melting experi-
ments.

Several routes to a building block containing 4 were
tested. Key intermediates of the preferred, but not yet
optimized route are shown in Scheme 1. Details of the
synthesis and spectroscopic data are given in the Supporting
Information. Glycal 50! was prepared from deoxyribose in
four steps and 50 % overall yield, by a route that is shorter and
higher yielding than earlier routes.'”"'®¥ A Heck coupling was
used to couple 5 to diazonium salt 6 in diastereoselective
fashion, in an extension of elegant work by Hocek et al. on
pyridyl C-nucleosides that employs less reactive aglycons,['*2"
producing enol ether 7. Compound 6 was accessible from 2-
chloro-4-nitropyridine 8 in four steps and 59 % overall yield.
Desilylation of 7 to ketone 9 was followed by reduction with
NaBH(OAc); to give C-nucleoside 10, whose stereochemical

Angew. Chem. Int. Ed. 2013, 52, 10874-10877


http://dx.doi.org/10.1002/anie.201305555

Cl OBn OBn
SN SN SN
| J —a=d e . |
Br  HO HO Br
NO, N5 “BF, 0- -O-
8 6 OTBDMS OTBDMS
5 7
lf
OBn OBn OBn
| SN SN | SN
HO 7N <" Ho g <2 HO T
0 ™S 0 0
OH OH o
1 10 9
NCC,H,0P—0 ;
i (iPr),N T
HO- HO
c ¢
c
T T 5
o) - T i
| NH 14 —T c
R20 PN cpg :g A
(0] R G
k—1 B OH
OH T
16,B =
4 E12, R'=TMS, R2=H T 2iB=T
13, R'=H, R2=DMT —C
—T CG Control DNA
Target DNA (5' - 3') T  CCGCGG (22)
AAGAAAGAAAAG (17)  OH
AAGAATGAAAAG (23) 15, B=E
AAGAACGAAAAG (24) 18, B=T
AAGAAGGAAAAG (20) 19,B=C

Scheme 1. Synthesis of C-nucleoside 13 and sequences of DNA
strands. a) NaH, BnOH, THF, 83 %; b) Fe, NH,Cl, EtOH, 50°C, 96 %,;
c) NBS, CH;CN, 0°C, 83 %; d) BF;-OEt,, tBuNO,, THF, —10°C, 95%;
e) 5, Pd(OAc),, Ag,CO;, CH,CN; f) 3HF-NEt,, THF; g) NaBH (OAc),,
CH,;CN, AcOH, 0°C, 33%; h) [Pd(PPh;),Cl,], Cul, NEt;, ethynyltrime-
thylsilane, 80°C, 63%; i) Nal, TMS-Cl, CH;CN, 82%; j) 1) DMT-CI,
pyridine, 2) TBAF, THF, 29%,; k) 1) 14, tetrazole, CH,CN, 2) |,, pyri-
dine, water, THF; |) DNA synthesis cycles, NH,OH, 55°C. Bn=benzyl,
cpg = controlled pore glass, DMT = 4,4"-dimethoxytrityl, NBS = N-bro-
mosuccinimide, TBAF =tetrabutylammonium fluoride, TBDMS =tert-
butyldimethylsilyl.

configuration was confirmed by X-ray crystallography (Sup-
porting Information, Figure S24). A Sonogashira coupling at
elevated temperature then gave 11, which was debenzylated
to produce pyridone 12. Protection of the 5'-hydroxy group
and removal of the trimethylsilyl (TMS) group led to 13 in
modest yield. Because at this point 13 was deemed more
valuable than a short standard oligonucleotide on cpg, we
opted for phosphitylating the latter to produce 14, followed
by immediate on-support coupling to 13 under conditions
previously reported.”!! After detritylation, standard coupling
cycles completed the chain assembly, which was followed by
conventional deprotection and HPLC purification, yielding
oligodeoxynucleotide 15, whose sequence was chosen to
allow for comparison with other C-nucleosides.'>*! Addi-
tionally, we prepared self-complementary oligonucleotide 16,
whose duplex (16), contains two residues of the ethynylpyr-
idone (E).
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The ability of the nucleotide residue of E to pair with
adenine was tested in UV-melting experiments. Because the
absorbance maximum of E is shifted to 320 nm, the hyper-
chromicity accompanying duplex melting for strands contain-
ing E is smaller than that of duplexes made up of natural
deoxynucleotides only. Figure 2 shows UV-melting curves of
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Figure 2. UV-Melting curves of dodecamer duplexes featuring a T:A,
E:A, or E:C, E:G, or E:T base combination at the center of the helix.
Conditions: strands (1.6 pm), phosphate buffer (10 mm, pH 7), NaCl
(1™m), and MgCl, (10 mm). See Tables 1 and 2 for melting points.

the duplex between E-containing 15 with fully complemen-
tary DNA strand 17, together with the corresponding curves
of control duplex 18:17, and duplexes of 15 with target strands
containing mismatched nucleobases opposite E. It can be
discerned that a significant increase in the melting point
occurs when E replaces T in the duplex (AT,=+2.6°C;
Table 1). This increase rivals that induced by replacing the

Table 1: UV-melting points [°C] of DNA:DNA or DNA:RNA duplexes.

Sequence T, T (+Mg?H)#! AT,
3'-GAAAAGAAAGAA-5'(17)

5-CTTTTCTTTCTT-3(18) 43.8 44.2 -
5.CTTTTCETTCTT-3'(15) 46.4 46.8 2.6
3'-GAAAAGGAAGAA-5'(20)

5-CTTTTCCTTCTT-3'(19) 46.8 47.0 2.8
r(3-GAAAAGAAAGAA5') (25)

5-CTTTTCTTTCTT-3'(18) 46.2 45.9 -
5.CTTTTCETTCTT-3'(15) 48.2 48.0 2.1
(5-CTGCAG-3'), (16), 25.2 25.8 -
(5-CEGCAG-3'), (21), 37.3 374 1.6
(5'-CCGCGG-3'), (22),1 40.8 41.0 15.2

[a] Average of two curves, either with or without MgCl,; conditions as
given in the legend to Figure 2. [b] AT,, to T:A-containing control at
10 mm MgCl,. [c] Strand concentration =6.4 pm.

T:A base pair in this duplex with a C:G base pair (duplex
19:20; AT,,=+2.8°C). For 15:17, there is also a discernable
transition at lower temperature, as expected for a sequence
that can form triplexes, suggesting that the ethynyl group of E
does not obstruct the major groove, where triplex formation
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occurs. This finding is consistent with the acetylene of E
pointing into the minor groove, as planned when designing E.
Further, a very significant drop in melting point was observed
for mismatch-containing duplexes. In fact, for any of the three
possible mismatches, this drop was greater than in the natural
duplexes, where a Trather than an E is facing the mismatched
bases (Table 2).

Table 2: UV-melting points [°C] of DNA duplexes with a mismatched
nucleobase opposite a T or E residue.

Sequence Bases T,® T, (+Mgh® AT
5-CTTTTCTTTCTT-3'(18)

3'-GAAAAGTAAGAA-5'(23) TT 309 309 -13.3
3’-GAAAAGCAAGAA-5'(24) T:C 30.0 299 —14.3
3'-GAAAAGGAAGAA-5'(20) T:G 323 325 —-11.7
5-CTTTTCETTCTT-3'(15)

3’-GAAAAGTAAGAA-5'(23) E:T 323 323 —14.5
3'-GAAAAGCAAGAA:-5'(24) E:C 28.4 287 —18.1
3’-GAAAAGGAAGAA-5'(20) E:G 26.6 27.0 -19.8

[a] Average of two curves; conditions as given in the legend to Figure 2.
[b] AT,, to perfectly matched duplex in the presence of Mg®*, listed in
Table 1.
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Figure 3. UV-Melting curves of duplexes of self-complementary
sequences 16, 21, or 22. Conditions: strands (6.4 um), phosphate
buffer (10 mm, pH 7), NaCl (1 m), and MgCl, (10 mm). For melting
curves without normalization of hyperchromicity, see Figure S23 in the
Supporting Information.

That the stability of an E:A base pair rivals that of a C:G
base pair was confirmed in UV-melting experiments with self-
complementary duplex (16), and control duplexes (21), and
(22), (Figure 3). The latter two duplexes feature two T:A or
two C:G base pairs instead of the E:A pairs in (16),. The
melting point increase for the E:A-containing duplex was
11.6°C, whereas two C:G pairs replacing the T:A pairs of
(21), gave 15.2°C. Further, the residue of E was also found to
stabilize a duplex with RNA as the target strand, with
a melting point increase of 2.1 °C for the duplex of dodecamer
15 with oligoribonucleotide 25 as target strand, as compared
with the duplex of T-containing 18 with the same target
(Table 1). Finally, modeling confirmed that there should be no
steric conflict when the ethynyl group of E interacts with A in
a canonical duplex (Figure 4).

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

Figure 4. Modeling of a duplex where E pairs with deoxyadenosine in

the interior of a helix. The coordinates were produced in Maestro 7.5

with B-form duplex 18:17 as the starting structure. The residue of E is
shown in red, and the remainder of the sequence is in light blue.

The melting point increase observed for E:A over T:A is
larger than that induced by propargyl groups at the 5-
position.'* This suggests that there are more than just
stacking interactions with neighboring nucleobases in the
duplex. Further, there is a very significant increase in base-
pairing selectivity (Table 2). Either observation is consistent
with the idea that shape complementarity plays an important
role in the pairing. The complementarity to adenine should be
greater for E than for T. Further, alternative base pairs, such
as wobble base pairs, should be more difficult to form with E
because the ethynyl group can cause steric conflicts in non-
canonical pairing arrangements.

By comparison, a decrease in duplex stability has been
found for duplexes with a pyridone C-nucleoside lacking the
ethynyl group®! or featuring a fluorine or a methyl group in
its place.’! Tt is also noteworthy how different the pairing
properties of E are from those of difluorotoluene (F,
Figure 1). Whereas F causes a drop in the melting point by
18°C in a dodecamer duplex!™ and a AT, for a mismatched
base facing it of less than 3°C,'>*! E causes a melting point
increase of 2.6-5.8°C per residue in perfectly matched
duplexes, and a single mismatch depresses the 7, by 14.5-
19.8°C (Table 2).

In conclusion, we describe a new C-nucleoside that can
replace thymidine in DNA. This C-nucleoside engages in
high-fidelity base pairing and gives duplex stabilities
approaching those of duplexes containing a strong base pair,
demonstrating how powerful a combination of hydrogen
bonding and shape complementarity is. We expect probes
containing E instead of T to perform well under universally
stringent conditions, helping to close a gap in our ability to
form isostable duplexes’” when binding multiple sequences
in parallel. Hybridization is crucial for many applications of
DNA, ranging from PCR to nanostructuring. The ability to
pair with A with near-equal strength to the pairs involving C,
G, or diaminopurine has the potential to impact any of these
applications.

Experimental Section

UV-melting curves were measured on a Lambda 25 spectrometer
(PerkinElmer) with a heating or cooling rate of 1°Cmin~' and
detection at 260 nm. Melting points are the extrema of the first
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derivatives. Synthetic protocols and additional data can be found in
the Supporting Information.
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since its publication in Angewandte Chemie Early View. The Editor.
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