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ABSTRACT: A new functional bifacial nucleoside derived
from 7-aminopyrimido[4,5-d]pyrimidine-2,4(1H,3H)-dione,
a Janus-type nucleobase, has been synthesized and incorpo-
rated into DNA oligonucleotides. The nucleobase, having
self-complementary H-bonding faces, mimics both T and A
and engages in the corresponding Watson�Crick-like base
pairs, forming stable duplexes.

The native heterocycles found in DNA and RNA and their
complementary H-bonding patterns have inspired diverse

approaches to the self-assembly of higher structures. In addition
to the highly specific Watson�Crick pairing between pyrimi-
dines and purines, higher aggregates, in particular G quadru-
plexes, have stimulated the design and fabrication of numerous
self-organizing assemblies.1�4 Of unique significance among
such biomimetic approaches are Janus-type heterocycles, which
possess self-complementary H-bonding faces.5,6 Such molecules
are capable of self-encoded assembly into higher architectures, in
most cases without the need for exogenous ligands or metal
ions.7,8 Intriguingly, this concept, motivated by nucleic acids
structure and replication, has rarely been implemented in devis-
ing novel nucleosides, nucleotides, and oligonucleotides.9 Tau-
tomerically stable dual-faced nucleosides, capable of self-pairing
as well as stable and predictable pairing with other nucleobases,
would provide insight into the fundamental forces governing
duplex assembly and stability as well as facilitate biophysical
approaches to SNP and DNA adduct detection.10

When considering Janus-type nucleosides and nucleotides, the
heterocycle’s glycosylation position and its distance to the
H-bonding face have to be optimal to facilitate seamless integra-
tion into double-stranded oligonucleosides. Ideally, a single
glycosylation position should serve as an anchor point, present-
ing both a pyrimidine face and a purine face upon simple rotation
from the syn to the anti conformation. Here we disclose the
design and synthesis of a new functional bifacial nucleoside
derived from 7-aminopyrimido[4,5-d]pyrimidine-2,4(1H,3H)-
dione (BF), as well as its incorporation into oligonucleotides
and the biophysical characterization of the modified duplexes.
Nucleobase BF possesses self-complementary H-bonding faces
(Figure 1), designed after thymine (red) and 2-aminopurine
(blue).11 As such, it canmimic both T and A and can, in principle,
engage in the corresponding Watson�Crick-like base pairs by
simply rotating around its glycosidic bond (Figure 1). An
extensive thermodynamic evaluation of modified oligonucleo-
tides supports the bifacial behavior of this Janus-type nucleoside
in diverse sequence contexts.

The synthesis of the bifacial nucleoside and the necessary
building block for oligonucleotide synthesis commencedwith the
treatment of 6-aminouracil (1) with phosphorus oxychloride in
DMF under the Vilsmeier reaction conditions (Scheme 1).12

Copper(I) iodide-catalyzed glycosylation of 2, followed by
deprotection, provided the desired regioisomer 3 as a mixture
of the two anomeric nucleosides (3r þ 3β). Protection of the
exocyclic amine to give the corresponding dimethylformamidine
was followed by separation of the β- and R-anomers of 4.
Tritylation of the 50-hydroxyl group in 4β and phosphitylation
of the 30-hydroxyl group provided phosphoramdite 5, suitable for
automated oligonucleotide synthesis.12

Figure 1. Bifacial nucleoside (BF) and the pairing of its uracil face (red)
with A and its 2-aminopurine face (blue) with T.

Scheme 1. Synthesis of Heterocycle 2, Ribonucleoside 3, and
the Corresponding Phosphoramidite 5a

aReagents and conditions: (a) (i) POCl3, DMF, 20 �C, 74%; (ii)
guanidine 3HCl, NaOEt, EtOH, reflux, (iii) diglyme, 160 �C, 5 d, 93%;
(b) (i) N,O-bis(trimethylsilyl)acetamide, CH3CN, RT; (ii) 1-chloro-2-
deoxy-3,5-di-O-toluoyl-R-D-ribofuranose, CuI, 54%; (iii) NH3, MeOH,
80 �C, 89%; (c)N,N-dimethylformamide dimethyl acetal, pyridine, 54%
(4β), 43% (4r); (d) (i) DMTrCl, Py, 61%; (ii) iPr2NEt, (iPr2N)P(Cl)-
OCH2CH2CN, CH2Cl2, 30%.
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The stereochemical assignment of the epimeric 4r and 4βwas
supported by NOE experiments and cemented by a crystal
structure of 3r, obtained after removal of the formamidine
protecting group (Figure 2).13 Its crystal packing shows, in
addition to the nucleoside’s absolute configuration, the inter-
molecular ribbon-like network of H bonds. As expected of a Janus
heterocycle, two complementary hydrogen bonds are formed
between the thymine-like face and the neighboring 2-aminopur-
ine-like face. Importantly, the N�N and the N�O distances
observed (2.820 and 2.992 Å, respectively, Figure 2) are essen-
tially identical to the corresponding distances seen for Watson�
Crick A:T pairs in B-DNA oligonucleotides (2.82�2.84 and
2.95�2.97 Å, respectively).14 This suggests that the bifacial
nucleoside can indeed engage both its faces in complementary
hydrogen bonding, serving as a surrogate for both A and T.

Two complementary non-palindromic 17-mer oligonucleo-
tides 6 and 11, placing the bifacial nucleoside at a central position
in two different sequence contexts (surrounded by either pyr-
imidines or purines), were synthesized (Figure 3).12 Each was
hybridized to four oligonucleotides (6 to 12�15 and 11 to
7�10, respectively), generating eight distinct duplexes with BF
paired to all possible nucleobases. For comparison, the perfectly
matched native oligonucleotide duplexes having an A:T or T:A
base pair in the same central position (7 3 15 and 10 3 12, respec-
tively) were also examined. Thermal denaturation experiments in
two different ionic strengths (Figure 4 and Table S1) and van’t
Hoff analyses of the melting curves (Table 1) provided insight
into the behavior of the new nucleoside within duplex DNA.15

Focusing on the central variable position, the following Tm

hierarchy, in order of decreasing thermal stability, was observed
for 6 in 100mMofNaCl: BF:T > BF:A > BF:BFgBF:C > BF:G.
Importantly, duplexes containing BF:T and BF:A (6 3 15 and
6 3 12, respectively) exhibit high stability, comparable to native
unmodified duplexes (Table 1). Furthermore, these duplexes are
significantly more stable than the corresponding mismatched
duplexes, containing BF:C and BF:G (6 3 13 and 6 3 14, res-
pectively), supporting the proposed ability of BF to pair with A
and T. The slightly lower stability observed for a BF:T pair
compared to a native duplex containing an A:T pair in the central
position (ΔTm = �1.3 �C) is not unexpected, as similar
destabilization had previously been observed for 2AP:T when
compared to A:T.16 Interestingly, BF:T (6 3 15, Table 1) appears
to provides stronger pairing than BF:A (6 3 12, Table 1), suggest-
ing that expulsion of the 2AP face of the bifacial nucleoside into
the major groove is energetically more costly (see below). The
identity of the pairing face in the mismatched duplexes is harder
to decipher. The reasonable stability of the BF:C-containing

duplex compared to those containing A:C and T:C (ΔTm =þ2.8
and 4.1 �C, respectively) suggests, however, that the 2AP face of
BF may be H-bonded, forming a wobble pair, similar to observa-
tions made with 2AP.17

Thermodynamic parameters, derived from van’t Hoff analyses
of the thermal denaturation curves, yielded the following order of
decreasing duplex stability at 37 �C: A:T > BF:TgT:A > BF:A >
BF:C > BF:BF > BF:G (Table 1).15 This trend highlights the
ability of BF to stably pair with both T and A. In fact, the
difference in free energy (ΔΔG�) between A:T and BF:T (7 3 15
and 6 3 15, respectively) is only 0.8 kcal/mol, which may be
accounted for by the difference observed for A:T vs 2AP:T base
pairs (ΔΔG� = 1.1 kcal/mol).18 As the same order of duplex
stability is obtained by comparing the extracted ΔH� values, we
conclude that the major contribution to base pair stability of BF-
containing duplexes is enthalpic. We further note that the range
ofΔH� values obtained for duplexes 6 3 11�6 3 15 (Table 1), with
the possible exclusion of the BF:G-containing duplex 6 3 14,
suggests a similar number of H-bonding interactions.19

To examine the context dependency of the modification with
BF, oligonucleotide 11 was hybridized to the corresponding
complementary and mismatched sequences (7�10). For this
“reverse” sequence, where BF is embedded between two dC
instead of dG residues, thermal denaturation measurements
yielded the following order of decreasing stability: T:A > A:T >
T:BF > A:BF > BF:BF > G:BF > C:BF (Table1). With the
exception of C:BF, this trend matches the order seen in the set
of modified duplexes discussed above.20 In general, however,
lower Tm values are observed when the bifacial nucleoside BF is

Figure 2. X-ray crystal structure of 3r highlighting the ribbon-like
network of H-bonds and the pairing of the complementary faces.

Figure 3. Oligonucleotide sequences containing 3β (BF) and their
complements.

Figure 4. Selected denaturation profiles for duplexes containing oligo-
nucleotide 6 determined by correlating absorbance at 260 nm vs
temperature. Conditions as given in Table 1.
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embedded between two pyrimidines (dC) when compared to
two purines (dG). Better base stacking within the G-BF-G
stretch (6 3 12�6 3 15, Table 1) likely results in more stable
duplexes compared to the corresponding C-BF-C duplexes
(7 3 11�10 3 11, Table 1). These observations are consistent with
reports showing inferior stacking interactions in C-2AP-C com-
pared to G-2AP-G, and with calculated thermal stabilities of
stacked DNA doublets, which predict that C-2AP is significantly
less stable than G-2AP when paired with G-T and C-T,
respectively.17b,21

Taking these results together, we conclude that the designed
bifacial nucleoside 3 performs as anticipated, generating stable
base pairs with both T and A within duplex DNA. While pairing
BF with T appears to be slightly favored over pairing with A, both
these matched pairs are more stable than the corresponding
mismatches with G and C. Intriguingly, a duplex containing a BF:
BF pair, although more stable than mismatched duplexes, shows
lower stability than “perfect” duplexes containing BF:A or BF:T
pairs. This is consistent with the stability differences observed
between the BF:A and BF:T pairs, as in a BF:BF pair one of the
nucleobases inevitably projects the 2AP face into the major
groove. It remains to be seen whether homopolymeric duplexes
containing nucleoside 3 would generate alternate or random
arrangements of the nucleobase BF.
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