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Bicyclo[3.2.1]DNA: On the Structural and
Energetic Role of the Furanose Subunit in
Complementary Strand Recognition of DNA **

Bernhard M. Keller and Christian J. Leumann*

Dedicated to Professor Richard Neidlein
on the occasion of his 70th birthday

The nucleic acids (DNA, RNA) are the molecular “master-
tapes” of all genetic information in living systems. In a cell,
protein-controlled DNA replication proceeds with high
efficiency, high speed, and high fidelity. Only a limited
number of mutations, responsible for sequence evolution of
DNA and thus the evolution of species, are admitted. The
functional properties of DNA and RNA, which have out-
performed alternative complementary base-pairing systems
during molecular evolution,ll therefore demand structure —
function correlation studies.?!

Experimental investigations showed that removal of the
central ring in the nucleoside units, as in the acyclic DNA
analogues glycerol-DNA P 1,2-seco-DNAM (Figure 1), and
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Figure 1. Above: Section of the chemical structures of glycerol-DNA, 1,2-
seco-DNA, natural B-DNA, and bicyclo[3.2.1]DNA. The commonly shared
structural features in the sugar-phosphate backbones of the four systems
are drawn in red. The sugar- and backbone torsion angles v, v,, ¥, and
differ in their conformational freedom in the three pairing systems.
Essentially, no rotational restriction around the four torsion angles v, vy, v,
and 0 occurs in glycerol- and 1,2-seco-DNA. In B-DNA, the torsion angles
0, vy, and vy, are restricted by the furanose ring. In bicyclo[3.2.1]DNA, the
backbone torsion angles y and 0 are frozen in a geometry similar to that
observed in B-DNA duplexes, while the endocyclic torsion angles v, v, are
conformationally flexible. Below: The bulding blocks for the synthesis of
bicyclo[3.2.1]oligonucleotides. DMTr= (4',4'-dimethoxy)triphenylmethyl,
Pixyl = 9’-phenyl xanthenyl, Bz = benzoyl.

[*] Prof. C.J. Leumann, Dipl.-Chem. B. M. Keller

Department of Chemistry and Biochemistry
University of Bern
Freiestrasse 3, 3012 Bern (Switzerland)
Fax: + (41)31-631-3422
E-mail: leumann@ioc.unibe.ch

[**] Financial support by the Swiss National Science Foundation is
gratefully acknowledged. B.M.K. thanks the Roche Science Founda-
tion for a PhD stipendium.

1433-7851/00/3913-2278 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2000, 39, No. 13



COMMUNICATIONS

related systems,! leads to incompetent complementary base-
pairing systems, most likely because of the high entropic costs
for conformational reorganization of the single strands upon
duplex formation. On the other hand, investigations in the
areas of antisense research®'?l and prebiotic chemistry[!3-1]
give an increasing number of DNA-like base-pairing systems,
based on cyclic nucleoside analogues, that show characteristic
structural and functional properties.

From the supramolecular point of view, it remains an open
question whether the connection between the bases and the
phosphodiester backbone needs to be a ring system in order to
obtain a base-pairing system which is sensitive to base
mismatches and selective to strand orientation. We decided
to address this question with the DNA analog bicyclo[3.2.1]-
DNA. In this analogue, the phosphodiester backbone is
preorganized in a B-DNA conformation, while the base is
attached to the backbone via an acyclic linking unit.['”l While
we have already demonstrated that the pyrimidine-containing
bicyclo[3.2.1]oligonucleotide forms duplexes with comple-
mentary DNA,['®l we show here that bicyclo[3.2.1]DNA is, by
itself, a selective base-pairing system.

The synthesis of the bicyclo[3.2.1]oligonucleotides started
from the corresponding phosphoramidite building blocks 1-4
according to adapted protocols for solid-phase DNA synthesis
and will be reported in detail elsewhere. In order to explore
the base-pairing properties, a series of 10—20 nucleotide unit
sequences were prepared and their integrity verified by ESI*
mass spectrometry (Table 1). For reasons of their synthethesis,
all bicyclo[3.2.1]oligonucleotides bear a natural deoxynucleo-
tide unit at their 3’ end (represented in bold type in Table 1).

To determine the relative differences in stability between
duplexes in the bicyclo[3.2.1]DNA and the natural DNA
series, UV-melting curve experiments were performed. With
the exception of the adenine- and thymine-containing homo-
decamers, the bicyclo[3.2.1]oligonucleotides formed stable,
antiparallel duplexes (Table 2). Their melting temperatures
(T,) were generally lower by 1.5-2.5K per base pair
compared to the natural oligonucleotides. Neglecting the
energetic contribution of the terminal base pairs in the
duplexes, this represents an average increase in the value of
AG° of 0.7-0.8 kcal mol~! per base pair (25°C). The decrease
in melting temperature for the bicyclo[3.2.1]DNA 15-mer

Table 1. Sequence and mass spectrometric data of the bicyclo[3.2.1]oligo-
nucleotides used in this investigation.

bicyclo[3.2.1]oligonucleotides ESI*-MS

caled. found
5S-AAAAAAAAAA-Y 3574.5 3574.0
5-AAGAGAGGGAAGA-3 47783 4777.8
5-AGAGAGAGAGAAAAA-3 5500.8 5500.1
5-AAAGAAAAAGAGAGGGAAGA-3 7379.1 7379.3
S-TTTTTTTTTT-3' 3484.5 3482112
5-TCTTCCCTCTCTT-3' 44733 4474.6
S-TTCTCTCCCTTCT-3' 44733 4474.6
5-TCTTCCCCCTCTT-3 4458.8 4459.5
S-TTTTTCTCTCTCTCT-3' 5210.8 5212.61
S-TCTTCCCTCTCTTTTTCTTT-3 6982.1 6980.2121

[a] Determined by MALDI-TOF mass spectometry.

duplex relative to the bicyclo[3.2.1]DNA 13-mer duplex
(Entry 2 versus 3 in Table 2) is likely to arise due to the
higher content of A-T base pairs in the former duplex and
indicates a stronger energetic contribution of G-C base pairs
to the duplex stability of bicyclo[3.2.1]DNA.

Strand association in bicyclo[3.2.1]DNA is selective to
orientation: Duplexes were formed only between antiparallel
complementary strands. A test for the formation of a parallel
duplex between two parallel complementary bicyclo[3.2.1]-
oligonucleotide 13-mers was negative (Entry5, Table 2).
Thus, the mode of strand association is controlled remotely
by the geometry of the backbone unit. Furthermore, as in
DNA, base mismatch is strongly discriminated in bicy-
clo[3.2.1]DNA. This is inferred from the observation that
within a 13-mer duplex of bicyclo[3.2.1]DNA, an A-C
mismatch in the center of the sequence completely forbids
duplex formation (Entry 6, Table 2; compare with Entry 2 for
the fully matched duplex).

Preliminary information on the structure of bicyclo-
[3.2.1]DNA duplexes was obtained from CD spectroscopy
and molecular modeling. The CD spectrum of the antiparallel,
complementary bicyclo[3.2.1]DNA 20-mer duplex (Entry 4,
Table 2) is reminiscent of a Watson—Crick base-paired
A-type double helix and different from that of the corre-
sponding DNA duplex, which adopts a B-DNA conformation
(Figure 2). This was unexpected, since the backbone torsion
angle 0—which is mostly responsible for the conformational

Table 2. Melting points (7,,) from the UV melting curves (260 nm) of a series of DNA and the bicyclo[3.2.1]DNA duplexes of 10-20 base pairs.

Entry Duplex T, [°C] AT, [K]® AG?¢ [kcal mol ]t
1 5S-AAAAAAAAAA DNA 33 -73
TTTTTTTTTT-5 [3.2.1]DNA <0 - -
2 5-AAGAGAGGGAAGA DNA 52.6 —16.0
TTCTCTCCCTTCT-5 [3.2.1]DNA 20.8 —-24 7.7
3 5-AGAGAGAGAGAAAAA DNA 54.9 —-17.1
TCTCTCTCTCTTTTT-5 [3.2.1]DNA 18.4 —-24 —6.6
4 5-AGAAGGGAGAGAAAAAGAAA DNA 61.9 —252
TCTTCCCTCTCTTTTTCTTT-5 [3.2.1]DNA 30.6 —-1.6 —-11.2
5 5-AAGAGAGGGAAGA DNA [d] - -
5S-TTCTCTCCCTTCT [3.2.1]DNA <0 -
6 5-AAGAGAGGGAAGA DNA [d] - -
TTCTCCCCCTTCT-5 [3.2.1]DNA <0 -

[a] Experimental conditions: c¢(duplex) =2 uM, in 10mm Na cacodylate, 1M NaCl, pH 7.0. [b] T,, difference between the DNA- and bicyclo[3.2.1]DNA-
duplexes per base pair. [c] The values were obtained from curve fitting to the experimentally determined melting curve according to described procedures.['*]

[d] Not determined.
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Figure 2. CD spectra of the DNA (A) and the bicyclo[3.2.1]DNA (B)
duplexes which correspond to Entry 4 in Table 2 at 4 °C. Buffer conditions
as indicated in Footnote [a], Table 2.

difference between the A- and B-DNA families—is restricted
in bicyclo[3.2.1]DNA to values that are typical for B-DNA.

A molecular dynamics simulation of the bicyclo[3.2.1]DNA
duplex corresponding to Entry2 (Table2) on a 200 ps
trajectory with the initial structure in a B-DNA geometry
revealed a double helical structure which roughly resembles
that of a B-DNA double helix (Figure 3). No major differ-
ences, relative to DNA, are observed for the backbone torsion

Figure 3. Stereoscopic view of the averaged structure of the last 50 ps of
the 200 ps molecular dynamics simulation (Insight II/Discover) of the
bicyclo[3.2.1]DNA duplex corresponding to Entry 2 in Table 2. For the
simulation,the AMBER force field was used and a distance-dependent
dielectric constant of € =4r was used to simulate an aqueous environment.

angles a—_. As expected, the linker region between the
base and the backbone unit in bicyclo[3.2.1]DNA adopts a
nearly perfect, extended conformation and thus differs from
the corresponding structural unit in B-DNA. As a result, the
base-stacking pattern in bicyclo[3.2.1]DNA becomes similar
to A-DNA (Figure 4), which is in accord with the CD
spectrum.

From the experimental results, the following conclusions
with respect to the structural and energetic role of the
furanose ring system in DNA can be drawn. 1) The entropic
costs for duplex formation in a phosphodiester-based ana-
logue of DNA, in which the bases are flexibly attached to the
backbone, can be overcome if the backbone itself is restricted
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conformationally.  2) Even
without a ring system, which
brings the nucleobases into a
well defined orientation with
respect to the backbone,
strand orientation selectivity
can be maintained. This is of
interest with respect to the
acyclic, peptide-based DNA
analogue PNA, which only
shows a very modest strand-
orientation selectivity,'”l and
with respect to mixed, o/f3- L
DNA duplexes, in which the
preferred strand alignment is
opposite (parallel) to that
observed for  [/B-DNA
duplexes  (antiparallel)."!
3) An increase in the transla-
tional and rotational degrees
of freedom of a base pair in
the center of the double helix
does not lead to a loss in
base-pairing selectivity.
Whatever the chemical de-
terminants by which RNA
and DNA became selected
as a genetic material, phosphodiester-based systems devoid of
a ring unit as a connector between the bases and backbone
cannot collectively be excluded from the list of potential
candidates in the selection process.

Figure 4. View along the helix
axis of the central AGG-CCT unit
in the modeled structure of the
bicyclo[3.2.1]DNA 13-mer duplex
(above), of canonical A-DNA
(middle), and of canonical
B-DNA (below). The similarity
in the base-stacking pattern be-
tween A-DNA and the bicy-
clo[3.2.1]DNA is evident.
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Regioselective ¢-Phosphorylation of Aldoses in
Aqueous Solution**

Ramanarayanan Krishnamurthy, Sreenivasulu Guntha,
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In the context of studies on a potentially prebiotic
chemistry of glycolaldehyde,®! we recently described an
efficient conversion of this hydroxyaldehyde into its 2-phos-
phate in aqueous solution under very mild conditions
(Scheme 1)." The specific phosphorylation reagent in this
process is amidotriphosphate (1, AmTP), a compound known
to be formed by ammonolysis of cyclotriphosphate (“meta-
triphosphate”) in aqueous solution.”! Significantly, cyclotri-
phosphate itself is not effective as a phosphorylation agent
under the conditions where its ammonolysis product phos-
phorylates glycolaldehyde in essentially quantitative yields.["
The reason for this remarkable difference in reactivity is the
specific capability of the amidotriphosphate to reversibly
form a carbonyl addition product A with glycolaldehyde and
to phosphorylate the a-hydroxyl group by intramolecular
phosphate group delivery from A to the intermediate B which
then undergoes hydrolysis to 4 (Scheme 1).

This mechanistic concept predicts that AmTP should have
the potential to regioselectively phosphorylate the a-hydroxyl
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Scheme 1. Regioselective intramolecular phosphorylation of glycolalde-

hyde (R=H) and p-glyceraldehyde (R = CH,0OH) by amidotriphosphate
(1, AmTP).

groups of aldosugars. Here we report that AmTP indeed
reacts with glyceraldehyde, the tetrofuranoses, and the four
aldopentoses under mild conditions to form reaction products
that are derived from intramolecular phosphate delivery to
the hydroxyl group at the C-2 position of the sugar. We also
found that a comparably efficient regioselective phosphory-
lation can be brought about with diamidophosphate (2,
DAP)P! instead of AmTP as the phosphorylating reagent; in
the case of aldofuranoses, there is even a preparative
advantage with regard to product isolation.

D-glyceraldehyde (5), under the reaction conditions opti-
mized for glycolaldehyde (0.025M aqueous solution, 0.25M
MgCl,, room temperature (RT), 5 days),l!l reacts with the
sodium salt of AmTP (4 equivalents, pH~7) slowly but
cleanly and with high regioselectivity, to give D-glyceralde-
hyde-2-phosphate (6; Scheme 1; 81 % yield after isolation by
ion-exchange chromatography). No discernable glyceralde-
hyde-3-phosphate formation takes place according to 'H and
3P NMR spectra of the reaction mixture.!

In subjecting the two aldotetroses 7 and 10 to the same
treatment, a similarly regioselective phosphorylation of the a-
hydroxyl groups occurs, yet this time with a twist: the products
are the 1,2-cyclophosphates 8 and 12, isolated in yields of 87 %
and 80 %, respectively. In the erythrose series (2,3-diol in cis
configuration), about a tenth of the product material is the
isomeric 2,3-cyclophosphate 9, whereas in the threose series
(2,3-diol in trans configuration) the 1,2-cyclophosphate is free
of its 2,3-isomer (Scheme 2). p-ribose (13) with 4 equivalents
of AmTP under similar conditions reacts more sluggishly and
gives the furanosyl 1,2-cyclophosphate (15) besides the 2,3-
cyclophosphates (16a and 16b), with the latter in somewhat
greater proportion than in the erythrose series (Scheme 2).
Overall yields are lower (29 %), presumably due to trapping
of intermediates in the pyranose form.! According to
exploratory experiments monitored by 'H and P NMR
spectroscopy, the other three pentoses behave similarly to
ribose. The reaction of AmTP with hexoses was explored with
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