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Introduction

A long-standing challenge for chemists inspired by natural sys-
tems has been to find new chemical designs for DNA base
pairs.[1–6] One goal of such work is to evaluate whether such
designs can mimic natural physical properties of DNA such as
helix formation. Fewer studies have been directed to the bio-
chemical and biological properties of such new pairs. However,
some unnatural base pairs have recently been shown to beACHTUNGTRENNUNGreplicated by polymerase enzymes in vitro,[2, 7–12] suggesting
future applications in expansion of the genetic code.[13]

Until recently, designed base pairs have been constructed
exclusively for function in the context of the natural DNA ge-
netic system. However, one can ask whether other genetic sys-
tems could exist that operate with an entirely different base
pairing architecture from that of natural DNA. In this light we
recently reported the design and synthesis of size-expanded
nucleosides (xDNA and yDNA) capable of forming base pairs
and helices larger than those of natural DNA.[14–16] In these de-
signs, the dimension of the natural nucleobases was expanded
by 2.4 � through addition of a benzene ring to the natural het-
erocyclic framework.[17] While the yDNA analogues studied
here (Figure 1) differ from the xDNA analogues in the exten-
sion vector orientation, both could be synthetically incorporat-
ed into oligonucleotide strands and form stable expanded
double helices. These expanded nucleotide analogues may
serve as useful tools in better understanding the self assembly
and replication of DNA, and its recognition by proteins. They
also have the potential to lead to new applications in biotech-
nology as a result of their ability to bind DNA with high affini-
ty,[14] and the fact that all the expanded bases are fluores-
cent.[18]

If designed genetic systems are to function like natural ones,
they must be able to encode and transfer sequence informa-
tion to copies. However, this presents a serious challenge for
the widened yDNA pairs, because DNA polymerases can be
highly sensitive to the size of base pairs.[19] While our long-
term goal is to discover and develop new enzyme variants that
can adapt to the large size of expanded pairs, we have begun
to examine whether naturally occurring enzymes and replica-
tion systems have any ability to process the information en-
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A widened DNA base-pair architecture is studied in an effort to
explore the possibility of whether new genetic system designs
might possess some of the functions of natural DNA. In the
“yDNA” system, pairs are homologated by addition of a benzene
ring, which yields (in the present study) benzopyrimidines that
are correctly paired with purines. Here we report initial tests of
ability of the benzopyrimidines yT and yC to store and transfer
biochemical and biological information in vitro and in bacterial
cells. In vitro primer extension studies with two polymerases
showed that the enzymes could insert the correct nucleotides op-
posite these yDNA bases, but with low selectivity. PCR amplifica-
tions with a thermostable polymerase resulted in correct pairings

in 15–20 % of the cases, and more successfully when yT or yC
were situated within the primers. Segments of DNA containing
one or two yDNA bases were then ligated into a plasmid and
tested for their ability to successfully lead the expression of an
active protein in vivo. Although active at only a fraction of the
activity of fully natural DNA, the unnatural bases encoded the
correct codon bases in the majority of cases when singly substi-
tuted, and yielded functioning green fluorescent protein. Al-
though the activities with native polymerases are modest with
these large base pairs, this is the first example of encoding pro-
tein in vivo by an unnatural DNA base pair architecture.

Figure 1. Widened (yDNA) nucleoside and base pair structures. A) Structures
of benzopyrimidine nucleosides dyT and dyC. B) Proposed structures of wid-
ened base pairs in this study.
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coded by expanded pairs. Here we report on the encoding of
information in the yDNA system. We find that although such
pairs are processed with relatively low efficiency and fidelity in
vitro, native polymerases can in fact replicate such pairs suc-
cessfully in some cases. Moreover, we demonstrate that single
yDNA bases can correctly encode genetic information in living
cells.

Results and Discussion

Our initial experiments explored the ability of the benzopyrimi-
dine C-nucleosides[15b] dyT and dyC (Figure 1 A) to template the
addition of natural nucleotides opposite them, using native
polymerases. We studied the Klenow fragment of Escherichia
coli DNA polymerase I (KF exo�), and a commonly used ther-
mostable polymerase, the DNA polymerase from ThermococcusACHTUNGTRENNUNGlitoralis (Vent exo�)[20] to recognize dyT and dyC bases in a syn-
thetic 28 mer DNA template. If insertion of dATP and dGTP
were successful, the resulting A-yT and G-yC pairs (respectively)
would be about 2.4 � larger than natural Watson–Crick pairs.
The single nucleotide insertion studies were performed under
nonforcing conditions, such that inefficiently formed base pairs
(like mismatches), would not be formed in the case of the nat-
ural base system. The data showed (Figure 2) that both the
polymerases tested incorporated the natural nucleotides of dA
opposite yT and dG opposite yC with qualitatively moderate
efficiencies. The selectivity with both enzymes was low, as
dTTP was also incorporated across from both yC and yT with
comparable efficiencies. We hypothesize that this T-yT and T-yC
mispairing is due to a wobble-type pair geometry (Figure 3).
Interestingly, such a T-yT pair is reasonably close in size and
orientation to a natural A-T pair. A similar structure can be
drawn with a possible tautomer of yC.[21, 22]

Encouraged by the ability of the thermostable Vent exo�

polymerase to incorporate nucleotides opposite the expanded
bases in a DNA template, we next explored the fidelity of this
activity in a polymerase chain reaction (PCR)-based assay. Two
oligonucleotides were synthesized and annealed, each contain-
ing two modifications (one dyT and one dyC), and having a
16nt region of overlap at their 3’ ends (Table 1). PCR was per-
formed using this template and natural dNTPs. Note
that the product after amplification in these reac-
tions is natural DNA, as no modified nucleotides
were used in the PCR. The resulting 79-base-pair (bp)
PCR products were directly cloned into a PCR cloning
vector, and transformed into E. coli. DNA was then
extracted from a small population of the transformed
clones, and the resulting sequences were analyzed.
The obtained sequences (Table 1) provide informa-
tion regarding the fidelity of replication of yT and yC
bases in the initial template DNA. We observed that
in a majority of the clones, the obtained sequence
corresponded to the misincorporation of dT opposite
both yC and yT in the template, consistent with the
above single nucleotide incorporation experiments.
The expanded pairs were formed relatively infre-
quently, with yC being read correctly (that is, incor-

poration of G) in 15 % of clones at one of the two modified po-
sitions and similarly, yT being read correctly (incorporation of
A) in 20 % of clones at one of the two positions. Any other mis-
pairings were rare.

Figure 2. Survey of selectivity of enzymatic nucleotide incorporation oppo-
site yDNA bases. A) and C) show yDNA template bases; B) and D) show nat-
ural bases as controls. Enzymes are Thermococcus litoralis DNA polymerase
(Vent exo�) and Klenow fragment of DNA pol I (KF exo�). Standard 10 mL re-
actions were performed at 37 8C (KF exo�) or 68 8C (Vent exo�) and contained
25 nm radiolabeled primer-template (primer, 5’-TAA TAC AAC TCA CTA TAG
GGA GA-3’; template, 5’-ACT GXT CTC CCT ATA GTG AGT CGT ATT A-3’,
where X = yT,T,yC, or C). A) Reaction solution contained 0.4 units mL�1 Vent
exo� , 500 mm dNTP; reaction time 20 min. B) Reaction contained 0.05 units
mL�1 Vent exo� , 50 mm dNTP; reaction time 3 min. C) Reaction contained
0.02 units mL�1 KF exo� , 50 mm dNTP; reaction time 4 min. D) Reaction con-
taine 0.005 units mL�1 KF exo� ,5 mm dNTP; reaction time 3 min. Products
were resolved by denaturing polyacrylamide gel electrophoresis (7.6 m urea,
20 % acrylamide) and visualized by phosphorimaging.

Figure 3. Proposed structures of mismatched T-yT and T-yC wobble-type
pairs. The similarity in geometry to standard Watson–Crick pairs might ex-ACHTUNGTRENNUNGplain the common T-yT and T-yC mispairing observed in vitro.

Table 1. PCR amplification of templates containing yT and yC bases with natural
dNTPs.

Y2F/Y2R template
primer–ATGTACAAGAACGCACGATATCTTTCAAA-3’

3’-GTGCTATAGAAAGTTTCTACTGCCTTT–primer
Expected sequence

primer–ATGTACAAGAACGCACGATATCTTTCAAAGATGACGGAAA–primer
Observed sequence

primer–ATGAAAAAGAACGCACGATATCTTTCAAAGATGTCGTAAA–primer (55 %)
primer–ATGAAAAAGAACGCACGATATCTTTCAAAGATGACGTAAA–primer (15 %)
primer–ATGAACAAGAACGCACGATATCTTTCAAAGATGTCGTAAA–primer (15 %)
primer–ATGCAAAAGAACGCACGATATCTTTCAAAGATGACGTAAA–primer (5 %)

primer–ATGAAAAGAACGCACGATATCTTTCAAAGATGGCGTAAA–primer (5 %)
primer–ATGAAAAAGAACGCACGATATCTTTCAAAGATGCCGAAAA–primer (5 %)

Observed sequences were obtained after bacterial cloning and sequencing of ampli-
fied duplexes. The yDNA template bases are underlined. Expected bases replacing
these are shown in bold; mutated results are shown in italics. Represented percentag-
es of sequences cloned are as shown.
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To test yDNA base pair replication in a second context, we
next performed PCR using primers that each contained two
yDNA bases. The modified primers were designed such that
the y-bases were incorporated towards the 5’-end, so that
their ability to anneal with the template would not be compro-
mised (Table 2). In these experiments, replication is more chal-
lenging since the polymerase would have to continually use
DNA containing yDNA bases as the template during each step
of PCR. As in the previous assay, the PCR products were direct-
ly cloned and sequenced. We observed again that in the
region downstream from the primer, the observed sequence
corresponded to the misincorporation of T opposite both yC
and yT in the template in the majority of cases. “Correct” incor-
poration of A opposite yT occurred in 20 % of cases on average
(10 % at one position and 30 % at the second position), and of
G opposite yC, in 10 % of cases on average (15 % at one posi-
tion and 5 % at the second position) (Table 2). However, in the
primer binding regions, we observed far fewer misincorpora-
tions. All cases tested (at two sites in each of 20 clones)
showed correct replacement of yT by T, indicating A-yT pairing.
Similarly, yC was replaced by C on an average in 88 % of the
cases (75 % at one position, 100 % at the second position). In
this experiment, it should be noted that the products from
each PCR cycle are modified DNAs containing yC and yT modi-
fications near the ends. This could potentially pose an addi-
tional difficulty for ligation and cloning into the TA vector.
Thus, in this experiment we cannot rule out some possible
bias of the bacterial replication machinery during plasmid rep-
lication for certain sequence outcomes over others, especially
near the ends of the amplified duplexes. Nevertheless, theACHTUNGTRENNUNGresults show that a native polymerase can read and replicate
the information stored by yDNA pairs to a substantial extent.

The above experiments demonstrated that small numbers of
yDNA base pairs can be amplified in vitro and replicated in
vivo. However, the cloned segments were in noncoding parts
of the DNA, and the yDNA bases were processed prior to
reaching cells. Thus, the question remained as to whether
yDNA bases could encode genetic information (as observed by

a phenotype) to any extent in a living system. To directly
probe this question, we examined the in vivo replication of
synthetic DNAs containing yDNA bases without amplification.
A 46-base-pair segment within the green fluorescent protein
(GFP) gene in pGFPuv plasmid vector, a plasmid with a high
copy number of expression in cells, (see Experimental Section)
was replaced with an identical synthetically prepared DNA con-
taining yDNA modifications (Table 3). For this, two complemen-
tary oligonucleotides, both containing increasing numbers of
yT and yC bases within the gene segment, were synthesized.

Table 2. PCR amplification with both primers and templates containing yT and yC bases (using natural dNTPs).

caagagtgccatgcccgaaggt (forward primer)
(reverse primer) gatgttctgcgcacgacttca
Expected sequences
caagagtgccatgcccgaaggttATGTACAAGAACGCACGATATCTTTCAAAGATGACGGAAActacaagacgcgtgctgaagt
Observed sequences
caagagtgccatgcccgaaggttATGAAAAAGAACGCACGATATCTTTCAAAGATGTCGTAAActacaagacgcgtgctgaagt (35 %)
caagagtgccatgcccgaaggttATGAAAAAGAACGCACGATATCTTTCAAAGATGACGTAAActacaagacgcgtgctgaagt (20 %)
caagagtgacatgcccgaaggttATGAAAAAGAACGCACGATATCTTTCAAAGATGTCGTAAActacaagacgcgtgctgaagt (10 %)
caagagtgccatgcccgaaggttATGAATAAGAACGCACGATATCTTTCAAAGATGTCGTAAActacaagacgcgtgctgaagt (5 %)
caagagtgccatgcccgaaggttATGAACAAGAACGCACGATATCTTTCAAAGATGTCGTAAActacaagacgcgtgctgaagt (5 %)
caagagtgacatgcccgaaggttATGAACAAGAACGCACGATATCTTTCAAAGATGTCGTAAActacaagacgcgtgctgaagt (5 %)
caagagtgccatgcccgaaggttATGAAAAAGAACGCACGATATCTTTCAAAGATGACGGAAActacaagacgcgtgctgaagt (5 %)
caagagtgccatgcccgaaggttATGTAAAAGAACGCACGATATCTTTCAAAGATGTCGTAAActacaagacgcgtgctgaagt (5 %)
caagagtgacatgcccgaaggttATGAAAAAGAACGCACGATATCTTTCAAAGATGACGTAAActacaagacgcgtgctgaagt (5 %)
caagagtgacatgcccgaaggttATGTACAAGAACGCACGATATCTTTCAAAGATGTCGTAAActacaagacgcgtgctgaagt (5 %)

The yDNA template bases are underlined. Expected bases replacing these are shown in bold; mutated results are shown in italics. Represented percentag-
es of sequences cloned are as shown. Template sequence is given in Table 1. Observed sequences were obtained after bacterial cloning and sequencing of
amplified duplexes.

Table 3. In vivo replication of gene segments containing yDNA base
pairs.

y-Gene1[a]

5’-GTACAGGAGCGCACTATTTCTTTCAAAGATGACGGAAACTACAAGA
3’-TCCTCGCGTGATAAAGAAAGTTTCTACTGCCTTTGATGTTCTGCGC
Expected sequence
GTACAGGAGCGCACTATTTCTTTCAAAGATGACGGAAACTACAAGA
Observed sequence
GTACAGGAGCGCACTATTTCTTTCAAAGATGACGGAAACTACAAGA (60 %)
GTACAGGAGCGCACTATTTCTTTCATAGATGACGGAAACTACAAGA (40 %)
y-Gene2
5’-GTACAGGAGCGCACTATTTCTTTCAAGGATGACGGAAACTACAAGA-3’
3’-TCCTCGCGTGATAAAGAAAGTTCCTACTGCCTTTGATGTTCTGCGC-5’
Expected sequence
GTACAGGAGCGCACTATTTCTTTCAAGGATGACGGAAACTACAAGA
Observed sequence
GTACAGGAGCGCACTATTTCTTTCAAGGATGACGGAAACTACAAGA (15 %)
GTACAGGAGCGCACTATTTCTTTCAATGATGACGGAAACTACAAGA (60 %)
GTACAGGAGCGCACTATTTCTTTCTATGATGACGGAAACTACAAGA* (15 %)
y-Gene3
5’-GTACAGGAGCGCACTATTTCTTTCAAGGATGACGGAAACTACAAGA-3’
3’-TCCTCGCGTGATAAAGAAAGTTCCTACTGCCTTTGATGTTCTGCGC-5’
Observed sequence
no colonies observed

The yDNA bases are underlined in the synthetic GFP gene segments. Ex-
pected bases replacing these are shown in bold; mutated results are
shown in italics. Percentages of clones are given in brackets. ObservedACHTUNGTRENNUNGsequences were obtained after bacterial cloning and sequencing of syn-
thetic duplexes in a GFP-encoding plasmid. [a] Silent mutation sites (used
as markers) are pictured in gray.
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Upon hybridization of these sequences, a double-stranded
DNA fragment was yielded that had sticky ends similar to
those generated by two restriction enzymes on the plasmid
vector. Genetically silent mutations were also introduced
within the synthetic gene to distinguish the input unnatural
DNA from possible unmodified vector contamination. These
“artificial gene” segments were cloned into the vector, replac-
ing the original sequence, and then transformed into E. coli.
Here, only if the bacterial DNA replication machinery is capable
of correctly propagating the genetic information provided in
the form of modified DNA content, would colonies with green
fluorescence form on an LB plate. Note that the bacteria only
need to make a few faithful copies of the modified plasmid
input initially to foster further natural plasmid replication. A
high copy number yielding plasmid would also help maintain
the continued replication as compared with a low copy
number plasmid.

We found that green colonies were in fact obtained when
gene segments containing one yDNA base and two yDNA
bases in each strand were present in the vector. Transforma-
tion efficiency was lowered by about 200-fold compared to a
control reaction where unmodified DNA was used for ligation
and transformation. However, upon sequencing the resulting
plasmids extracted from the fluorescent colonies from modi-
fied DNAs, we observed that there were many clones where
the genetic information was preserved by correct replication
of the unnatural pairs. When there were two yDNA modifica-
tions in the cloned gene segment, 60 % of the sequences ob-
tained had the expected fidelity of replication with dA added
opposite yT. The mutational tendency for the misinsertion of T
opposite yT was also observed again, with 40 % of the clones
exhibiting the corresponding mutation (Table 3). In the more
stringent case where there were two yDNA modifications in
each strand, the sequences obtained were more diverse, with
only 15 % of the clones showing complete fidelity; a small
population also showed a preference for the addition of AACHTUNGTRENNUNGopposite yC. Interestingly, no misincorporations were observed
while replicating the yDNA modifications in the top strand,
thus showing complete fidelity in the clones tested. In the
case where there were three consecutive yDNA base modifica-
tions in each strand, we did not observe any green transform-
ants, thus indicating the limits of the E. coli replication machi-
nery for yDNA replication.

Conclusions

Overall, our experiments show that despite the large size of
yDNA base pairs, DNA partially modified with yDNA bases can
be recognized and replicated to some extent in vitro even by
natural polymerases. This suggests the future possibility of
finding or developing enzymes that are more accepting of the
large size of these pairs. More surprisingly, yDNA pairs could
be successfully replicated in living bacterial cells to a limited
extent, and we demonstrate for the first time that yDNA base
pairs can help store and transfer information leading to anACHTUNGTRENNUNGobservable phenotype. The findings suggest that with further
development of replicases that can better adapt to altered

ACHTUNGTRENNUNGgeometries genetic systems that use unnatural information-en-
coding architecture may one day be viable.

Experimental Section

Modified oligodeoxynucleotides : Modified nucleoside analogues
dyT and dyC were synthesized and characterized following the
methods described previously.[21] Suitably protected cyanoethyl
phosphoramidite derivatives were prepared following literature
procedures.[21] DNA sequences containing modified bases were
prepared on an Applied Biosystems 394 instrument following the
published methods (Foster City, CA, USA).[15b] Unmodified oligo-
deoxynucleotides were purchased from Integrated DNA technolo-
gies (IDT, Coralville, IA, USA).

Polymerase reactions : 28 mer/23 mer template-primer duplexes
with the sequence (5’-ACT GXT CTC CCT ATA GTG AGT CGT ATT A) ·
(5’-TAA TAC GAC TCA CTA TAG GGA GA), where X is dyT, dyC, dT, or
dC, were used as polymerase substrates. The enzymes used were
the exonuclease-deficient Klenow fragment of DNA polymerase I
(Cat. No. M0212L from New England Biolabs, Ipswich, MA, USA)
and the exonuclease-deficient Vent DNA polymerase from T. litor-
alis (Cat. No. M0257S from New England Biolabs). Primer 5’-termini
were radiolabeled by using 5’-[g-32P]-ATP (Amersham Biosciences,
Piscataway, NJ, USA) and T4 Polynucleotide Kinase (Invitrogen,
Carlsbad, CA, USA). Labeled primers were purified by MicroSpinTM

G-25 columns (Amersham Biosciences). The single nucleotide inser-
tion reactions were performed at 37 8C (for KF exo�) or 68 8C (for
Vent exo�). Reaction buffer (10 � ) contained Tris-HCl (500 mm,
pH 7.4), MgCl2 (100 mm), DTT (10 mm), BSA (0.5 mg mL�1) for KF
exo� ; or KCl (100 mm), (NH4)2SO4 (100 mm), Tris-HCl (200 mm,
pH 8.8), MgSO4 (20 mm) Triton X-100 (1 %) for Vent exo� . duplex
solution (2.5 mL) containing nonradiolabeled duplex (5 mm), radiola-
beled duplex (25 nm) and reaction buffer (2 � ) was mixed with
enzyme solution (2.5 mL) containing varied concentrations of
enzyme and reaction buffer (2 � ), and was incubated for one
minute. dNTP solution (5.0 mL) at various concentrations was then
added and the mixture reacted for various times (see legend of
Figure 2). Reactions were stopped by addition of stop buffer
(15 mL) containing formamide (40 %), xylene cyanol (0.05 %) and
bromophenol blue (0.05 %). Products were resolved by denaturing
polyacrylamide gel electrophoresis (7.6 m urea, 20 % acrylamide)
and visualized by phosphorimager (Amersham Biosciences, former-
ly Molecular Dynamics) and ImageQuant program.

Polymerase amplification : For the PCR amplification experiments,
primers (0.4 mm each), templates (50 ng of annealed double-strand-
ed DNA, Table 1), and dNTPs (200 mm each), were mixed with reac-
tion buffer and Vent exo� polymerase (both from New England Bio-
labs, Ipswich, MA; Cat No: M0254S) and adjusted to a final reaction
volume of 50 mL with water. The reaction conditions consisted of
an initial denaturation step of 95 8C for 1 min, followed by 20
cycles of 94 8C for 30 s, 50 8C for 30 s, and 68 8C for 40 s. Products
after PCR were visualized on an agarose gel. The conditions for the
PCR reactions were initially optimized to determine the optimal an-
nealing and extension temperatures for amplification using modi-
fied yDNA templates and Vent DNA polymerase. In general, with
modified DNA as templates, it was observed that higher elongation
temperature provided more robust amplifications.

Plasmid construction and cloning : The products from PCR assays
using yDNA templates were directly cloned into the pCR2.1 vector
using TA cloning kit (Invitrogen; cat no: K4575) and transformed
into E. coli. Plasmid DNA was isolated from the transformants using
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Miniprep DNA isolation kit (Qiagen, Valencia, CA, USA) and the am-
plified region was sequenced using appropriate primers. All DNA
sequencing was done using the standard automated fluorescent
sequencing techniques.

For cloning the GFP gene segment containing the yDNA bases to
pGFPuv plasmid (Clontech, Mountain View, CA; Cat No:632312),
which is a high copy number plasmid yielding ~500 copies per
cell, the vector was first prepared by digesting the plasmid with
the restriction enzymes, BsrGI and MluI (New England Biolabs); this
removes a 46-base-pair region from within the GFP gene. The re-
sulting linearized vector with cohesive ends was ligated with the
annealed duplex DNA containing the yDNA bases (Table 3) using
T4 DNA ligase (New England Biolabs). The ligated product was
transformed to BL21 (DE3) cells (Stratagene, La Jolla, CA, USA) and
plated on LB agar plates containing ampicillin and isopropyl thio-
galactosidase (IPTG). The green fluorescent colonies obtained after
transformation, identified by viewing under UV transilluminator,
were picked, plasmid DNA isolated, and the cloned region within
the gene was sequenced. Transformation efficiencies were com-
pared with that of a control ligation reaction under identical condi-
tions using unmodified duplex DNA, which was otherwise identical
in sequence to the yDNA containing segment.
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