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ABSTRACT

A universal base analogue forms ‘base pairs’ with
each of the natural DNA/RNA bases with little
discrimination between them. A number of such
analogues have been prepared and their applications
as biochemical tools investigated. Most of these
analogues are non-hydrogen bonding, hydrophobic,
aromatic ‘bases’ which stabilise duplex DNA by
stacking interactions. This review of the literature of
universal bases (to 2000) details the analogues
investigated, and their uses and limitations are
discussed.

INTRODUCTION

The naturally occurring base hypoxanthine, as its ribo- or 2’-
deoxyribonucleoside (1), has been used for many years as an
‘inert’ base (1,2), at least in terms of its ability to form base
pairs with the other natural DNA/RNA bases. This has led to a
number of applications in primers (3,4) and in probes for
hybridisation (1,5,6). Analogues of 1 (Fig. 1), 2’-deoxyisoino-
sine (2) (7), 7-deaza-2’-deoxyinosine (3) (8) and 2-aza-2’-
deoxyinosine (4) (9) have also been investigated and behave in
a similar manner. However, 1 is not indiscriminate in its base
pairing properties and a wide range of melting temperatures
(T,,) are found when it is paired opposite the natural bases in
duplexes (5,10). Also, primers containing multiple substitu-
tions by 1 often give rise to non-analysable sequence data. This
review will look beyond the use of 1 at the applications of a
number of other universal base analogues described during the
last few years.

Almost all of the universal bases that have been described
are DNA analogues; very little work has been reported on ribo-
nucleosides. This is an area of potential interest because RNA
polymerases are generally less demanding in terms of analogue
incorporation and operate at much lower fidelity. Amongst the
candidates for universal base analogues a number have been
proposed which, in principle, could behave universally but in
practice don’t. The main class of such compounds is azole
carboxamide derivatives, e.g. 5-8 (11-13; Fig. 2). These
compounds could behave ambiguously by rotation around the
amide bond, which presents two alternative hydrogen bonding
faces, depicted for 5. However, these compounds have proved
to be disappointing as universal base analogues because they
do not appear to use this potential. They tend to use very

specific hydrogen bonding patterns, leading to transition or
transversion mutations, but are not able to discriminate
between all of the natural DNA/RNA bases. For this reason
this class of compound will not be discussed unless there is
some specific analogue of interest. Abasic site derivatives, e.g.
9, have also been examined (14—16) and these will also not be
discussed here.

The analogues discussed here lack hydrogen bonding sites
and are generally hydrophobic aromatic ‘base’ residues. Many
of their effects derive from their ability to stack within a duplex
and from their hydrophobic character. The applications of
universal bases are varied and they are discussed separately.
The analogues, incorporated into DNA as their phosphor-
amidite derivatives, have principally been examined in hybridi-
sation experiments, investigated by 7, values of duplexes
containing them. Hybridisation applications include their use
as primers for PCR and sequencing, in probes, in ligation and
in triplexes. The enzymatic incorporation of 5’-triphosphates
of universal bases has so far proven to be of limited utility, but
this is also discussed. The main way in which universal base
analogues have been shown to be effective is in their increased
stacking potential and a number of analogues and applications
are discussed separately. Recently there has been an increasing
interest in universal base analogues and some of these are
detailed towards the end, finishing with what is probably the
first in a new series of universal bases, namely ones with
hydrogen bonding capability.

The desirable requirements for a universal base have been
defined (17). They should: (i) pair with all the natural bases
equally when opposite them in an oligonucleotide duplex; (ii)
form a duplex which primes DNA synthesis by a polymerase;
(iii) direct incorporation of the 5’-triphosphate of each of the
natural nucleosides opposite it when copied by a polymerase;
(iv) be a substrate for polymerases as the 5’-triphosphate; (v)
be recognised by intracellular enzymes such that DNA
containing them may be cloned. At present no analogue has
been shown to fulfil all these requirements and it may be that a
single analogue can’t. However, each of the analogues
prepared so far has a set of properties which enable their use
for some of these purposes.

APPLICATIONS OF UNIVERSAL BASE ANALOGUES
Hybridisation

The first universal base analogue to receive prominent atten-
tion was 3-nitropyrrole (10) (Fig. 3), described by Bergstrom
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Figure 1. 2’-Deoxyinosine derivatives used as universal DNA analogues.
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Figure 2. Azole carboxamides designed to be universal base analogues.

and co-workers (18-20). The design of this analogue was
aimed at maximising base stacking interactions; the presence
of the nitro group enhances stacking by polarisation of the
m-aromatic system of the pyrrole ring. Modelling indicated that
10 should fit opposite any of the natural bases in a duplex
without distorting it. However, whilst 10 was shown to behave
indiscriminately in base pairing with the four natural bases,
there was a significant destabilisation of duplexes containing
it. There is a decrease in T, value, compared to unmodified
duplexes (T, 57°C), of 11-14°C in a 15mer (20) and even
greater if multiple substitutions are made (21). This destabili-
sation raised questions about how well 10 stacks with the
natural bases in a duplex. It was demonstrated that when 10 is
incorporated into either strand of an oligopurine—oligopyrimi-
dine duplex it was less indiscriminate. It was shown that A-10
and 10-T base pairs were only destabilising by 3—4°C, whilst in
all other cases it destabilised the duplex in the range 7-9°C
(22). These data suggest that 10 does not stack well in a duplex.
The T, values of a series of oligonucleotides in which each of
the natural bases was successively substituted by 10 has been
investigated. The 7,, of a natural DNA target showed a
U-shaped melting temperature curve as the 3-nitropyrrole
residue was moved from each end towards the centre of the
duplex (23; see also 24).
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Figure 3. Nitroazole universal base analogues.

A decamer structure containing 10 at the middle opposite
adenine has been solved by NMR (25). Two structures (modi-
fied and unmodified) were solved and shown to be very
similar. However, it was found that stacking of the pyrrole ring
with its nearest neighbours was less than had been predicted
(19) and that minor perturbations reduced stacking interactions
due to the small size of the ring. The bulky nitro group
protruded into the major groove, where it could rotate to
relieve crowding. It was concluded that the pyrrole ring does
not stack as well as expected and the design of future
analogues should aim at replacing the nitro group by less bulky
substituents.

A related analogue to 10 is 5-nitroindole (11) (21). This
analogue has been shown to be generally less destabilising,
with only a 2°C decrease in 7,, value when incorporated
towards the ends of a 17mer duplex and 5°C in the middle (21)
(unmodified duplex 7, 72°C). 11 is non-discriminating
towards the natural DNA bases, with a 7, range of 3°C, similar
to that observed with 10. In addition to 11, the 4-nitroindole
(12) and 6-nitroindole (13) derivatives have been studied in
melting experiments (21). However, 12 and 13 were more
destabilising than 11 (the ribo derivative of 6-nitroindole has
also been previously prepared; 27). When contiguous substitu-
tions of 11-13 are made into a duplex the 7, value remains
constant, whilst the stacking enthalpy (AH) increases. In
contrast, 10 does not give increased stacking enthalpy with
contiguous substitutions and the T,, value decreases with each
additional substitution. This indicates that 11 is much better at
stacking within the duplex than 10. The crystal structure of 11
shows that the base residues stack in columns, with overlap
between each aromatic base (17).

Whilst it has been shown that duplexes containing 10 have a
significantly lower melting temperature than the corre-
sponding natural DNA, Zhang et al. have shown that duplexes
in which two 10 residues are opposite each other are more
stable (12). They showed that on average the T,, value was
raised by 11°C compared to 10 opposite natural DNA bases.
This reveals the importance of solvophobic effects, which will
be discussed later.

In a study of nitroazole derivatives in the modified Dick-
erson dodecamer d(CGCXAATTYGCG),, where X is the
nitroazole and Y is A, C, G or T, it was shown that nitroazole
residues lower the T, value compared to the natural sequence
(26). Amongst the analogues studied the least discriminating
was found to be 10, with a AAG of 0.4 kcal/mol between the
least and most stable duplexes. For duplexes containing 11 a
AAG of 0.8 kcal/mol was found. With AAG differences as
small as this, sequence context can be expected to alter the
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Figure 4. Universal bases have primarily been used in DNA. Other applications
include RNA, acrylic nucleotides and PNA.

apparent order of base stability. In a plot of AH versus AS? for
all the natural and nitroazole- and 2’-deoxyinosine-containing
sequences a straight line was obtained. This implies that the
correlation between AS? and AH is independent of the mode of
association of the nucleobases. It is likely that the differences
in AH and AS° for nitroazole-containing oligonucleotides
compared to natural DNA reflects loss of hydrogen bonding
interactions with the base opposite the nitroazole (see below).
Addition of a ring nitrogen, as a hydrogen bond acceptor,
resulted in a preference for base pairing. Thus, nitroimidazole
(14) shows a high specificity for pairing with G, whilst the
related 4-nitropyrazole (15) shows a preference for pairing
with A.

A large number of non-hydrogen bonding base analogues
have been investigated, though mainly in hybridisation appli-
cations. These include 4-nitrobenzimidazole (16) (28), acyclic
sugar analogues of hypoxanthine (18) and 5-nitroindazole (19)
(Fig. 4) (29-31). 16 shows a slight preference for base pairing
with thymidine, similar to 4-aminobenzimidazole (17) (32).
Apart from this bias, 16 behaves indiscriminately towards the
other natural bases, but is more destabilising than 11.

One of the earliest analogues to be investigated as a universal
base was phenyl C-ribonucleoside (20a) (14) [more recently it
has been prepared as its 2’-deoxyribosyl nucleoside (20b) to
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investigate its effect in the hammerhead ribozyme (33)]. These
earlier findings of Millican et al. (14) showed that 20a was
quite destabilising (AT,, —16°C) and that it was essentially the
same as an abasic site. Thus, the presence of the phenyl ring
offers little or no contribution to stacking interactions. Never-
theless, this analogue shows little discrimination towards
pairing with each of the natural bases.

A number of acyclic sugar analogues have been prepared by
Van Aerschot et al. (29,30) and investigated as potential
universal base analogues. The analogues compared are those
derived from hypoxanthine (18 and 21), imidazole 4,5-dicar-
boxamide (22), 3-nitroimidazole (23) and 19 (29,30). Of these,
18 and 21 were the least destabilising but 19 was the least
discriminating towards the natural bases (AT, range 2°C). The
least efficient universal base was 23. The imidazole nitrogen
has a significant effect and 23 is most stable when opposite G
(29). 22 is less destabilising and shows little discrimination,
warranting further investigation as a universal base, particu-
larly as it probably involves formal hydrogen bonding. A
detailed comparison of 19 and 11 shows that they are almost
indistinguishable (30,31). In fact, the 2’-deoxyribosyl deriva-
tive of 5-nitroindazole (24) shows little advantage over 11 in
hybridisation terms and in primers for PCR and sequencing
(34,35).

The bases 3-nitropyrrole and 5-nitroindole have also been
incorporated into peptide nucleic acids (PNA) (36). In PNA—
DNA duplexes containing 25 or 26 it was found that the T,
range was narrower than that found for corresponding DNA—
DNA duplexes, although significantly higher than the corre-
sponding DNA-DNA duplex containing an A-T base pair.

Primers

The principle application investigated for universal base
analogues is their use in primers for PCR and sequencing (37).
It has been reported that 10 can be incorporated not only as a
string of up to nine substitutions close to the 3’-end of the
primer but also at the 3’-end (19,20), although we were unable
to reproduce these results with either 10 or 11 (38). Whilst it is
reasonable to assume that a universal base may stabilise the
primer/template/polymerase structure, there is much evidence
that non-hydrogen bonding universal bases are not generally
well copied by a polymerase. Various investigators have found
primers to be ineffective when a universal base is contained
within the first seven or eight bases from, and including, the 3’-
end (38-41). Nevertheless, under appropriate conditions a
polymerase will add a nucleotide opposite a template universal
base, albeit inefficiently.

When amplifying a template 64 nt long containing 11 in the
centre, full-length PCR product was obtained (17). When 10 or
11 are copied by Taq polymerase the nucleotide which is
preferentially incorporated opposite them is dATP (17,42). In
both cases the product yield is low and the incorporation of
dATP is possibly due to the polymerase extendase (non-
template +1 nt addition) activity (43). However, it has been
reported that Tag polymerase incorporates dATP and dTTP (in
a 3:1 ratio) opposite 10 (44).

If 11 is incorporated into a primer for PCR or sequencing,
with substitutions made at codon third positions, then the
effectiveness of the oligomer to prime DNA synthesis is poor
when more than two such substitutions are made (45).
However, up to four contiguous substitutions of 11 may be
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made in oligonucleotides, in the middle or 5’-end, and these
will prime DNA synthesis in PCR and sequencing (34,38).
Longer runs of 11 residues proved to be ineffective, presum-
ably because 11 preferentially forms secondary structures such
as hairpin loops (17,46).

As a result of the above observations, universal bases have
been used to increase the effective size of short primers
without increasing multiplicity. A number of analogues were
tested to improve the effectiveness of octamers for cycle
sequencing reactions (34). Of the analogues tested, 11 proved
to be most effective. Normal octamers are at best poor primers
in cycle sequencing, requiring low reaction temperatures. The
use of up to four 11 residues at the 5’-end of the primer resulted
in much improved performance. The use of other modified
bases, such as 5-methylcytosine and diaminopurine (to replace
cytosine and adenine), in addition to a tail of 11, resulted in
8mers, now effectively 12mers, that were effective at an exten-
sion temperature of 55°C (unpublished data).

Acyclic 19 and 21 have also been used in primers for PCR
and sequencing (31). Primers containing up to three consecu-
tive substitutions of either analogue (seven bases from the 3’-
terminus) performed at least as well as the unmodified primer
of the same length in sequencing reactions. In PCR amplifica-
tions they did not perform as well as 11, but full-length product
could still be obtained. The least effective analogue for PCR
was found to be 21.

During polymerase chain extension reactions it is common
for the enzyme to add one or more additional nucleotides to the
nascent chain and, in the case of transcription, products of even
greater length can be obtained (47). Moran ef al. have demon-
strated that the use of hydrophobic residues at the 5-end of the
template causes chain termination with a significant decrease
in extension beyond the analogue (48). This effect was not
observed with an abasic site, showing that the hydrophobic
base affects chain termination. Generally, the larger the residue
the more effective was termination.

Probes

Oligonucleotide probes have been widely used to target DNA
and RNA, for example rRNA. A requirement for such studies
is the design of nested probes to target regions of the rRNA. A
complete characterisation requires universal probes, which
have been difficult to design. Probe design has used a multi-
plicity of oligomers or base analogues or mismatched probes.
The fact that incorporation of 11 destabilises a duplex has been
put to advantage. Zheng et al. (49) required probes for rRNA
for a variety of species of microorganisms, but the target
sequence had a dissociation temperature (7;) value higher than
that desired for use in conjunction with other probes. They
used probes containing 11 to ensure equal specificity of the
probe for all target organisms (49-52). They found that a large
spread in T, values decreased when 11 was included in the
probe. They also observed a more uniform response from all
the members of the complex they were targeting compared to a
probe of natural DNA.

A further application for probing has been described by
Smith et al. (53). The —40 M13 forward sequencing primer was
3’-tailed with the 5’-triphosphate derivative of 11 (see below)
using terminal deoxynucleotidyl transferase and then hybrid-
ised to M13 blotted onto a nylon membrane. The 5-nitroindole
tail was then detected using an antibody to the 5-nitroindole

base. The limit of detection was not optimised, but detection of
5 fmol of tailed DNA was easily observed.

10 has been used to examine single nucleotide polymor-
phisms (SNPs) (23,54). A great problem with measuring
mismatched oligonucleotide duplexes, particularly for longer
oligonucleotides, is that there is a sequence effect that can
dramatically alter the T, value of mismatched oligomers.
Many groups have examined this so that mismatched duplexes
can be compared more clearly (see 55 and references therein).
An alternative approach has been the use of universal bases
close to the mismatch site. The incorporation of 10 three or
four bases from the mismatch site has a marked effect on the
T, value of the resultant duplex (23; see also 56). An additional
artificial mismatch three or four residues from the natural
mismatch site destabilises the duplex, but this effect is
sequence dependent. Replacement of the artificial mismatch
by 10 gave an increase in AT, of 8°C (from 3°C). These
oligomers were effectively used to probe for SNPs in PCR
products (23).

Oligonucleotide chips have been developed for a number of
applications: sequencing by hybridisation, mutant diagnostics,
gene expression analysis, identification of microorganisms.
The size of a library of oligonucleotides increases dramatically
with increasing length of oligomer, e.g. a library of all 10mers
would require 1 048 576 oligonucleotides. One group has
attempted to reduce library size by using 6mers, which only
requires 4096 oligonucleotides (57). However, hexamers have
a number of shortcomings, namely hybrids have very low
stability, difficulties in discriminating terminal mismatches
and a wide variation in the stabilities of AT- and GC-rich
duplexes. The addition of 11 to one or both ends of the
hexamers compensates for these shortcomings, as does a
mixture of all four nucleotides. Such additions increase the
stabilities of the hexamer duplexes by increasing them to
7mers or 8mers (0.4-0.6 kcal/mol increase in AG® compared to
0.3-0.4 kcal/mol for the four base mixture). They also destabi-
lised terminal mismatches by converting them to internal ones
(0.4-1.2 kcal/mol more stable than terminal mismatched
oligomers) and equalised the stabilities of AT- and GC-rich
duplexes. A Smer duplex stability can also be significantly
increased by addition of 11 at the 5’-terminus, although
internal substitutions destabilised the duplex (58).

In a further report (59) the effects of stabilisation by 11 at
both the 5’- and 3’-ends of an octanucleotide immobilised on a
chip have been investigated. Addition of 11 at the 5’-end of the
oligonucleotide enhanced duplex stability by approximately as
much as an additional base pair. This stabilisation was not
affected by the opposite nucleotide, but there was some effect
of the adjacent base. At the 3’-end of the oligomer stabilisation
was less marked. Again there was no effect from the opposite
base. A theoretical analysis of the use of universal bases in
sequencing by hybridisation has also been made, demon-
strating the advantage of the use of such analogues (60,61).

Sequencing by MALDI-MS is limited by strand fragmenta-
tion and the extent of fragmentation is dependent on sequence.
Thymidine-containing oligonucleotide are less susceptible to
fragmentation, followed by A, then C/G. Jacutin et al. (62)
used 10 as an adenine surrogate in mass spectroscopic analysis
of oligonucleotides and found that 10-containing oligonucleotides
were less susceptible to fragmentation.



Universal base analogues have also been used to examine
protein—DNA interactions. The function of nucleotide excision
repair (NER) factors is to protect the genome by removing
modified natural bases induced by UV radiation or environ-
mental carcinogens. NER enzymes operate on DNA lesions
that may disturb hydrogen bonding between complementary
strands and recognise improper base pairing conformations.
Destabilisation of Watson—Crick base pairing provides a
molecular signal directing the involvement of a NER factor
that recognises defective base pairing conformations. 10 and
11 have been used in oligonucleotides to examine the mecha-
nism by which xeroderma pigmentosum group A (XPA)
protein discriminates between normal base pairs and non-
hybridising DNA constituents (63). With three consecutive 10
or 11 residues in the centre of a 19mer, assembly of XPA—
DNA complexes was stimulated more efficiently than by three
mismatches. When a duplex containing three 11 residues oppo-
site three 10 residues was examined XPA still retained its
strong affinity for the non-hybridising site. This demonstrates
that unpaired hydrogen bond acceptors and donors are not
required for XPA protein binding to non-hybridising residues.
This led the authors to conclude that the affinity of XPA
binding is mediated by hydrophobic interactions with aromatic
base components that are abnormally exposed to the helical
surface of DNA.

11 has also been used to examine the binding of Escherichia
coli RNA polymerase with the fork junction DNA containing
the —10 region of the promoter (64). It was used to help deter-
mine the critical bases in the promoter region for binding by
RNA polymerase and to determine the specific nature of the
purine requirements at one particular conserved site in that
region. Thus the use of 11 helped demonstrate that the adenine
at—11 is essential for binding.

Ligation

It has been shown that neither 10 nor 11 are recognised by T4
polynucleotide ligase when present at either the 5’- or 3’-end of
an oligonucleotide primer (31). However, Luo et al. showed
that when it is near to the 3’-terminus, i.e. still within the active
site of the enzyme, 10 causes enhanced fidelity by the
thermostable Thermus thermophilus ligase (56). Their
approach is based on a method for improving allele-specific
PCR using primers with a deliberate mismatch adjacent to the
3’-end (65). Using primers with an A-C mismatch three bases
from the 3’-end of a nick site they demonstrated a 4-fold
improved fidelity (over a natural G-C base pair) of ligation
using Tth DNA ligase. When the A-C mismatch was replaced
by a 3-nitropyrrole-A base pair the fidelity of ligation
was further improved (9-fold over the G-C primer). If 10 was
incorporated at the second site from the nick no ligation was
observed.

Triplexes

Triplex formation is generally restricted to oligopurine—
oligopyrimidine sites of dsDNA. The introduction of one or
two pyrimidine residues into the oligopurine strand leads to
substantial destabilisation of triplex formation. The use of non-
natural bases might allow for stabilisation of a triplex when the
oligopurine strand contains one or two pyrimidine residues, or
vice versa. Incorporation of 10, whilst somewhat destabilising
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in a duplex, was actually extremely destabilising when incor-
porated into the third strand of a triplex (22). This result was
confirmed by another report that examined the effect of a
number of non-natural analogues in the third strand of a triple
helix (66). However, they found that when the triplex was
formed in the presence of the benzopyridoindole triplex-
specific intercalator BePI (67), 10 not only discriminated GC
from CG and AT from TA base pairs but also the third strand
containing 10 gave the most stable triplex. In contrast, the
same group found for an alternative third strand sequence that
oligonucleotides containing 10 have low stability (68), there-
fore there is some doubt as to the generality of its use.

10 will stabilise a triplex strand opposite thymidine in a
polypurine strand (69). It showed a marked preference for
thymidine over any of the other natural nucleotides, 4-fold
over cytidine and 6-fold over purines. This effect, though, was
found to be sequence specific in that substitutions close to the
intercalator end of the triplex strand were deleterious to the
binding constant, the stabilising effect only being observed at
substitutions further away. This affinity for binding opposite
thymidine was explained by molecular modelling, where it was
demonstrated that the 3-nitropyrrole-A:T triad is isomorphous
to A-A:T.

A series of 5-membered azole nucleosides were investigated
in antiparallel triplex formation (70) in non-homopurine
sequences. The azoles examined were the 2’-deoxynucleosides
derived from pyrazole, imidazole, 1,2,4-triazole and 1,2,3,4-
tetrazole. They were incorporated into oligonucleotides for
binding to a duplex, with the azole opposite to each of the four
natural DNA bases. Each was capable of associating with
duplexes containing CG and TA base pairs in antiparallel
triplexes with relatively high affinity. The binding in each case
was considerably enhanced compared to that found with the
natural nucleosides.

Universal nucleoside triphosphates

The practicality of a universal base triphosphate requires that it
be randomly incorporated into the growing chain in the pres-
ence of the natural triphosphates. This competitive insertion
requires that the universal triphosphate be incorporated into
DNA with a rate similar to that of the natural triphosphates.
Polymerase incorporation of a number of indole derivatives
has been demonstrated (53,71), as well as that of 10.
Exonuclease-free Klenow fragment inefficiently incorporated
both 10 and 11 opposite all the natural bases. However, once
incorporated both analogues behaved as chain terminators and
no further extension occurred.

Reduction of the nitro group of the 5’-triphosphate of 11
gives the 5-aminoindole nucleotide (27), which in principle
can form a single hydrogen bond (Fig. 5). 27 behaves differ-
ently from the nitro derivative in that it shows a marked prefer-
ence for incorporation opposite thymidine, i.e. as A, although
it can be inserted opposite the other natural bases to a lesser
extent. Once incorporated, the growing chain will only be
extended if it was incorporated as T or G. Formylation of 27
gives 28, which behaves more like the 5-nitroindole derivative.
The triphosphates of 10 and 11 are inserted relatively effi-
ciently opposite themselves as template bases (unpublished
data). In a similar manner, several aromatic, hydrophobic
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Figure 5. 5’-Triphosphates of universal base analogues.

nucleosides also preferentially incorporate opposite themselves, or
similar structures, rather than opposite natural nucleotides (72).

If the 5’-triphosphates of 10 or 11 are used in PCR reactions
in the presence of natural triphosphates then with increasing
concentration of the analogue triphosphate they progressively
inhibit formation of PCR product (71). Given the ability of 11
to enhance stacking interactions, a possible explanation of the
inhibition of PCR products is that the universal base is capable
of entering the polymerase active site. Once within the active
site it forms ‘stable’ interactions with the aromatic amino acid
residues present and is therefore not efficiently ejected from
the active site.

The 5'-triphosphate of 10 has been incorporated into DNA
by the Klenow fragment of DNA polymerase I and avian
myeloblastosis virus reverse transcriptase (62,73). Using a
protocol that allowed differentiation between no incorporation,
chain termination and chain extension it has been tested with a
number of commercially available polymerases. It was found
that to obtain polymerase incorporation high concentrations of
the triphosphate were required and best results were obtained
with shorter templates. The only other polymerase that would
incorporate 10 was ATagq (73).

Whilst these analogues are poor substrates for both Klenow
and Tag DNA polymerases, when used with terminal deoxy-
nucleotidyl transferase both analogues are very good substrates
(53). 10 gave a tail length similar to that of dCTP, whilst with
11 tailing was better than that obtained with dATP.

Structure/stacking/stabilisation

Duplex stability depends not only on Watson—Crick base pairs
but also on geometrical and structural constraints, stacking
interactions with adjacent bases and on solvation effects. For
RNA, base stacking and hydrogen bonding contribute ~1 kcal/mol
of free energy to the stability of a base pair (74). To understand
the stabilisation of duplexes by universal base analogues it is
worth examining some of the interactions involved. Much of
this literature makes use of analogues that behave universally
in hybridisation terms. However, some of the analogues
discussed here are not universal bases, but because of their
enhanced stacking ability they have been included.

X
CGC GAATTC GCG
GCG CTTAAG CGC
X

CGCXGAATTC GCG
GCG CTTAAGXCGC

—_——
—~ ——————

Tm (°C)
69
50
48
58
27
70
74

REQOH> ' X

Figure 6. Melting temperatures of modified Dickerson dodecamers with an
extra internal nucleotide (X).

Probably the most important use of universal bases is in the
stabilisation of DNA structures. A number of groups have
studied the effect of single base bulges in the self-complemen-
tary Dickerson dodecamer. In the sequence d(CGCXGAAT-
TCGCQG), containing X as the additional base, the additional
base does not have a partner to pair with in the classical sense.
Thus the stability of such duplexes should reflect the capacity
for individual analogues to stack between neighbouring
Watson—Crick pairs. When the additional base is A it has been
shown that in solution it stacks into the duplex (75), whilst in
the solid state it loops out (76). When any of the natural bases
are inserted into the Dickerson dodecamer the 7, value is
decreased compared to the native dodecamer (17). However,
when 11 is added the stability (7, value) is greater than the
parent duplex (T,, 69°C) (Fig. 6). It was suggested that this
stabilisation occurs because 11 is sufficiently large to be able
to intercalate into the opposite strand. This is further exempli-
fied by incorporating an even larger hydrophobic base, 29 (24),
where the melting temperature is raised by a further 4°C.

The native Dickerson dodecamer exists as a B-form DNA
duplex. In low salt buffer (<10 mM NacCl) it has been shown to
exist in a hairpin structure with a four base hairpin loop. When
10 replaced the two central nucleotides the resulting oligo-
nucleotide was shown to exist as a hairpin structure in salt
concentrations of 1 M NaCl (12).

When 11 is incorporated as a 5’-overhang of the dodecamer
the effect is to further stabilise the duplex (76 compared with
69°C) (17). The nucleoside derivative of 4-methylindole (30)
(77) likewise causes an increase in the melting temperature
(72°C). In contrast, when 11 substitutes for the 3’-terminal
residue in a flush-ended 20mer duplex the 7, value is consid-
erably depressed (AT,, 16°C) compared to the unmodified
duplex (38). It may be that the additional destabilisation caused
by incorporation at the ends of a duplex is due to increased
hydrophobic effects without additional stabilisation from
stacking interactions.

In a study of hydrophobic isosteres of the natural DNA bases
Schweitzer and Kool calculated that hydrophobic nucleosides
prefer to self-pair rather than with natural bases, with a selec-
tivity of up to 4-5 kcal/mol (78). When the aromatic analogues
benzene (31), naphthalene (32), phenanthrene (33) and pyrene
(34) were incorporated as overhanging bases there was an
increase in stability from enhanced stacking interactions with
increasing size of the overhanging base (77,79). 34 gave an
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Figure 7. Hydrophobic, aromatic non-hydrogen bonding bases used to exam-
ine base stacking interactions in duplex DNA.

increase of 3.4 kcal/mol (compared to no overhang), whilst 31
gave 1.4 kcal/mol.

Kool and co-workers have studied the effects of aromatic
stacking interactions in DNA in great detail (for details see 77—
82). They studied the factors affecting aromatic stacking for a
series of analogues, which they compared to the natural DNA,
by dangling end experiments (79). They calculated various
physical parameters (partition coefficient, log P, polarisability,
dipole moment, surface area and stacking area) for each
analogue and attempted to correlate stacking ability with one
of these physical properties. The least polarisable and smallest
was pyrrole (35), whilst the most polarisable and largest was
34 (Fig. 7). 34 behaves as a universal base (AT, 3°C), though
it is somewhat destabilising (80). In the dangling end experi-
ments each analogue was added to the 5’-end of a hexamer of
alternating C-G. Of the analogues tested, 35 was the least
stabilising (AT, 5°C), whilst the most stabilising were 11 (AT,
19°C) and 34 (AT, 23°C), adding 3.4 kcal/mol stabilisation to
the parent duplex. There was no quantitative correlation
between any individual physical property and stacking ability,
indicating that more than one property is important. A plot of
polarisability versus stacking energy correlated qualitatively,
with the most (34) and least (35) polarisable bases showing the
best and worst stacking potentials, respectively. Probably the
best generalised correlation was between stacking surface area
and stacking energy. This showed that the compound that had
the smallest overlap (35) stacks the least strongly, whilst 34,
with the largest area of overlap, stacks the strongest. The
exceptions to this are difluorotoluene (36) and 11, which stack
more strongly than would be expected from surface area alone.
These results show that surface area is not the only factor
affecting stacking affinity, but that increased hydrophobicity
must also in some way enhance the stabilisation of oligo-
nucleotides containing such analogues.
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Figure 8. Effect of substitution by 5-nitroindole (X) on short hairpin structures
measured by melting temperature.

As solvophobic effects are important (79), they examined
the effect of base stacking in an organic solvent (77). In a
water—ethanol solvent system the greater the effect of solvo-
phobic interactions to molecular interactions the more a co-
solvent will weaken the interaction. There is a linear relation of
thermal stability with ethanol content. The largest effect found
was for 32, demonstrating that it is significantly more sensitive
to solvent effects than the natural bases. When a hydrophobic
base is in the middle of a DNA strand both faces are removed
from water by stacking between adjacent DNA base pairs. At
the end of a DNA strand it can still remove one face from water
by stacking.

Single-stranded oligo(dA) and oligo(dC) have been shown
to be stacked at low temperature, and UV and CD melting
experiments can show the effect of ‘unstacking’ (83). When
single-stranded d(A,,) was made with a single 10 residue in the
centre the oligo demonstrated a non-cooperative hyperchromic
shift in UV when heated (10-70°C), very similar to d(A,)).
However, an oligomer of alternating dA and 10 showed no
such change in hyperchromicity (22). Thus in this respect 10 is
very much like thymine in that it has a weak tendency to stack
with its neighbouring bases.

11 has been incorporated in both the stem and bulge of
hairpin structures (46,84). When two 11 residues are placed
opposite each other in the stem the structure still forms a stable
hairpin, with a T,, value lower than that of the unmodified
hairpin, but higher than a G: T mismatch. The most stable of the
X, hairpin loops is T, (85). When this is modified by two or
four 11 residues the hairpin has a higher 7, value than the
unmodified one (+1.5 and +7°C, respectively; Fig. 8). Four 11
residues in the loop were more stable by up to 1 kcal/mol. It
was suggested that the increased stabilisation of hairpins
containing 11 residues in the bulge was due to enhanced hydro-
phobic interactions between two or more consecutive residues.
A similar stabilisation of hairpin structures was observed with
other hydrophobic analogues (86) in a hairpin loop.

A 64mer oligonucleotide containing 21 consecutive 11 resi-
dues has also been shown to adopt a secondary structure,
possibly a hairpin (17; Fig. 9). The oligomer exhibited a low
hypochromic non-cooperative melting transition monitored at
330 nm by UV, a wavelength at which only 11 absorbs. In
addition, melting of the oligomer could be measured by CD.
Both UV and CD melting experiments gave a 7, value
between 54 and 57°C. The proposed structure of the 64mer
was further clarified by PCR, which gave a single product
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Figure 10. Universal isocarbostyril nucleoside analogues.

43 bp long. It was not a primer dimer but corresponded to the
polymerase copying across the base of the proposed hairpin
structure, probably using its extendase activity to jump the gap,
which is good evidence for a helical duplex stem.

Other universal base analogues

The two universal base analogues that have received most
attention are 10 and 11. However, there are a number of other
non-hydrogen bonding base analogues that have been investi-
gated. These include benzimidazole (35,87), 5-fluoroindole
(35) and indole (88).

Another class of hydrophobic analogue that is reported to
lead to more stable duplexes than 10 and 11 has recently been
described (89). Isocarbostyril nucleoside derivatives form
stable base pairs opposite each of the natural DNA bases,
though the T, values of duplexes containing them are lower
than the corresponding AT duplex. MICS (37) (Fig. 10) directs
the insertion of natural triphosphates by Klenow fragment with
a 4-fold lower variation in efficiency and, at high dNTP
concentration, full-length DNA was synthesised. The 7-
propynyl derivative of 37 (90) was examined as its 5’-triphos-
phate (89). It was inserted more efficiently opposite dA and T,
but overall was 40-fold down compared to the natural dNTPs.
However, once incorporated, chain termination occurred.
Removal of the methyl group of the latter compound gives an
analogue that behaves universally in hybridisation experiments
(91), though it is less stable than 37 and it forms stable base
pairs with itself. Its 5’-triphosphate is incorporated more effi-
ciently, though non-competitively, opposite each of the natural
bases. One further analogue, ICS (38), also directs the incorpo-
ration of each of the natural triphosphates opposite it with
Klenow fragment, but again less efficiently than the natural
substrates (72). Whilst some of these compounds appear prom-
ising as universal base analogues, no one compound has been
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Figure 11. Proposed hydrogen bonding motifs for the universal N8-linked ana-
logue 38.

shown to fulfil all the criteria outlined earlier. Further work is
required for this new class of analogue.

Hydrogen bonding universal base analogues

Seela and Debelak (92) recently reported a pyrrolopyrimidine
nucleoside (39) in which the sugar is attached to the N® posi-
tion. 39 possesses an unexpected feature in that it behaves as a
universal base (92). 39 therefore forms a new class of universal
base analogues that form bidentate hydrogen bonds with each
of the natural DNA bases. Oligonucleotides containing 39 have
T, values within a 2°C range when opposite each of the natural
bases. In the absence of structural data the use of bidentate
rather than tridentate hydrogen bonds is suggested by the fact
that the T, values of oligonucleotides containing 39 are in the
stability range of an A-T base pair rather than C-G. The base
pairing motifs probably follow the Watson—Crick or Hoogsteen
mode except for the pairing with dG (Fig. 11). Whilst the new
base pairs have a different shape compared to those in natural
DNA, the new pairs fit well into the DNA duplex. This is
clearly a preliminary paper and it will be of considerable
interest to know whether the 5’-triphosphate of this analogue
behaves as a universal substrate for polymerases.

CONCLUSION

As demonstrated, a large number of nucleoside analogues have
been examined as universal bases and all fulfil one of the main
criteria, in that they do not discriminate between the natural
DNA/RNA bases. The first generation universal bases, largely
exemplified by 10 and 11, have many demonstrable applica-
tions where the only criterion is hybridisation. As substrates
for enzymes they have serious limitations. A second class of
universal bases is the isocarbostyril nucleosides. These are still
hydrophobic analogues and so far little work with them has
been reported. Nevertheless, these compounds appear to be
improved enzyme substrates, still retaining their hybridisation
properties. The final category so far has only one example,
which is the N8-pyrrolopyrimidine analogue of adenine. This
compound, although still not proven to fulfil other criteria for
universal bases, is unique in that it forms bidentate hydrogen



bonds with each of the natural bases. If it fulfils the other
requirements, then it should find a host of applications in
molecular biology.
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