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Stacking interactions between the planar heterocycles of
nucleic acids are largely responsible for the stability of DNA
and RNA duplexes.! Maximizing stacking interactions through
chemical modification provides a means of creating duplex
helices of greater stability. Such helix-stabilizing analogs are
of interest in the area of sequence-specific regulation of gene
expression by targeting mRNA (antisense approach).?

Pyrimidine analogs with extended aromatic and hydrophobic
faces have previously been shown to stabilize DNA/DNA and
DNA/RNA helices. A bicyclic pyridopyrimidine deoxynucleo-
side incorporated into a self-complementary dodecadeoxyribo-
nucleotide was shown to hybridize specifically to a guanine
residue and to enhance hybrid stability.> 5-Propynylpyrimidine
deoxynucleosides within oligodeoxynucleotides (ODNs) have
been shown to enhance duplex stability,* and this stability has
resulted in enhanced antisense RNA potency in cell culture.’
5-Heteroaryluridines have recently been shown to possess
similar helix-stabilizing properties relative to the 5-propynyl
modification.® Molecular modeling of the previously mentioned
analogs suggests that enhanced binding could be due to modest
extended stacking interactions.%” These stacking interactions
could be further increased by constructing tricyclic pyrimidine
analogs.® This report focuses on the synthesis of two related
tricyclic pyrimidine nucleoside analogs, phenothiazine 1a and
phenoxazine 1b (Scheme 1),° their incorporation into ODNss,
and characterization of helix formation with complementary
RNA.

Phenothiazine la and phenoxazine 1b derivatives were
synthesized by similar synthetic approaches (Scheme 1). The
sulfur analog 1a was derived from 5-iodo-2’-deoxyuridine 2.
Acetylation of the hydroxyls followed by activation of the O*
position with mesitylsulfonyl chloride and base produced the
reactive O* sulfonate ester.!® This was reacted with excess
2-aminothiophenol in the presence of DBU to yield 3a.
Cyclization and deacetylation to 1a was effected using potassium
tert-butoxide in refluxing EtOH. The analogous route to 1b
failed at the cyclization stage, with the major product being
that of simple deiodination.

The oxygen analog 1b was synthesized from 5-bromo-2’-
deoxyuridine (2). Acetylation, mesitylsulfonylation, and dis-
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2 Conditions: (a) Ac,0 in Py, RT; (b) 2-mesitylsulfonyl chloride,
TEA, then 2-aminophenol or 2-aminothiophenol, DBU, RT; (¢) NH;
in CH;0H, RT; (d) 10 equiv of KF, ethanol, reflux; (e) 4,4'-
dimethoxytrityl chloride, Py, RT; (f) +-BuOK in ethanol, reflux; (g)
2-chloro-4H-1,3,2-benzodioxaphosphorin-4-one, pyridine, CH,Cl, 0 °C.

O.

placement with 2-aminophenol furnished intermediate 3b.
Cyclization was effected after acetyl deprotection by the use of
the unusual system of excess potassium fluoride in refluxing
EtOH.1113

Sequential dimethoxytritylation followed by phosphitylation!4
produced the corresponding H-phosphonates Sa,b. Compounds
5a,b were incorporated into 15-mer ODNSs by solid phase DNA
synthesis chemistry using a H-phosphonate protocol.’* Both
monomers were incorporated without heterocyclic protection,
and the integrity of the ODNs was confirmed by nuclease and
phosphatase digestion followed by HPLC analysis of resulting
deoxynucleosides.’® All ODNs showed the expected ratio of
mononucleosides.!”?

The hybridization properties of ODNs containing the tricyclic
deoxynucleosides 1a,b were determined in thermal denaturation
experiments (T},). Tricyclic heterocycles were shown to specif-
ically hybridize with a complementary guanosine. This was
determined by hybridizing the ODNs independently with two
RNA targets, one where the tricycle would pair with guanosine
6, and the other with adenosine 7 (Table I).!¥ The 5-methyl-
2’-deoxycytidine control 8 is specific for the guanosine target
6, with the T, difference being 16.5 °C between the guanosine
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Table 1. 7, Study on Tricyclic 2’-Deoxyriboside Incorporations

6 RNA target: 3'-~AGAGGGAGAGAAAAA"®

T, T/substn

ODN Z ODN sequence (°C)Y (°C)*
8 control 5-TCTCCCTCTCTTTTT 69.0
9 1 la(X=98) 5-TCTCZCTCTCTTTTT 70.0 +1.0
10 1 1b (X =0) 5-TCTCZCTCTCTTTTT 71.0 +2.0

5-TZTCCCTZTZTTTTT 76.0 +2.3
5-TZTCCCTZTZTTTTT 755 +22
S “TCTZZZTCTCTTTTT 81.0 +4.0
5-TCTZZZTCTCTTTTT 84.0 +5.0

11 3 apart la
12 3 apart 1b
13 3 together la
14 3 together 1b

“ Sequence of mismatched adenosine target 7 was 3-AGAGAGA-
GAGAAAAA. ? T,, values were assessed in 140 mM KClI/S mM
Na,HPOs/1 mM MgClL, pH = 7.2, at 260 nm, and the final
concentrations of all ODNs and the RNA were approximately 2 uM.
C = 5-methyl-2’-deoxycytidine. T, values are +0.5 °C. © Melting
temperature change per substitution relative to 5-methyl-2"-deoxycy-
tidine containing ODN.

(G) match 6 and the adenosine (A) mismatch 7 (data not shown).
The phenothiazine 1a and phenoxazine 1b tricycles in ODN 9
and 10 behave as cytidine analogs with AT, values of 14.5 °C
and 12 °C, respectively, between the G and A targets (data not
shown).!” Both show higher thermal stability of the resulting
duplex for the guanosine target relative to 5-methyl-2’-deoxy-
cytidine.

Molecular modeling suggested that the tricyclic heterocycles
would show the greatest duplex stability effect when a tricyclic
ring could stack with the nearest neighbor tricycle. To test this,
the guanosine RNA target 6 (Table 1) was hybridized to the
ODN containing three tricyclic cytidine analogs either clustered
together or separated by at least one thymidine. The results
are shown in Table 1, with both the tricycle analogs giving
similar results. Both the phenothiazine (ODN 11) and phenox-
azine (ODN 12) result in stabilization of the duplexes to thermal
denaturation when incorporated in three separated positions
(AT,, per substitution of ~2 °C relative to 5-methyl-2’-
deoxycytidine in both cases). When the tricycles are clustered
together to permit tricyclic—tricyclic base stacking, the T}, goes
up dramatically, with the AT}, relative to 5-methyl-2’-deoxy-
cytidine being 5 °C per substitution in the case of phenoxazine
moiety (ODN 14).2°

The enhanced thermal stability of the ODN/RNA duplexes
observed when three tricyclic heterocycles are positioned
together is consistent with the maximizing of 7—x overlap
between adjacent aromatic faces. The model shown in Figure
1A provides a structural rationale for this additional overlap.
The two adjacent phenoxazine rings modeled onto a canonical
A helix possess substantial overlap between the second ring of
one tricycle and the third ring of the adjacent tricycle. Such
overlap is not possible in analogs of less than three rings. The
corresponding cytidine—cytidine overlap shown in Figure 1B
is virtually nonexistent.?!

The exact nature of aromatic—aromatic overlap between the
heterocycles of DNA and RNA helices is more complicated
than a simple hydrophobic effect.!* Early surveys of stacking
patterns of nucleic acids in crystal structures point to the

(19) The reason for the somewhat lower specificity of the tricyclic
recognition of guanosine relative to 5S-methylcytosine is unknown. Poten-
tially, the tautomeric equilibrium could be shifted slightly from the cytosine-
like form to the uracil-like form relative to 5-methylcytosine. Alternatively,
enhanced stacking forces in the case of the tricycles could stabilize a
mismatch relative to 5-methylcytosine.

(20) Formal proof that the clustering of tricycles always results in
enhanced thermal stability of duplexes will require the study of more
sequences and contexts.

(21) The same modeling exercise performed on a canonical B helix
scaffold shows similar results with substantial overlap in the phenoxazine—
phenoxazine context and the lack of overlap in the cytidine—cytidine context.
A more complete description of overlap awaits a structural determination
by high-field NMR or X-ray crystallography.
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Figure 1. (A) Phenoxazine—phenoxazine overlap of adjacent hetero-
cycles in a canonical A-form duplex. Complementary guanines are not
shown. O? and N* labels denote normal pyrimidine numbering of black
structures; R denotes ribose connection. Viewing perspective is sighting
down the axis of the helix in a 5" to 3 direction, with the black image
being above the gray image. (B) Cytosine—cytosine overlap of adjacent
bases in a canonical A-form duplex. Labeling and viewing perspective
are as in (A).

importance of dipole-induced dipole interactions.’> A recent
study?? has shown a lack of interaction between two naphthalene
groups connected by a small tether, while with the same tether
two adenines or one adenine and one naphthalene interact. These
results are also consistent with the induced dipoles between
neighboring rings being important. The thermal stability of
tricycle—tricycle stacking interactions could be due to such an
induced dipole effect.?*

The synthesis of additional polycyclic analogs bearing
different charge distributions coupled with binding and structural
studies will allow for greater insight into what are the important
parameters for stacking interactions. The simple syntheses of
the phenothiazine and the phenoxazine deoxynucleosides are
the first examples of tricyclic pyrimidine analogs capable of
complementary base pairing.> These analogs, which are
capable of enhanced binding, are of interest for the regulation
of gene expression by sequence-specific helix formation with
targeted RNA in vivo.
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