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The Watson-Crick pairing of heterocycles within duplex DNA
is the foundation of biomolecular recognition.1 The cytosine-
guanine interaction is formed by three hydrogen bonds. The
guanine base contains two unused hydrogen bond acceptors in
the major groove at the O6 and N7 of the Hoogsteen binding
face. A cytosine analogue termed G-clamp, when incorporated
into oligonucleotides(ODNs), simultaneously recognizes both the
Watson-Crick and Hoogsteen faces of a complementary guanine
within a helix. A single G-clamp analogue substitution within
an ODN results in substantially enhanced helical thermal stability
and mismatch discrimination when hybridized to complementary
DNA and RNA. These properties of enhanced affinity and
specificity are of interest in the fields of nucleic acid based
diagnostics2,3 and the sequence-specific targeting of RNA by the
antisense approach.4,5

We previously reported the synthesis and binding properties
of ODNs containing the tricyclic 2′-deoxycytidine analogue,
phenoxazine (structure1, Figure 1).6 This heterocyclic modifica-
tion provided a rigid scaffold for appending groups designed to
interact with the Hoogsteen binding face of a complementary base-
paired guanine. Model building studies suggested that the
protonated amino group of the G-clamp (structure2, Figure 1)
could make a specific hydrogen bonded contact with the O6 of
the targeted guanine within a helix as shown in Figure 2.

The syntheses of the monomer synthons required for ODN
synthesis are reported elsewhere.7 The ODNs shown in Table 1
were synthesized and purified by standard methods8 and charac-
terized by MALDI-TOF mass spectrometry. The ODNs were
hybridized to a complementary ODN andTm measurements
recorded. The data are shown in Table 1. Only the G-clamp
containing ODN showed dramatically enhanced affinity relative
to a 5-methyl cytosine control. The tricyclic phenoxazine1
bearing no arm showed affinity enhancement consistent with
the improved stacking interactions observed previously.6 The
virtually isosteric tricyclic analogue3 bearing the weakly
hydrogen-bond-donating hydroxyl group showed no enhanced
affinity.9 The acyclic derivative4 lacking the conformational
restriction of G-clamp demonstrated no enhanced affinity.11 The
G-clamp’s dramatic affinity for the complementary guanine
depended on the appropriate positioning of the strong hydrogen
bond donor. A specific interaction with the Hoogsteen face of the targeted

guanine should result in enhanced specificity. The G-clamp
possessed greater discrimination between the perfect match with
guanine and mismatches with adenine, thymine, and cytosine. The
matrix of matched and mismatchedTm values are shown in Table
2. The G-clamp conferred enhanced specificity in all cases
relative to 5-methyl cytosine and the parent phenoxazine1. Only
the specific hybridization with a targeted guanine resulted in
enhanced affinity.

A specific interaction with the Hoogsteen face of the targeted
guanine should be relatively insensitive to the flanking sequence.
The context of the G-clamp was changed as shown in Table 3.
The placement of the targeted guanine between two adenines still
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Figure 1. Chemical structures of cytosine analogues.

Figure 2. Model of G clamp-guanine interaction within a DNA-DNA
helix.

Table 1. Effect of Structural Variation onTm Valuesa

a Buffer conditions were 140 mM KCl, 5 mM Na2HPO4, 1 mM
MgCl2, pH 7.2. The error inTm values was( 0.5 C. Target DNA:
3′-AGAGGGAGAGA5. Test ODN: 5′-TCTCXCTCTC.
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resulted in substantially enhanced affinity relative to 5-methyl
cytosine.

A specific interaction with the Hoogsteen face of guanine would
not be ionic in nature. The protonated amino group could
potentially be interacting with an anionic phosphate on the
complementary strand. Such an ionic interaction would be
sensitive to the salt concentration of theTm analysis.12,13 An ionic
interaction would be most significant at low ionic strength. The
salt concentration was varied from approximately 14 mM to 1.4
M, and the data are shown in Table 4. AllTm values increased
with increasing ionic strength because of the salt screening of
the anion-anion repulsion of the phosphates.14 However, the
enhanced affinity of the G-clamp relative to the 5-methyl cytosine
control was not dependent on salt concentration. Additionally,
specific phosphate anions in the target were removed by replace-
ment one at a time with the neutral methyl phosphonate
analogue.15 The enhancedTm value of G-clamp was not reduced
by the specific anion eliminations in the target as shown in Table
5. Taken together, these results strongly suggest that the origin
of this specific interaction is not ionic and is that of hydrogen
bonding to the Hoogsteen face of the guanine.

A specific interaction with the Hoogsteen face should be
insensitive to changing the helix structure from a B form DNA-
DNA hybrid to an A form DNA-RNA helix. The∆Tm analysis
was performed with the complementary RNA target with the
sequences being those shown in Table 1. The G-clamp ODN
again showed a∆Tm of +16.0°C relative to the 5-methyl cytosine
control. This enhanced affinity to complementary RNA is of
particular interest to the field of antisense targeting of RNA.4,5

To our knowledge this is the first report of a rationally designed
nucleobase analogue capable of an additional hydrogen bond to
a complementary base within a helix. The monomeric guanine
heterocycle has been previously recognized by four hydrogen
bonds in organic solvents using a synthetic receptor.16 This
receptor, however, is not amenable to incorporation into ODNs.
Cationic amines have been appended from the 5 position of 2′-
deoxyuridine and incorporated into ODNs.17-19 These derivatives
have resulted in modest enhancement of affinity through non-
specific ionic interactions.

The data presented strongly suggest a hydrogen bond interaction
between the ammonium group on the G-clamp and the Hoogsteen
face of guanine. Model building suggests the interaction is with
the O6 group on guanine. The tether arm appears not to be long
enough to reach the N7. The interaction of protonated amino
groups with the O6 of guanine in duplex DNA has precedence
in protein-DNA interactions. X-ray crystallography of theλ
repressor-DNA operator complex revealed lysine residues making
specific contacts with the O6 of guanines in the major groove of
the DNA.20 Definitive structural characterization of the G clamp
interaction awaits X-ray crystallography or high-field NMR
analysis.
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Table 2. Comparison of Matched versus Mismatched
Hybridization byTm Analysisa

Tm (°C)

X ) Y ) G A T C

5-methyl cytosine 50.5 32.0 (18.5) 30.0 (20.5) 29.0 (21.5)
1 phenoxazine,

R ) H
57.0 44.5 (12.5) 42.0 (15.0) 33.0 (24.0)

2 G-clamp 68.5 45.5 (23.0) 41.0 (27.5) 40.0 (28.5)

a Values in parentheses are the difference between the matchedTm

with the guanine-containing target and theTm from the mismatched
base shown. The buffer conditions and the error value were the same
as those in Table 1. Target DNA: 3′-AGAGYGAGAGA5. Test ODN:
5′-TCTCXCTCTC.

Table 3. Comparison ofTm Values with Different Flanking
Sequencea

X Tm (°C) ∆Tm relative to 5-MeC

5-methyl cytosine 50.5
2 G-clamp 65.0 +14.5

a The buffer conditions and error limits were the same as those in
Table 1. Target DNA: 3′-AGAGGGAGAGA5. Test ODN: 5′-TCTC-
CCTXTC.

Table 4. Ionic Strength Dependence of theTm Valuesa

Tm (°C)

X ) 1.4 M KC1 0.14 M KC1 0.014 M KC1

5-methyl cytosine 57.0 50.5 45.0
2 G-clamp 73.0 68.5 62.5

∆Tm ) 16.0 ∆Tm ) 18.0 ∆Tm ) 17.5

a ∆Tm values are the difference between theTm values of the G clamp
and the 5-MeC hybrids at the stated KC1 concentrations. Buffer
conditions are the indicated KC1 concentration plus 5 mM Na2HPO4,
1 mM MgC12, pH 7.2. The error inTm values was( 0.5 °C. Target
DNA: 3′-AGAGGGAGAGA5. Test ODN: 5′-TCTCXCTCTC.

Table 5. Dependence of theTm Values on Methyl Phosphonate
Substitutionsa

Tm (°C) methyl phosphonate position

X ) none 1 2 3 4

5-methyl cytosine 50.5 50.0 50.5 51.0 48.0
2 G-clamp 68.5 69.0 69.0 69.0 66.0

∆Tm )
18.0

∆Tm )
19.0

∆Tm )
18.5

∆Tm )
18.0

∆Tm )
18.0

a The positions of the single methyl phosphonate substitutions in
the target DNA are shown by bold superscript numbers.∆Tm values
are the difference between theTm values of the G clamp and the 5-MeC
hybrids. The buffer conditions and error limits were the same as those
in Table 1. Target DNA: 3′-AGA1G2G3G4AGAGA5. Test ODN: 5′-
TCTCXCTCTC.
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