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The storage and replication of biological information is based
on the specific hydrogen-bonding patterns of the Watson-Crick
A:T and G:C base pairs.1 The generation of enzymatically
replicable unnatural base pairs with thermal stability comparable
to that of A:T and G:C would significantly expand the biological
and chemical potential of DNA. One strategy for expanding the
genetic alphabet has focused on the synthesis of bases with altered
hydrogen-bonding patterns.2-8 However, in light of the dominant
role played by hydrophobicity in protein folding and stability,9-11

we have explored the use of hydrophobic and van der Waals
interactions to generate an orthogonal base pair for the storage
and replication of genetic information. Previous experiments in
which hydrophobic bases were incorporated into duplex DNA
led to a destabilization of the duplex relative to the native
pairs.12-18 In the course of systematically evaluating a variety of
predominantly hydrophobic nucleobases,19 we have characterized
a base, which cannot form H-bonds, whose self-pair stabilizes
duplex DNA relative to an A:T or G:C base pair.

The 7-propynyl isocarbostyril nucleoside (1) was synthesized
and converted into the nucleoside triphosphate (4) and phos-
phoramidite (5) as shown in Scheme 1. When incorporated into
duplex DNA, the1:1 interstrand interaction is expected to be
completely hydrophobic in the absence of significant backbone
deformation; the keto groups are designed to be in the minor
groove and can H-bond to solvent. The thermal stability of the
base pairs was evaluated by determining the melting temperature

(Tm) of the duplex7 with X,Y ) G:C, A:T, or1:1 (Table 1). The
1:1 hydrophobic base pair stabilizes the DNA duplex relative to

an A:T or G:C base pair by 3.4 and 0.8°C, respectively, in 100
mM NaCl at pH 7. The specificity of the stabilizing interactions
is demonstrated by the decreased stability of the mispairs of1
with native bases. Relative to the1:1 pair, the mispairs between
1 and dC, dT, dG, or dA are destabilized by 11.2, 8.9, 8.1, and
7.1°C, respectively. This thermal selectivity is equivalent to that
found with the native bases in this sequence context (Table 1).

Several hydrophobic nucleobases, incapable of forming H-
bonds, have been shown to be surprisingly good substrates for
the Klenow fragment ofEscherichia coliDNA polymerase I
(KF).20-22 These hydrophobic bases were designed as shape
analogues of the natural bases and were efficiently incorporated
opposite the corresponding native base. However, it is unclear to
what extent the efficiency of incorporation was dependent on
shape complementarity with a natural nucleobase.23 In addition
to being hydrophobic,1 does not have shape complementarity to
any native base, but it is incorporated opposite itself with
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Scheme 1a

a (a) Bis-TMS acetamide,6, then SnCl4 (26%); (b) ICI, CH2Cl2 (87%);
(c) propyne, (Ph3P)2PdCl2, CuI, NEt3 (77%); (d) 0.4 M NaOMe (87%);
(e) DMTrCl, pyridine (80%); (f) 2-cyanoethyl diisopropylchlorophos-
phoramidite, DIEA, CH2Cl2 (65%); (g) (Bu3NH)3(H4P2O7), POCl3, NBu3,
Proton Sponge, trimethylphosphate (7%).

Table 1. Denaturation Temperatures for7a

X Y TM, °C X Y TM, °C X Y TM, °C
d1 d1 62.6( 0.52 dC d1 51.4( 0.81 dT dT 49.8( 0.18
dA dT 59.2( 0.44 dG d1 54.5( 0.56 dT dC 45.0( 0.23
dC dG 61.8( 0.09 dA dA 52.7( 0.09 dT dG 53.3( 0.87
dA d1 55.5( 0.69 dA dC 48.4( 0.01 dC dC 44.8( 0.45
dT d1 53.7( 0.46 dA dG 55.4( 0.20 dG dG 50.5( 0.12

a Conditions: 10 mM PIPES, 10 mM MgCl2, 100 mM NaCl, pH 7.
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reasonable efficiency by KF. Steady-state kinetic experiments
were conducted with exonuclease deficient KF.24 Kinetic constants
for the single nucleotide extension of primer/duplex8 with X )
G, A, T, C, or1 are reported in Table 2. The kinetic selectivity

of base1 for self-pairing in this sequence context is evident from
the relative efficiencies (kcat/KM) for incorporation of d1TP
opposite1 in the template compared to that for the natural
triphosphates opposite1 (Table 2). The insertion of d1TP opposite
C or G is competitive with the insertion of d1TP opposite itself.
However, the important comparisons are the relative efficiencies
for the synthesis of the correct base pairs (i.e., dATP opposite T,
Table 2) compared to the synthesis of the mispairs between d1TP

and a native base. These relative efficiencies indicate that d1TP
incorporation is not competitive (within a factor of 103) with the
insertion of any natural nucleoside triphosphate opposite its natural
Watson-Crick partner. Therefore, faithful replication of DNA,
containing native pairs in addition to the self-pair of1, is favored
over all possible mispairs by a factor of 20-1000. While not of
the order of magnitude of the selectivity observed among the
natural bases, we emphasize that1:1 is the most “orthogonal”
base pair, relative to native bases, yet reported.

The ability of KF to continue DNA synthesis after incorporation
of 1 was also examined. Although KF inserts d1TP opposite1
with reasonable efficiency, continued synthesis proceeds inef-
ficiently (data not shown). It seems likely that this results from
the unnatural pair assuming a geometry that inappropriately
positions the 3′-hydroxyl group of the growing strands for
nucleophilic reaction with the incoming nucleoside triphosphate.
It has been suggested that polymerases,24 including KF,25 more
efficiently extend purine:pyrimidine mispairs relative to purine:
purine or pyrimidine:pyrimidine mispairs, and the inability of KF
to efficiently extend the1:1 base pair may be related to the
pyrimidine-like ring architecture of isocarbostyril.

This study demonstrates that hydrophobicity is a sufficient
driving force for the stable and selective pairing of1 in duplex
DNA, as well as for the selective enzymatic incorporation of1
against itself during DNA synthesis. We are currently exploring
other natural and in vitro evolved polymerases, as well as further
modifications of the hydrophobic nucleobase, which may allow
for efficient continued synthesis of DNA after incorporation of
the hydrophobic base. This hydrophobicity-based approach may
aid efforts to expand the genetic code by circumventing base
tautomerization, which has been a major obstacle in expanding
the genetic alphabet7,26,27 (but which may naturally provide a
mechanism for mutation). The use of an unnatural homobase pair
does not compromise an expanded genetic alphabet, and in fact,
it reduces by half the number of thermodynamic and kinetic
parameters that need to be orthogonal to the native bases. We
have initiated NMR experiments in an effort to determine the
geometry of the1:1 base pair, as well as the effects, if any, that
these unnatural bases have on the structure of the DNA helix.
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Table 2. Steady-State Kinetic Constants for exo- KF-Mediated
Synthesis of DNA Containing1a

dXTP kcat (min-1) KM (µM) kcat/KM (M-1 min-1)

d1TP 0.90( 0.04 3.7( 0.7 (2.4( 0.7)× 105

dATP 0.17( 0.07 92( 30 (1.8( 0.4)× 103

dGTP 0.12( 0.04 69( 22 (1.7( 0.4)× 103

dCTP 0.22( 0.12 123( 81 (1.8( 0.5)× 103

dTTP 0.89( 0.15 76( 36 (1.2( 0.2)× 104

X Y kcat (min-1) KM (µM) kcat/KM (M-1 min-1)b

1 A 0.40( 0.10 20( 10 (2.0( 1.0)× 104

1 G 0.09( 0.01 9.3( 3.6 (9.7( 3.7)× 103

1 C 1.05( 0.04 2.6( 0.7 (4.0( 1.0)× 105

1 T 2.80( 0.10 9.4( 2.0 (3.0( 0.6)× 105

A T 163 ( 7 3.5( 1.0 4.7× 107

a Assay conditions were as follows: 40 nM template-primer duplex,
0.11-1.34 nM enzyme, 50 mM Tris buffer (pH 7.5), 10 mM MgCl2,
1 µM DTT, 50 µg/mL BSA. The reactions were initiated by adding
the DNA-enzyme mixture to an equal volume (5µL) of a 2× dXTP
stock solution, incubated at room temperature for 1-10 min, and
quenched by the addition of 20µL of loading buffer (95% formamide,
20 mM EDTA). A 5-µL portion of the reaction mixture was then
analyzed by 15% polyacrylamide gel electrophoresis containing 8 M
urea. Radioactivity was quantified using a PhosphorImager (Molecular
Dynamics), with overnight exposures and the ImageQuant program.
The data were obtained using a nonlinear fit of the Michaelis-Menten
equation. The data presented here are an average of four independent
determinations.b For comparison, the catalytic efficiency for synthesis
of A:T and G:C base pairs is 107-108 M-1 min-1, while misincorpo-
ration of G, C, A, and T is catalyzed at a rate of approximately 102

M-1 min-1.25,28
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