
UNIT 1.4Unnatural Nucleosides with Unusual Base
Pairing Properties

Synthetic modified nucleosides designed to
pair in unusual ways with the natural nucleic
acid bases have many potential applications in
nucleic acid biochemistry. These range from
biochemical tools for probing nucleic acid
structure or protein–nucleic acid interactions to
tools for re-engineering DNA and ultimately
proteins. Applications as components of nu-
cleic acid–based diagnostic tools for clinical
analysis have been envisioned. Furthermore,
unnatural bases may be useful as components
of antisense or antigene nucleic acid analogs in
therapeutic applications. This unit serves to lay
the foundation for future protocol units on un-
natural base synthesis and application, with
particular emphasis on unnatural base analogs
that mimic natural bases in size, shape, and
biochemical processing. A much more exten-
sive compilation of unnatural nucleobases has
recently been published by Luyten and Her-
dewijn (1998).

To design bases that mimic natural bases in
function, it is useful to consider the factors that
are essential for effective base pairing and sta-
ble duplex formation. In addition to structures
that are configured to hydrogen bond and base
stack within the spatial confines of duplex DNA
and RNA, any surrogate base pair must also
conform to specific dimensions and geometry
if it is to function in roles that require recogni-
tion by nucleic acid–processing enzymes. To
be isosteric with AT or GC base pairs, the C1′
to C1′ distance must be in the range of 10.8 to
11.0 Å, and λ1 and λ2 should be ~50° (Fig. 1.4.1;
Saenger, 1984).

Just as it is important to know where to place
hydrogen bond donor and acceptor sites, it is
important to consider the availability of sur-

rounding free space when designing new nu-
cleobases. This can generally be determined by
inspecting the groove regions of nucleic acid
duplex and triplex models. Where the founda-
tion for the design is a natural nucleobase,
substitution is allowed at C5 of C, T, or U. N4
of C and N6 of A are also possible attachment
sites, but generally compromise base associa-
tion. N2 of G is acceptable and, unlike all other
sites, allows minor groove placement of an
appendage. C8 of A and G have been used as
sites for attachment of appendages, but substi-
tution here may influence the conformation
preference about the glycosidic bond. Replace-
ment of the purine N7 with a carbon provides
a site for attachment of appendages in a steri-
cally tolerated position. There are many exam-
ples of appendages that, when added to the
natural nucleic acid bases, enhance base-pair
stability. These include substituents that in-
crease the acidity of proton donor sites (Yu et
al., 1993) or increase hydrophobicity and aro-
matic surface area for enhanced base stacking
(Inoue et al., 1985), as well as appended cations
for electrostatic interactions with the phos-
phodiester backbone (Ueno et al., 1998).

BASE PAIRS WITH ALTERNATIVE
HYDROGEN BONDING SCHEMES

Purine-Pyrimidine-Like Base Pairs
Benner and co-workers have described a set

of nucleobase analogs that resemble natural
bases, but have reconfigured hydrogen bonding
patterns (Piccirilli et al., 1990). Six orthogonal
base pairs (S.1 to S.6) are shown in Figure 1.4.2.
Extensive studies on these nucleosides have
revealed that even these subtle changes in struc-
ture can cause profound effects on thermody-
namic (Voegel and Benner, 1994) and bio-
chemical properties (Switzer et al., 1993; Hor-
lacher et al., 1995). For example, the
C-nucleoside pyrimidine mimics appear to
base pair more weakly than equivalent base
pairs composed of N-nucleosides. As far as
biochemical properties, it appears that certain
DNA polymerases require the pyrimidine O2
and purine N3 as recognition features for effi-
cient template-mediated oligonucleotide syn-
thesis (Horlacher et al., 1995).
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Watson-Crick base pair geometry

C1'

C1'

λ

λC1' - C1' ~ 10.8 to 11.0 Å

λ ~ 50 - 54°

Figure 1.4.1 Base pair parameters. See AP-

PENDIX 1B and Figure A.1B.4 for other base
pairing schemes.
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Self-Complementary Nucleobases
Another concept for new base pair develop-

ment was proposed by Pochet and Marliére
(1996). Based on the known ability of the mu-
tagenic base 8-oxoguanine to base pair with A
from a syn conformation, these researchers re-
designed the base by removing the 6-oxo group.
This yields the unnatural base 2-amino-8-
oxopurine (S.7), which they postulate would
pair with itself according to the arrangement
shown in Figure 1.4.3. The results of biochemi-
cal studies with this unusual base have not yet
been reported. One can imagine similar self-
pairing potential for azole carboxamide nucleo-
sides, as illustrated in Figure 1.4.3 for 1,2,4-
triazole-3-carboxamide (S.8). However, Tm

studies on a duplex containing 1,2,4-triazole-
3-carboxamide showed that when placed oppo-

site itself, the duplex was destabilized more
than when the triazole was placed opposite each
of the natural bases. This result is in line with
NMR studies on duplex DNA containing the
triazole carboxamide opposite either G or T
(Klewer et al., 2001). In both cases, the triazole
prefers to adopt a conformation in which the
amide group points out into the major groove
rather than inward towards the opposing base
pair. To achieve specific association through
hydrogen bond interactions, one of the two
triazole carboxamides in a self-pair would have
to face with the amide projecting inward to-
wards the opposing base. This example reflects
parameters that one must consider when de-
signing base pairs; the interior of the helix is a
less hydrophilic environment and, without suf-
ficient compensation, highly hydrophilic
groups will prefer to assume positions that
place them in a more hydrophilic environment.

HYDROPHOBIC BASE PAIRS
There are now a significant number of ex-

amples of hydrophobic unnatural bases that
pair with other hydrophobic bases or with
themselves in duplex DNA with higher affinity
than with any of the natural bases. 3-Nitropyr-
role deoxyribonucleoside (S.26; Fig. 1.4.8),
which was originally designed as a universal
nucleobase, pairs with almost equal affinity to
each of the natural bases, but a 12-mer duplex
with nitropyrrole opposite itself is significantly
more stable than the same duplex with nitropyr-
role opposite each of the natural bases
(Bergstrom et al., 1995; Zhang et al., 1998).
The significance of the hydrophobic substi-
tuent (nitro) in mediating this effect is clear
when one compares pyrrole-3-carboxamide,
which in duplex DNA yields far more stable
duplexes when paired opposite each of the
natural bases than when paired opposite itself.

Because of these results, hydrophobic base
pairs are considered to be attractive candidates
for extension of the genetic alphabet. Two
themes are possible: (1) the development of a
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Figure 1.4.2 Structures of six Watson-Crick-
type base pairs utilizing mutually exclusive hy-
drogen bonding schemes.
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Figure 1.4.3 Self-pairing bases.
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complementary hydrophobic pair, and (2) the
creation of a single self-complementary hydro-
phobic base. The latter possibility is more at-
tractive, because one need contend with the
optimization of DNA replication with only one
unnatural nucleoside.

A series of recent papers from a research
effort at Scripps Research Institute led by
Romesberg and Schultz has described consid-
erable progress in the development of hydro-
phobic self-pairing bases (McMinn et al., 1999;
Berger et al., 2000a; Ogawa et al., 2000; Wu et
al., 2000). Three of these nucleoside analogs,
1-β-D-deoxyribosyl-7-azaindole (S.10; Ogawa
et al., 2000) and two different 7-propynyl iso-
carbostyril deoxyribonucleosides (S.9; R = H
and CH3; McMinn et al., 1999) are shown in
Figure 1.4.4. These nucleoside analogs, as as-
sessed by Tm measurements, self-pair signifi-
cantly more effectively than they pair with any
of the natural bases. Furthermore, both contain
a lone pair of electrons that may be positioned
optimally in the minor groove for interaction
with DNA polymerase.

Kool and co-workers have designed a set of
non-hydrogen-bonding base analogs for A and
T (Fig. 1.4.4; S.12 to S15; Schweitzer and Kool,
1995; Guckian et al., 1998). In a 12-bp duplex,
virtually all paired combinations of the hydro-
phobic bases gave higher Tm values than when
each hydrophobic base was paired with any of
the natural bases. Pyrene deoxyribonucleoside
(S.11; Fig. 1.4.4) is noteworthy because of the
high specificity with which it pairs opposite
abasic sites (Matray and Kool, 1999).

The nonpolar nucleobase difluorotoluene
(S.14), a thymine isostere lacking hydrogen-
bonding functionality, can effectively substi-
tute for thymine in both the template strand and
as the incoming nucleoside triphosphate. These
results suggest that shape recognition in the
absence of hydrogen bonding is an important
factor in base pair recognition (Guckian and
Kool, 1997; Moran et al., 1997a,b; Guckian et
al., 1998; Kool, 1998). Similarly, 4-methyl-
benzimidazole (S.12) is an effective surrogate
for adenine when matched opposite the di-
fluorotoluene nucleobase (Morales and Kool,
1999).

METAL-MEDIATED ASSOCIATION
OF LIGAND NUCLEOBASE
MIMICS

Another way of mediating specific associa-
tion between nucleobase-like molecules con-
tained on a deoxyribosephosphodiester back-
bone is to configure them to bind transition
metals. The simplest configurations would in-
volve metals that form either linear planar com-
plexes (e.g., Hg) or square planar complexes
(e.g., Cu). Two examples of nucleobase mimics
that bind a metal in a square planar complex
have been published. Meggers et al. (2000)
synthesized oligonucleotides containing op-
posing pyridine and pyridine-2,6-dicarboxy-
late ligands. The duplex is significantly stabi-
lized in the presence of copper (Fig. 1.4.5;
S.16), but not by other metals.

Tanaka and Shionoya (1999) have described
the synthesis of the diaminophenyl deoxyri-
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Figure 1.4.4 Hydrophobic nucleobase analogs.
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bonucleoside S.17, which binds platinum in a
square planar complex to yield a stable struc-
ture resembling a natural base pair. Incorpora-
tion of this modified base into DNA and met-
al-mediated assembly of duplexes has not yet
been described. However, the concept is note-
worthy and could be the prelude to the devel-
opment of highly novel nucleic acid analogs
with unusual applications in material science
and nanotechnology.

DEGENERATE BASES
Chemical and radiological damage of nu-

cleic acid bases frequently leads to modified
bases that exhibit the ability to direct the incor-
poration of more than one natural base. Har-
nessing this ability for the development of mo-

lecular tools could be useful. One example is
use of multicoding bases for the introduction
of low-level mutations to generate random se-
quences in protein engineering.

Bases that have the ability to pair with one
natural base on template-directed primer exten-
sion but code for another base on template-di-
rected replication by DNA polymerase have
been referred to as convertides. Such bases are
potentially useful as components of PCR/liga-
tion-based detection assays (Day et al.,
1999a,b). Two types of convertides have been
described: (1) analogs that alter hydrogen
bonding pattern and base pairing properties
through tautomerism, and (2) analogs that alter
their hydrogen bonding profile through
changes in conformation. Brown and co-work-
ers have described a purine analog that can base
pair as either A (S.20) or G (S.21) and a
pyrimidine analog that can base pair as C (S.19)
or T (S.18; Fig. 1.4.6; Lin and Brown, 1989;
Brown and Lin, 1991a; Negishi et al., 1997;
Hill et al., 1998). The purine analog can adopt
the hydrogen bonding configurations of ade-
nine and guanine (Fig. 1.4.6) and the pyrimid-
ine analog can adopt the hydrogen bonding
configurations of thymine and cytosine through
tautomerism.

Isosteric azole carboxamide nucleobases ca-
pable of mimicking different sets of natural
bases have been described. These compounds
can mimic more than one natural nucleobase
by virtue of rotation about bonds α and χ (Fig.
1.4.7). Modeling studies with azole carbox-
amides paired with the four natural bases in a
B-DNA duplex show that two important pa-
rameters of base-pair geometry are maintained:
the C1′ to C1′ distances are in the range of 10.8
to 11.0 Å, and λ1 and λ2 are ~50°. Models of
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azole carboxamide base pairs with a natural
base pair yield C1′ to C1′ distances that fall
within 0.2 Å and λ1 and λ2 within 3° of the
natural base pairs (Bergstrom et al., 1996;
Johnson et al., 1997; Zhang et al., 1998). 1,2,4-
Triazole-3-carboxamide deoxyribonucleoside
illustrates the difficulty of predicting both
structural and biochemical behavior of nucleo-
side analogs. Based on modeling studies, the
author of this unit predicted that the triazole
would base pair preferentially with G and T by
the pairing motifs S.22 and S.23 (Fig. 1.4.7).
Evidence in favor of this hypothesis included Tm

data that showed that this analog gives signifi-
cantly more stable duplexes when paired with G
and T than when paired with C and A. However,
an NMR study indicated that 1,2,4-triazole-3-
carboxamide paired opposite T assumes a con-
formation in which the carboxamide group is not
hydrogen bonded to T as shown in Figure 1.4.7
(S.24). On the other hand, 1,2,4-triazole-3-car-
boxamide directs the incorporation of C and T
(but not G) when a template containing this base
analog is replicated by Taq DNA polymerase. The
geometrically acceptable base pairs in this case
would be structures S.25 and S.23.

UNIVERSAL NUCLEOSIDES

Universal Nucleoside Concept
The concept of a “wildcard” or “universal”

nucleoside is generally understood to mean a
nucleoside analog that can base pair equally

well with all of the natural bases in a nucleic
acid duplex. Applications in which a nucleoside
analog functions only passively as a partner for
a natural base within a duplex represent only
one aspect of the behavior necessary for a
compound to be truly regarded as a universal
nucleoside. Recognition of the triphosphate as
a universal nucleotide substrate by DNA po-
lymerase, or suitability of oligonucleotides
containing the analog as substrates for enzymes
such as restriction endonucleases or ligases,
would also be useful functions. Although it is
unlikely that a single nucleoside analog can be
devised which would function as a universal
nucleoside under all circumstances, it is likely
that a variety of analogs will be found with
universal nucleoside properties optimal for par-
ticular techniques.

Universal Base Specifications
The specifications for an ideal universal

base are the following.
1. It should form equally stable base pairs

with each of the natural nucleobases in all
sequence contexts as determined by thermal
melting experiments (Tm).

2. It should be accepted as template base by
DNA polymerase (preferably Taq DNA polym-
erase) as assessed by PCR replication of uni-
versal base–containing template and steady-
state kinetic experiments for single-nucleotide
primer extension.
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Figure 1.4.7 Conformationally degenerate base analogs.
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3. The corresponding deoxyribonucleoside
triphosphate should be suitable as a substrate
for DNA polymerase as assessed by steady-
state kinetic experiments for single-nucleotide
primer extension.

4. The base should be a substrate for DNA
ligase as primer component as assessed by
ligase chain reaction.

This list is by no means complete, but rep-
resents those specifications that would be of the
greatest use for the manipulation of DNA in
conventional molecular biology techniques.

The factors that contribute to base pair sta-
bility as assessed by thermal denaturation stud-
ies are not directly related to template prefer-
ence by DNA polymerase. This has been illus-
trated by comparison of a set of azole
carboxamide nucleosides for which the order
of thermodynamic stabilities differs substan-
tially from their template coding properties
(Hoops et al., 1997).

Nonpolar Nucleobase Analogs
The development of universal nucleic acid

bases has progressed along two parallel lines.
The first class of analogs includes molecules
that cannot associate through hydrogen bond-
ing, but because of size, shape, and hydropho-
bicity prefer to occupy the interior of a duplex
(Fig. 1.4.8). The first analog of this class,
phenyl deoxyribonucleoside (S.28), was re-
ported in 1984 (Millican et al., 1984). It is
highly destabilizing and pairs with significant

discrimination (A > G = T > C). By comparison,
3-nitropyrrole (S.29) pairs with little discrimi-
nation between each of the four natural bases
(Bergstrom et al., 1995, 1997); however, it is
significantly destabilizing relative to a natural
base. This has been used to advantage in at least
two separate applications. 3-Nitropyrrole has
been used to increase the selectivity of hybridi-
zation-based detection of single-nucleotide
polymorphisms (Guo et al., 1997), and as a tool
to elevate the fidelity of thermostable Thermus
thermophilus (Tth) DNA ligase for the ligation
of oligonucleotide primers (Luo et al., 1996).

The introduction of a second aromatic ring
(e.g., 5-nitroindole; S.30) led to substantial
improvement in duplex stability without too
great of a loss in pairing nondiscrimination
(Loakes and Brown, 1994). Neither 3-nitropyr-
role nor 5-nitroindole deoxyribonucleosides
are effective substrates or template components
for DNA polymerase (Loakes et al., 1995).
They preferentially direct the incorporation of
the less polar natural bases A and T (Hoops et
al., 1997). More recently it has been shown that
both nondiscriminatory base pairing and high
stability can be achieved with nucleosides
based on the quinolone heterocycle (S.31; Ber-
ger et al., 2000b). The emphasis of the latter
study has been to develop analogs that are
effective substrates for DNA polymerases.
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Polar Hydrogen Bonding Nucleobase
Analogs

The first studies of nucleoside analogs spe-
cifically designed to base pair with more than
one of the four primary DNA bases appeared
over a decade ago (Millican et al., 1984; Eritja
et al., 1986; Seela and Kaiser, 1986; Habener
et al., 1988; Lin and Brown, 1989; Brown and
Lin, 1991b). The most extensively studied ex-
ample is 2′-deoxyinosine (S.26; Fig. 1.4.8),
which has been in use as a putative universal
nucleoside in oligonucleotide probes and prim-
ers since 1985 (Ohtsuka et al., 1985). Structural
studies on deoxyinosine-modified oligonu-
cleotides show that dI can base pair to dC, dA
(Corfield et al., 1987; Uesugi et al., 1987), T
(Cruse et al., 1989; Carbonnaux et al., 1990),
and dG (Oda et al., 1991). However, it is not a
true universal nucleoside because the base pairs
dI-dX (X = dA, dC, dG, T) differ in stability by
as much as 2 to 3 kcal/mol (Martin and Castro,
1985; Kawase et al., 1989). More importantly,
primers constructed with multiple sites of de-
oxyinosine substitution frequently give unde-
cipherable results in sequencing experiments.
More recently Seela and Debelak (2000) have
developed a nucleoside analog, N8-(2′-deoxyri-
bofuranoside) of 8-aza-7-deazaadenine (S.27;
Fig. 1.4.8), which pairs with all four natural
bases with significantly less discrimination
than inosine, but with relatively high affinity.

TRIPLEX CONSTITUENTS
Duplex formation occurs through Watson-

Crick pairing of purine and pyrimidine bases,
which involves hydrogen bonding of NH3 and
O4 of thymine with N1 and NH6 of adenine,
and O2, N3, and NH4 of cytosine with NH2,
NH1, and O6 of guanine. This leaves two sites
on each of the purine bases (N7 and NH6 of
adenine and N7 and O6 of guanine) free for
hydrogen bonding. A third oligonucleotide
strand can associate with a duplex through
hydrogen bond formation to these sites within
the major groove to form a triplex. Triplex
formation with natural nucleotides generally
assumes one of two themes: parallel association
between a homopyrimidine strand and a ho-
mopurine-homopyrimidine duplex following
the base association schemes C+•GC (S.32;
Fig. 1.4.9) and T•AT (S.33), or antiparallel
association involving the triplets G•GC (S.34),
A•AT (S.35), and T•AT. In each of these cases,
base-base recognition from the third strand
involves recognition of N7 and NH6 (adenine)
or O6 (guanine). The reason that these base
configurations are more stable than other pos-

sible arrangements of bases in a triplet configu-
ration stems from geometry preferences, hy-
drogen bonding, and base stacking factors. Nei-
ther cytosine nor thymine can occupy the center
strand, since both have only a single site (O6
of thymine and NH4 of cytosine) available for
hydrogen bonding to a base in a third strand
located in the major groove. On the other hand,
each of the base-triplets illustrated in the figure
has two hydrogen bonds between the central
purine and the third-strand base. As a result,
triplex formation is generally limited to poly-
purine strings within one stand of the duplex.
This significantly limits the number of potential
targets in an organism. T•TA, C•CG, C•TA,
T•CG, A•TA, A•CG, G•TA, and G•CG, all of
which could have at best one hydrogen bond
between the third strand base and the central
pyrimidine, are not stable. Furthermore, since
C must be protonated at N3 in order to hydrogen
bond to N7 of G, triplex formation through this
motif is favored only at low pH.

For these reasons, significant effort has been
expended to (1) design third-strand unnatural
bases that can bind opposite the pyrimidine
bases, and (2) develop structural variations of
cytosine that are protonated at neutral pH.

Nucleobase design for triplex formation has
been extensively reviewed (Ganesh et al., 1996;
Doronina and Behr, 1997; Gowers and Fox,
1999). Rather than reiterate the extensive stud-
ies that have been done on unnatural nucleo-
sides as third-strand components, this review
will only provide a few examples to illustrate
the different types of approaches that attempt
to solve the problem.

The triplets composed of C+•GC and T•AT
are isomorphous. On the other hand, the G•GC,
A•AT, and T•AT are not, which leads to sig-
nificant dependence of triplex stability on the
duplex sequence as well as on the relative
number of GC and AT base pairs.

Since the third-strand association of C by G
requires that C be protonated, contiguous pro-
tonated C’s may lead to some destabilization
through charge-charge repulsion. Conse-
quently, nucleic acid chemists have sought nu-
cleobase analogs that are protonated at this site
at physiological pH. The approaches include
modification of the cytosine to increase the pKa

of protonated N3, and replacement of cytosine
with unnatural bases that have hydrogen bond
donor-donor configuration required to pair
with the acceptor G. Figure 1.4.10 (S.36 to
S.38) illustrates a few of the reported analogs
designed to mimic protonated C.
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The three structures shown in Figure 1.4.10
reflect three very different design strategies for
mimicking protonated C. The first of these,
S.36, contains the protonated-C mimic N6-
methyl-8-oxo-deoxyadenosine (designated as
M in the figure; Krawczyk et al., 1992). The
8-oxo group shifts the equilibrium about the
glycosidic bond toward a conformation (shown
in the figure) that positions the hydrogen-bond
donor sites on M for interaction with N7 and
O6 of G. The second triple, S.37, also contains
a neutral protonated-C mimic, but in this case

the base is a pyrazopyrimidine (P1) with both
hydrogen-bond donating groups contained in
the pyrimidine ring (Koh and Dervan, 1992).
The third triple, S.38, contains a protonated
2-aminopyridine (designated as P in the figure;
Cassidy et al., 1997). This is a more accurate
structural mimic of protonated C than M or P1.
The greater basicity of the pyridine (pKa ~ 6)
means that the equilibrium will be shifted more
towards the protonated form at physiological
pH than in the case of C (pKa = 4.35).
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The expansion of base pair recognition be-
yond C+•GC, T•AT, G•GC, A•AT, and T•AT
is not the only issue. The Tm values for third-
strand dissociation are typically far lower than
for duplex DNA of equivalent length. Conse-
quently, further modifications have been ex-
plored to enhance triplex stability. Commonly,
this has been achieved by attaching intercala-
tors to one end of the third strand. Significant
effort has even been expended to develop tri-
plex-specific intercalators. An alternative is to
develop base analogs that provide additional
stabilization elements. One example, recently
reported by Fox and co-workers, is the use of
the nucleoside analog 5-(3-aminopropargyl)-
2′-deoxyuridine as a component of the third
strand in place of thymidine (Bijapur et al.,
1999). The increase in triplex stability, presum-
ably due to association of the protonated amino
group with the phosphodiester anion, was sub-
stantial.

A challenge for nucleic acid chemists has
been to design and develop modified nucleo-
bases that can recognize CG and TA base pairs
through association from the pyrimidine side
of the major groove. Two examples of modified
nucleosides designed to bind the CG base pair
are illustrated in Figure 1.4.11. In S.39, only
one hydrogen bond to the cytosine is present
(Prévot-Halter and Leumann, 1999). In con-
trast, S.40 was designed to extend across the
base pair and hydrogen bond to G as well as C
(Huang et al., 1996). Rothman and Richards
have proposed a number of structures from
modeling experiments for TA base pair recog-
nition (Rothman and Richards, 1996). The pro-
posed structures, which contain alkyne/alkene
spacers to a five-membered ring heterocycle,
are predicted to form hydrogen bonds to O4 of
T and N6 of A. They should be interesting
candidates for future investigation.

MODIFYING NATURAL BASES TO
TUNE PAIRING AFFINITY

There are applications that would benefit
from either decreasing base pair stability or
increasing base pair stability while retaining
base pair specificity. For natural sequences, CG
base pairs contribute more to duplex stability
than AT base pairs. This creates a problem in
DNA-array-based strategies where it is advan-
tageous for all sequences of the same length to
have melting temperatures within a narrow
temperature range. One would expect that to
accomplish this without complicating se-
quence-specific effects would be difficult. A
number of examples have been published that
report progress in this direction. Nguyen et al.
(1998) have reported that N4-ethylcytosine des-
tabilizes a CG base pair to the extent that it
resembles an AT base pair in stability. Alterna-
tively, it is possible to increase the stability of
AT base pairs by appending certain substituents
at C5 of T in place of methyl. This is exempli-
fied by the nucleoside analog 5-propynyl-2′-
deoxyuridine, which has found application in
antisense oligonucleotides (Wagner et al.,
1993).

One would think that it would be possible
to increase the affinity of association between
A and T by adding an amino group to C2 of A
to give 2,6-diaminopurine (2,6-DAP), which
should hydrogen bond to T with three hydrogen
bonds. However, in practice, this is not the case.
The effect of the 2,6-DAP-T base pair on duplex
DNA stability is dependent on sequence, and
in some instances is not as stabilizing as an AT
base pair. However, Matray et al. (2000) have
discovered that 2,6-DAP is consistently stabi-
lizing when it is incorporated into oligonu-
cleotides containing the N3′→P5′ phos-
phoramidate linkage. This effect may be related
to the adoption of A-type helices by this back-
bone modification. This example illustrates the
difficulty of designing unnatural bases for ma-
nipulating DNA properties. Too many parame-
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ters contribute to base pair stability to enable
unambiguous prediction of the effects on du-
plex properties of even minor structural
changes in the heterocycle.

Yet another way that modified bases may be
used to tune hybridization was reported by
Kutyavin et al. (1996). 2-Thiothymine base
pairs with adenine, but not with 2,6-DAP. This
allowed Kutyavin and co-workers to develop a
strategy for invasion of double-stranded DNA
with formation of a stable three-arm junction.
The complementary invading oligonucleotides
contain 2-thiothymine and 2,6-DAP and do not
form a stable duplex with each other, but they
do hybridize effectively with the complemen-
tary natural sequences.

BASE PAIR RECOGNITION
The unifying characteristic of the com-

pounds discussed in the previous sections is that
they are designed to function as nucleic acid
components in place of natural nucleotides.
However, the scope and potential uses for new
molecules designed for nucleobase recognition
extend well beyond those described above for
unnatural nucleosides. Work on the recognition
of base sequences through azole oligomers that
bind to the nucleobases through the minor
groove has led to the development of highly
specific inhibitors of duplex DNA. Design of
analogs that read single base pairs provides the
opportunity for development of highly sensi-
tive mismatch detection, which could in turn
lead to tools for discovery of single-nucleotide
polymorphisms. One example is the bis-
naphthyridine intercalator (S.42) that binds
specifically to GG base pairs (Fig. 1.4.12;
Nakatani et al., 2001). It should be possible to
design other analogs that selectively bind other
mismatches. A second example illustrated in
the figure is the hexylureido isoindolin-1-one
derivative (S.41), which can associate with
both bases of a CG base pair through hydrogen
bonding in the major groove.

The molecular details of recognition of mul-
tiple base pairs in a sequence through specific
association of the bases with DNA-binding
molecules such as netropsin are well recog-
nized. Extensive research by Dervan and co-
workers has cumulated in the design of
polyamides capable of binding long duplex
segments with high specificity through hydro-
gen bonding interactions in the minor groove
(Dervan and Burli, 1999; Gottesfeld et al.,
2000).

CONCLUSION
The objective of this review is to highlight

a rapidly developing area of nucleic acid chem-
istry: unnatural base design. The design of new
unnatural base pairs, universal bases, triplex
components, and other bases with unusual base
pairing specificities will continue to provide an
attractive arena for molecular designers. It is
hoped that the unit will provide some guidance
and inspiration for synthetic chemists seeking
problems in nucleic acid chemistry. Many po-
tential uses for unnatural bases have been iden-
tified, and in most instances totally successful
solutions have not yet been established.
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