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ABSTRACT

Two additional bases (isoguanosine and isocyto-
sine), generating a third base pair, have been imple-
mented in PCR. Enzyme ®delity for the third base
pair is demonstrated using molecular thermo-
dynamic melting, chemical cleavage and molecular
beacons. When amplifying as few as 15 targets con-
taining multiple non-natural base pairs with 40
cycles of ampli®cation, our results con®rm
sequence conservation. The additional sequence
space provided by three base pairs allows for the
construction of molecular tools that achieve higher
complexity and better discrimination than those
possible with natural DNA alone.

INTRODUCTION

The rule-based molecular recognition displayed by DNA
makes it ideal throughout biotechnology, where molecules
binding molecules are needed for such applications as
localizing DNA (1), assembling nanostructures (2), building
antibody-like molecules called `aptamers' (3,4) and perform-
ing tasks by which information on a molecular structure is
obtained. Expanding DNA chemistry to include additional
base pairs would enhance the capabilities of this powerful
molecular recognition system. This in turn has lead chemists
to develop new ways of increasing the number of DNA
building blocks. The ®rst experimental data suggesting that
new base pairs could be used in replication, transcription and
translation was demonstrated by Benner and colleagues using
shuf¯ed hydrogen bonding schemes (5,6).

More recently, Romesberg and colleagues used the idea of
hydrophobic interactions to create base pairs that did not rely
on hydrogen bonding (7,8). With a speci®c mixture of two
polymerases, the authors demonstrated incorporation followed
by extension. Going one step further, Yokoyama and
colleagues combined the concepts of shuf¯ed hydrogen
bonds and van der Waals interactions to develop a base pair
that could be polymerized into the RNA transcript site
speci®cally opposite a non-natural counterpart (9,10). More
recently, our group demonstrated that consecutive non-natural
bases could be incorporated speci®cally opposite their non-

natural counterparts and that other replication-dependent
enzymes can ef®ciently recognize a third base pair (11). Yet
the ability to place a third base pair into a commonly used
replication system such as PCR has not been demonstrated.

PCR is the most widely used method in molecular biology
with applications that include: ampli®cation, detection,
quantitation, cloning, genotyping of genetic material, selec-
tion and screening of antibody- and/or enzyme-like nucleic
acids and taggant analysis (12). Until now, PCR applications
have been limited to placing non-natural base pairs into the
priming regions and thus not requiring high ®delity incorp-
oration of the correct complements (13). The addition of a new
base pair between the priming sites of an exponential
ampli®cation system like PCR requires that the new bases
have a low rate of misincorporation. Here, we present data
demonstrating that chemistry. We show that the isoguanosi-
ne:isocytosine (iG:iC) base pair can act as a third base pair for
extension, replication and PCR ampli®cation. Using primer
extension melt analysis, we ®rst show that the major
percentage of incorporated nucleotide opposite iG is iC. We
then con®rm high polymerase ®delity, resulting in mainten-
ance of the iC:iG base pair following PCR using a method of
acid cleavage partial sequencing. Finally, an iC:iG-containing
molecular beacon was constructed and used to demonstrate
applicability. The additional base pair will be useful in
numerous other applications such as aptamer production or
multiplexed diagnostics.

MATERIALS AND METHODS

Primer extension and melt analysis

A 5¢-labeled template DNA oligonucleotide TET-d(T-iC-
CGT-iG-CCGTCTCCGTCGTCAGCCGTCA) at 200 nM was
combined with a 2-fold excess of each control d(TGAC-
GGCTGACGACGGAGACGGGACG), d(TGACGGCTGA-
CGACGGAGACGGAACG), d(TGACGGCTGACGACGG-
AGACGGTACG), d(TGACGGCTGACGACGGAGACGG-
CACG), d(TGACGGCTGACGACGGAGACGG-iC-ACG¢)
or experimental DNA oligonucleotide d(TGACGG-
CTGACGACGGAG). Extension reactions were conducted
in a 10 ml reaction volume containing 10 mM bis-tris-
propane±HCl pH 9.1, 40 mM potassium acetate, 2 mM
magnesium chloride, 0.1 mg/ml bovine serum albumin, 25 mM
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deoxynucleoside triphosphates (dGTP, dATP, dTTP, dCTP
and diCTP), 10 mM deoxyisoguanosine triphosphate±Dabcyl
(iGTP-Dabcyl) and 13 TiTaq (Clontech, Palo Alto, CA).
Extension was performed using the following pro®le: 30 s at
95°C, 30 s at 60°C and 1 min at 65°C. Reactions were
terminated by the addition of EDTA at 10 mM. Thermal melt
analysis from 60 to 90°C was performed on an iCycler (Bio-
Rad, Hercules, CA) using the following pro®le: 30 s at 60°C,
60 cycles of 10 s at 60°C with an increase of 0.5°C each cycle.

Acid cleavage analysis

Primer extension was conducted by combining SCJ1244
[Cy3-d(CCAATGTACGGGGTAAACTCT)] at 300 nM with
either SCJ1247 [d(GAAGTCCAGCAATCAGAACTATG-
GCGACTCTCTACCTCCTGCAGGCCCTACCACTTCCC-
AATAGCTAAGAGTTTACCCCGTACATTGG)] or SCJ1248
[d(GAAGTCCAGCAATCAGAACTATGGCGACTCTCTAC-
CTCCTGC-iG-GGCCC-iC-ACCACTTCCCAATAGCTAA-
GAGTTTACCCCGTACATTGG)] at 200 nM in a 25 ml
reaction volume using the same buffer conditions listed
previously except for 25 mM natural deoxynucleoside tripho-
sphates (GATC) and 50 mM non-natural deoxynucleoside
triphosphates (iG and iC). Extension was performed using the
following pro®le: 1 min at 95°C, 10 s at 55°C and 30 s at 72°C.
PCR amplicons were generated using the DNA oligonucle-
otides SCJ1244 and SCJ1243 [d(GAAGTCCAGCAA-
TCAGAACTATG)] as primers at 200 nM. Ten-fold serial
dilutions of SCJ1247 and SCJ1248 were made and 2.5 ml was
used in a 10 ml reaction mix as described for the extension.
Reactions were cycled according to the following pro®le:
1 min at 95°C, 40 cycles of 10 s at 95°C, 10 s at 55°C and 30 s
at 72°C.

Acid cleavage of the extension products was performed by
mixing equal volumes of the extension reaction with 100 mM
glacial acetic acid. Reactions were incubated for 30 min at
95°C. Reaction vessels were opened and the acid was allowed
to evaporate at 95°C. Two volumes of 100 mM ammonium
hydroxide were added and the reactions were incubated for 5
min at 95°C. Reaction vessels were opened and the base was
allowed to evaporate at 95°C. Cleavage products were
resuspended in formamide, heated for 1 min at 95°C and
analyzed by 7 M urea±10% polyacrylamide gel electrophor-
esis and ¯uorescence imaging. Cleavage products were
quantitated using ImageQuant software (Amersham,
Piscataway, NJ).

Molecular beacon analysis

PCR amplicons were generated as described in the acid
cleavage analysis section except that the DNA oligonucleotide
primers used were SCJ1243 and d(CCAATGTAC-
GGGGTAAACTCT). The dual-labeled DNA oligonucleotide
containing non-natural bases FAM-d(GTGCCGGT-iG-
GGGCC-iC-GCAGGAGGGGCAC)-Dabcyl was used as a
molecular beacon at 200 nM. DNA oligonucleotide templates
for the PCR reactions were the same 10-fold serial dilutions of
SCJ1247 and SCJ1248. Aliquots of 2.5 ml of template from the
dilution series was added to each reaction. The reactions were
performed using an ABI 7700 instrument (Applied
Biosystems, Foster City, CA) according to the following
pro®le: 1 min at 95°C, 40 cycles of 10 s at 95°C, 20 s at 61°C
and 1 min at 65°C. Real-time data was acquired at 61°C.

RESULTS

Non-natural base incorporation and melt analysis

We constructed a primer extension system to determine the
identity of bases incorporated opposite iG under a variety of
conditions. Parameters evaluated included nucleoside con-
centrations, buffering conditions and polymerase. In this
system we incorporated a ¯uorescence-quencher-modi®ed
diGTP on the opposite DNA strands from a ¯uorescein label.
Thermal melt analysis following primer extension separates
the two strands, yielding the melting temperature (Tm).
Comparison of the product Tm to those of control constructs
where the base identity is known identi®es the string of
nucleotide incorporated, most importantly the nucleotide
across from the non-natural base. These experiments led us
to the discovery that increasing the ratio of non-natural
triphosphates to natural triphosphates and using TiTaq (a
nuclease-de®cient, N-terminal truncated mutant of Thermus
aquaticus DNA polymerase) signi®cantly reduced misincor-
poration opposite iG. These experiments also con®rmed
previous reports showing that thymidine was the major
nucleoside incorporated opposite the iG when iCTP is
withheld from the reaction, supporting the iG:T tautomer
theory (Fig. 1).

Con®rmation of high polymerase ®delity

We next used PCR and an acid cleavage partial sequencing
method to determine polymerase ®delity. It is well known that
iC is more labile than naturally occurring bases under acid
conditions (14). At low pH, nucleophilic substitution of the
nucleobases followed by b elimination leads to strand
cleavage (15). At positions where the nucleobase is iC, this
rate is faster than that of the naturally occurring bases. We
used this information to monitor percentage of iC maintained
in the ®nal amplicon. Two 88 nt templates (1 and 2) were
synthesized containing either two non-natural bases or none.
The iC and iG in Template 1 were changed to T and A,
respectively, in Template 2 since our primer extension
experiments suggested that this would be the resolution of
the iC:iG base pair if misincorporation were to occur. All
reactions were cycled 40 times and included the six base
nucleotide triphosphate mix (2-fold higher concentration of
diCTP and diGTP over A, G, C and T), TiTaq and a forward
primer ¯uorescently labeled with Cy3. Products were sub-
jected to acidic and then basic conditions to cleave the strands
primarily at positions containing the iC. Cleavage products
were resolved using PAGE and percent cleaved was calculated
by densitometry (Fig. 2). For reactions containing the non-
natural bases, percent cleavage was plotted versus input
template. The slope of the line (3.86) is the decrease in percent
cleaved after each cycle, which indicates that the ®delity of the
iC:iG pair is ~96%.

Molecular beacon analysis of PCR ampli®ed products

To demonstrate commercial applicability, we used a popular
methodology termed `molecular beacons' to identify the
build-up of iC:iG-containing amplicons during PCR (16).
Molecular beacons are biosensors for the detection of speci®c
DNA sequences. Speci®cally, molecular beacons are single-
stranded DNA structures that contain a pair of interacting
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¯uorescent molecules that change ¯uorescence intensity once
hybridized to their speci®c targets. Molecular beacons bind
with high speci®city and single base discrimination. These
attributes appear ideal to discriminate between templates
constructed from three base pairs and related templates
constructed from two. In order to compare PCR ef®ciency,
both templates were ampli®ed using the same reaction mix
which included the six base nucleotide triphosphate mix,
TiTaq, a molecular beacon speci®c for Template 1 (non-
natural base-containing target) and the identical primer set.
The ¯uorescence output from the experiments was monitored
and linear quantitation curves were constructed from the data
(Fig. 3). PCR is an exponential ampli®cation technology
described by the formula N = No(e)(KÂ t), where N is the of
molecules, t is the time (rounds of PCR) and K is a constant,
and thus a 10-fold increase in amplicon requires ~3.32
replication cycles for perfect doubling. Since we plotted the
log of copy number to cycle threshold, a perfect doubling of
each ampli®cation round would provide a slope of ~0.301
[(21/0.301) = 10]. The slope of the line for Template 1 (slope =
±0.28 6 0.01) indicates that ampli®cation was not perfect and
3.6 cycles were required to yield a 10-fold increase,
representing an ef®ciency of ~93% (ef®ciency = tperfect/t2 =
1/t2 = ±m/log2, where m is the slope]. Comparing peak
¯uorescence output from the two reactions sets (1 versu 2),
there appears to be a 3-fold increase when Template 1 was
used, indicating that the beacon was speci®c for the correct
target.

DISCUSSION

We have presented data demonstrating that an additional base
pair can be implemented in the most widely used method in
molecular biology, PCR. Earlier reports using the base pair
(iC:iG) suggested that iG would not be useful since thymidine
would misincorporate opposite iG due to a minor tautomeric
form of iG that forms a mispair with T (17). From the data
reported here, it appears that the ef®ciency of the six base PCR
system is high. Both the acid cleavage partial sequencing and
the beacon experiments point to an overall ef®ciency of ~96 6
3%. We believe previous attempts fell short due to reasons
other than tautomerization of the iG nucleotide. From our
experience, other reasons seem more plausible and include:
inappropriately low triphosphate concentrations; choice of
polymerase; poor quality of iC/iG-containing molecules;
reaction pH values that were too destabilizing to iC at high
cycling temperatures; puri®cation methods for templates and
primers that were destabilizing to iC. We believe that we have
now built a robust and reproducible system for expanded base
pair chemistry using iC/iG.

So how will the expanded base chemistry be useful? In
many commercial applications, DNA is involved in two
contexts. In the ®rst, DNA-like binding is used to perform
tasks by which information on a molecular structure is
obtained. In the second, DNA is the `analyte', the target of the
analysis, present in the biological sample in unknown
amounts, sometimes having unknown sequence. DNA of the

Figure 1. Primer extension and melt analysis. On the left, the diagrams show where the 3¢-end of primer hybridization to the template ended (after the iG in
controls or before the iG for experimental). On the right, melt analysis of primer extension products where bases opposite iG were controlled (X =
A,G,C,T,iC) or experimentally determined (Y) is shown. All reactions were treated with TiTaq, dG,dA,dT,dCTP, quencher-modi®ed diGTP and diCTP when
designated. R, tetrachloro¯uorescein; *, Dabcyl.
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second type can obstruct the performance of DNA of the ®rst
type. Therefore, a molecular system that behaves like natural
DNA but does not cross-react with natural DNA would be

useful. Paradoxically, if the new system shares structural
similarity to DNA like the one presented here, the rich
enzymology and technology already developed for DNA can
be further exploited.

Consequently, the ability to place additional base pairs into
DNA has several possible applications. Urdea and colleagues
were the ®rst to demonstrate diagnostic utility using branched
DNA technology (2). Our group has recently demonstrated
methods for simplifying real-time PCR using non-natural
bases. Another application would be for molecular coding,
where numerous technologies use DNA. Coding can be
implemented in diagnostics to capture reaction products on
solid phases (18±20), in tagging, where objects are marked
with identi®able DNA segments called taggants, and in DNA
computing (21). All would bene®t from having extra bases
orthogonal to naturally occurring DNA. Yet another applica-
tion is in the ®eld of aptamers, single-stranded and highly
folded DNA and RNA molecules that, like antibodies, can
bind target molecules with high af®nity and speci®city.
Typically, aptamers are selected from large libraries of
chemically synthesized oligonucleotides after multiple rounds
of target binding and PCR ampli®cation. (22) Catalytically
active aptamers have been isolated with rate enhancement and
turnover activities. (3) However, aptamers made of standard
nucleic acids are somewhat limited in enzymatic capability
and therefore modi®ed nucleic acids have been explored
(23,24). To expand on this, the use of multiple functional
groups may be possible. Traditionally a single functionality is
attached to uracil. This may be for enzymatic reasons, where
placing chemical substituents on additional bases leads to
premature termination. By increasing the number of building
blocks, chemical substituents could be spaced further apart,
thus allowing the polymerases to better process full-length
sequences. The high ®delity of iC/iG incorporation demon-
strated here is well within the range required for these
applications since coding sequences used to capture iC/iG-
containing products should not cross-react with misincorpo-
rated natural sequences and aptamer selection schemes would
eliminate un®t sequences.

Figure 2. Acid cleavage analysis. (A) Acid cleavage products using natural
(odd lanes) and non-natural (even lanes) DNA targets. Reactions were re-
solved by PAGE and detected by ¯uorescent imaging. Lanes 1 and 2 were
loaded with extension reactions that were initiated with 1010 copies of input
target. Lanes 3 and 4, 5 and 6, 7 and 8 and 9 and 10 were loaded with PCR
reactions initiated with 1.5 3 101±1010 input targets in 1000-fold increments
and ampli®ed for 40 cycles. Bands that appear in the scan that were used to
determine percent cleaved are labeled (FLP, full length product; CP, cleav-
age product). (B) Cleavage analysis. Using a series of 10-fold dilutions of
the non-natural template and 40 cycles of PCR, the percent of cleaved prod-
uct was determined as above and plotted against input copy number.

Figure 3. Molecular beacon analysis. Ampli®cation analysis using reactions containing Template 1 (A) or Template 2 (B) and a molecular beacon speci®c for
Template 1. Ten-fold dilutions of each target from 102 to 107 were constructed and added to the reaction series. The reactions were ¯uorescently monitored
through 40 cycles of PCR.
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The data presented should generate interest in not only
creating new technologies using additional base pairs, but also
in creating new organisms that rely on high ®delity enzymatic
incorporation and speci®c enzyme recognition. Additional
work to better understand the conditions necessary to use
expanded genetic alphabets may also allow us to better
understand how nature's alphabet evolved.
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