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ABSTRACT

We have developed a family of unnatural base pairs
(UBPs), which rely on hydrophobic and packing inter-
actions for pairing and which are well replicated and
transcribed. While the pair formed between d5SICS
and dNaM (d5SICS-dNaM) has received the most at-
tention, and has been used to expand the genetic
alphabet of a living organism, recent efforts have
identified dTPT3-dNaM, which is replicated with even
higher fidelity. These efforts also resulted in more
UBPs than could be independently analyzed, and
thus we now report a PCR-based screen to iden-
tify the most promising. While we found that dTPT3-
dNaM is generally the most promising UBP, we iden-
tified several others that are replicated nearly as well
and significantly better than d5SICS-dNaM, and are
thus viable candidates for the expansion of the ge-
netic alphabet of a living organism. Moreover, the re-
sults suggest that continued optimization should be
possible, and that the putatively essential hydrogen-
bond acceptor at the position ortho to the glycosidic
linkage may not be required. These results clearly
demonstrate the generality of hydrophobic forces
for the control of base pairing within DNA, provide
a wealth of new structure–activity relationship data
and importantly identify multiple new candidates for
in vivo evaluation and further optimization.

INTRODUCTION

Expansion of the genetic alphabet by development of a
replicable unnatural base pair (UBP) has attracted sig-
nificant attention (1–7) since report of the first efforts in

1989 (8). For over a decade, we have explored the use of
hydrophobic and packing forces to drive the stable and se-
lective pairing of unnatural nucleotides in DNA and dur-
ing replication and transcription. Our initial work focused
on the replacement of the natural purine or pyrimidine nu-
cleobases with predominantly hydrophobic analogs based
on benzene-, naphthalene-, isocarbostiryl-, pyridine- and
pyridone-scaffolds (9). However, the number of candidate
UBPs formed by these nucleotides soon exceeded the num-
ber that could be analyzed individually, and as a result, we
conducted a screen wherein 3600 candidate UBPs were an-
alyzed (10). This screen identified the pair formed between
dSICS and dMMO2 (dSICS-dMMO2), which upon opti-
mization yielded d5SICS-dMMO2 (Figure 1), whose rela-
tively efficient replication by a variety of DNA polymerases
(11) validated the use of hydrophobic and packing forces in-
stead of the canonical Watson–Crick hydrogen-bonds (H-
bonds) that underlie the replication of natural base pairs.
In addition, one of clearest structure–activity relationships
(SARs) to emerge from these studies was the apparent im-
portance of an H-bond acceptor positioned ortho to the gly-
cosidic linkage (10,12,13), which as with natural DNA (14–
16), was thought to mediate the formation of a critical H-
bond with a polymerase donor.

Our efforts to optimize the UBP then turned to improv-
ing dMMO2 as a partner for d5SICS, eventually yielding
d5SICS-dNaM (Figure 1). d5SICS-dMMO2 and especially
d5SICS-dNaM are replicated (2,10,17) and transcribed (18)
sufficiently well for many applications, and we have used
linker-modified versions to enzymatically synthesize site-
specifically labeled DNA and RNA (4,19). Most impor-
tantly, we have incorporated d5SICS-dNaM into a plasmid
that is stably propagated in Escherichia coli, creating the first
semi-synthetic organism with an expanded genetic alpha-
bet (20). Nonetheless, the demands of in vivo replication in
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Figure 1. The most promising UBPs previously identified. Sugar and phosphate backbone are omitted for clarity.

different organisms and in all possible sequence contexts,
including those containing multiple UBPs, is likely to re-
quire further optimization, which has proceeded, at least in
part, based on the structure of the UBP formed in the ac-
tive site of a DNA polymerase (3,21). Additional analogs of
both d5SICS and dNaM were synthesized that in all cases
maintained the putatively essential H-bond acceptor posi-
tioned ortho to the glycosidic bond. These efforts yielded
d5SICS-dFEMO (22), and ultimately dTPT3-dNaM (23)
(Figure 1). Although d5SICS-dFEMO is replicated with an
efficiency and fidelity similar to that of d5SICS-dNaM, its
propinyl group provides a natural site for post-amplification
derivatization and thus for site-specific DNA labeling. In
contrast, when incorporated into DNA dTPT3-dNaM is
replicated better than either d5SICS-dMMO2 or d5SICS-
dNaM, with rates approaching those of a natural base pair.

Despite the efficient replication of DNA containing
dTPT3-dNaM, it was uncertain whether it was the most
promising UBP formed between the nucleotides that had
been synthesized. This is because the optimization efforts
again resulted in the synthesis of too many nucleotide
analogs to analyze all possible combinations individually.
Here, we report a screen of a library of 111 unnatural
nucleotides (resulting in ∼6000 candidate UBPs) drawn
from our complete set of analogs, including those syn-
thesized after the identification d5SICS-dMMO2, which
are structurally more homologous to either d5SICS or
dNaM, as well as those synthesized before the identification
of d5SICS-dMMO2, which are more structurally diverse.
However, unlike our previously reported screen, which was
based on the steady-state synthesis of a single strand of
DNA, the current screen relies on polymerase chain reac-
tion (PCR) amplification. This approach was selected be-
cause PCR is an important practical tool with which any
identified UBPs should be immediately compatible, and fur-
ther it has allowed us to screen for fidelity in a straightfor-
ward manner, by sequencing the amplification products. We
found that dTPT3-dNaM is, in general, the most efficiently
replicated of the UBPs examined; however, we also iden-
tified seven additional and structurally distinct UBPs that
are better replicated than d5SICS-dNaM and should thus
be sufficiently well replicated to underlie the expansion of
an organism’s genetic alphabet. In addition, we identified
two UBPs that are reasonably well replicated despite one
constituent nucleobase lacking the putatively essential or-
tho H-bond acceptor, which challenges the assumption, at
least for UBPs, that the H-bond acceptor is required for ef-
ficient replication. Finally, additional SAR data were gen-
erated that should facilitate the further optimization of this
class of UBP.

MATERIALS AND METHODS

General

The triphosphates of the �6 group were prepared from the
previously reported nucleosides (24) according to literature
procedure (25) (See Synthetic Methods and Spectra in Sup-
plementary Data and Supplementary Table S1). The purity
of all other triphosphates was confirmed by MALDI-TOF
and UV-VIS. Taq and OneTaq DNA polymerases were pur-
chased from New England Biolabs (Ipswich, MA, USA).
A mixture of dNTPs was purchased from Fermentas (Glen
Burnie, MD, USA). SYBR Green I Nucleic Acid Gel Stain
(10 000×) was purchased from Life Technologies (Carls-
bad, CA, USA). The synthesis of the DNA templates, D8
(2), used for screening rounds 1–5, and D6 (26), used for all
other amplifications, was described previously; sequences of
templates are provided in Supplementary Table S2. Sanger
sequencing was carried out as described previously (2). Raw
Sanger sequencing traces were used to determine the per-
cent retention of the UBPs, which was converted to fidelity
per doubling, as described previously (2,26) and in the Sup-
plementary Data.

Screen PCR assay conditions

All PCR amplifications were performed in a CFX Con-
nect Real-Time PCR Detection System (Bio-Rad), in a total
volume of 25 �l using the following conditions: 1× One-
Taq reaction buffer, 0.5× Sybr Green I, MgSO4 adjusted to
4.0 mM, 0.2 mM of each dNTP, 50 �M of each unnatural
triphosphate, 1 �M of Primer1 and Primer2 (See Supple-
mentary Table S2) and 0.02 U/�l of the DNA polymerase.
Other conditions specific for each round of screening are
described in Supplementary Table S3. Amplified products
were purified using DNA Clean and Concentrator-5 spin
columns from Zymo Research (Irvine, CA, USA). After
purification, the PCR products were sequenced on a 3730
DNA Analyzer (Applied Biosystems) to determine the re-
tention of the UBP as described in the Supplementary Ma-
terial. Fidelity was characterized from UBP retention as de-
termined by sequencing with Primer1 on a 3730 DNA An-
alyzer (Applied Biosystems).

Specific PCR assay conditions

PCR with the most promising UBPs was carried out with
the conditions as described in Supplementary Table S3.
PCR products were further purified on 2% agarose gels, fol-
lowed by single band excision and subsequent clean up us-
ing the Zymo Research Zymoclean Gel DNA Recovery Kit.
After elution with 20 �l of water, the DNA concentration



Nucleic Acids Research, 2014, Vol. 42, No. 16 10237

was measured using fluorescent dye binding (Quant-iT ds-
DNA HS Assay kit, Life Technologies), and purified am-
plicons were sequenced in triplicate with both Primer1 and
Primer2 to determine UBP retention and thus amplification
fidelity (see Supplementary Figures S1–S3). Amplification
of DNA containing the pairs involving analogs of group �6
was performed with OneTaq polymerase under the follow-
ing thermal cycling conditions: initial denaturation at 96◦C
for 1 min; 16 cycles of 96◦C for 10 s, 60◦C for 15 s, 68◦C for
1 min. Fidelity was determined by sequencing amplicons in
the Primer1 direction in triplicate (Supplementary Figure
S4). Amplification of DNA containing the UBPs formed
between dTPT3 and d2MN or dDM2 was performed using
OneTaq or Taq polymerases for 16 cycles under the follow-
ing thermal cycling conditions: (i) OneTaq: initial denatu-
ration at 96◦C for 1 min, 96◦C for 10 s, 60◦C for 15 s, 68◦C
for 1 min; or (ii) Taq: initial denaturation at 96◦C for 1 min,
96◦C for 5 s, 60◦C for 5 s, 68◦C for 10 s. Fidelity was deter-
mined by sequencing amplicons in the Primer1 direction in
triplicate (Supplementary Figure S5).

RESULTS

To screen for well replicated UBPs, unnatural deoxynu-
cleoside triphosphates were grouped for analysis into ei-
ther dMMO2/dNaM- or d5SICS/dTPT3-like analogs, al-
though the distinction is not completely clear in all cases.
In total, 80 dMMO2/dNaM analogs were grouped into
12 ‘� groups’ (�1–�12; Figure 2), and 31 d5SICS/dTPT3
analogs were grouped into six ‘� groups’ (�1–�6; Figure 3).
Note that the group designations used here should not be
confused with anomer designation (all analogs examined
are � glycosides). In addition, to increase the SAR con-
tent of the screen, seven previously reported nucleoside
analogs (dTOK576–dTOK588) with substituted pyridyl nu-
cleobases (24) were phosphorylated as described in Supple-
mentary Data, and included as group �6. For screening, a
134-mer single-stranded DNA template containing a cen-
trally located dNaM (which has been used previously and is
referred to as D8 (2)) was PCR amplified in the presence of
the natural triphosphates (200 �M each), all pairwise com-
binations of an � and a � triphosphate group (50 �M each),
and 0.02 U/�l DNA polymerase. During the first round of
PCR, dNaM templates the incorporation of a � analog and
is then replaced by an � analog when the original strand
is copied in the second round, with the resulting UBP am-
plified in subsequent rounds. The amplification product of
each reaction was analyzed by Sanger sequencing (Supple-
mentary Data). As reported previously, the presence of an
unnatural nucleotide results in the abrupt termination of the
sequencing chromatogram, allowing the level of UBP reten-
tion to be quantified by the amount of read through (2,26).
The percentage of UBP retained in the DNA after amplifi-
cation during each round of screening is shown in Figure 4.

The first round of screening employed 0.1 ng of tem-
plate and 16 cycles of amplification under relatively permis-
sive conditions that included OneTaq polymerase and a 1
min extension time. For our purposes, OneTaq is consid-
ered permissive because it is a mixture of Taq (a family A
polymerase (27,28)) and Deep Vent (a family B polymerase
(27,28)), with the latter possessing exonucleotidic proof-

reading that allows for the excision of an incorrectly in-
corporated triphosphate. Under these conditions, only the
pairs involving group �5 or �6 showed high retention.

The combinations of �5 or �6 and the � groups that
showed the highest retention were progressed to a second
round of screening, wherein they were divided into smaller
groups (denoted by a, b or c; Figures 2 and 3). High re-
tention (≥97%) was observed with �5a and �2c, �9a, �9c,
�10a, �10c, �12b or �12c; with �5b and �9a, �9b, �10c
or �12b and with �6b and �10c. Moderate retention (84–
96%) was observed with �5a and �1a, �1b, �6a, �9b, �10b
or �12a; �5b and �1a, �1b, �2c, �6a, �9c, �10a, �12a or
�12c; �6a and �1b or �10c and �6b and �1a, �6a, �9�–c,
�10a, �10b or �12a–c.

For a third round of screening, � analogs were ana-
lyzed in groups of only one to three compounds, and group
�6a was subdivided into its two constituent triphosphates,
dTPT1TP and dFPT1TP. The highest retention (≥90%)
was observed with �5a and �1a, �2cII, �9a–c, �10aI,
�10aII, �10c, �12b or dTfMOTP; �5b and �9a, �9c or
�10c; dFPT1TP and �10aI and �6b and �1a, �9a–c, �10aI,
�10aII, �10c, �12b, dNMOTP, dTfMOTP or dCNMOTP.
Only slightly less retention (80–89%) was seen with �5a and
�2cI, �12a, dNMOTP, dQMOTP or dTOK587TP; �5b and
�1a, �2cII, �10aI, �10aII, �12b or dTOK587TP; dFPT1TP
and �10c and �6b and �12a, dQMOTP, dFuMO1TP or
dTOK587TP.

For a fourth round of screening, all of the � derivatives
were analyzed as individual triphosphates, with the excep-
tion of �9b and �9c, which remained grouped. The high-
est retention (≥91%) was observed with �5a and �9b, �9c,
dFIMOTP, dIMOTP, dFEMOTP, dMMO2TP, d2OMeTP,
dDMOTP, d5FMTP, dNaMTP, dVMOTP, dZMOTP,
dClMOTP, dTfMOTP, dQMOTP, d2MNTP, dDM2TP or
dTOK587TP; �5b and �9b, �9c, dFIMOTP, dIMOTP,
dFEMOTP, dNaMTP, dZMOTP, dClMOTP, dQMOTP,
dMM1TP, dDM2TP or dTOK587TP; �6 analog dFPT1TP
and � analogs d2OMeTP or dNaMTP and �6b and
�9b, �9c, dFIMOTP, dIMOTP, dFEMOTP, dMMO2TP,
dDMOTP, dTMOTP, dNMOTP, d5FMTP, dNaMTP,
dVMOTP, dZMOTP, dClMOTP, dTfMOTP, dQMOTP,
dCNMOTP, d2MNTP, dTOK587TP or dFuMO2TP.

To increase the stringency of the screen, a fifth round
was performed with Taq polymerase instead of OneTaq,
as it lacks exonuclease proofreading activity and thus in-
creases the sensitivity to mispair synthesis. This round
also separated all remaining � and � groups into individ-
ual triphosphates. The highest retention (≥90%) was seen
with dSICSTP and dNaMTP; dSNICSTP and dNaMTP;
dTPT2TP and dFDMOTP; dTPT3TP and dFIMOTP,
dIMOTP or dNaMTP and dFTPT3TP and dFIMOTP,
dIMOTP, dFEMOTP, dNMOTP, dNaMTP, dClMOTP,
dTfMOTP or dCNMOTP.

To better differentiate between the UBPs, we pro-
gressed the 62 most promising candidate UBPs to a sixth
round of screening in which the template concentration
was decreased 10-fold (to 10 pg) to allow for greater
amplification, and thereby afford greater discrimina-
tion, and the template was changed to D6 (26), where
the three flanking nucleotides on either side of the un-
natural nucleotide are randomized among the natural
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Figure 2. � group unnatural deoxynucleoside triphosphates. d2OMe and dMMO1 were moved from Group �1 to the groups indicated after the first round
of screening. Sugar and phosphate backbone are omitted for clarity. References for each compound are provided in Supplementary Table S6.
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Figure 3. � group unnatural deoxynucleoside triphosphates. Sugar and phosphate backbone are omitted for clarity. References for each compound are
provided in Supplementary Table S6.
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Figure 4. UBP retention (%) after PCR amplification during each round of screening. Open squares indicate UBPs that were not evaluated; light gray
squares indicate UPBs that were replicated with less than 50% retention, while those that resulted in higher retention are indicated with darker shading
and with the retention value included.

Table 1. Characterization of the most promising UBPs

d�TP d�TP Amplification, ×1012 Retention, % Fidelity per doubling, %

Taq, 10 s Extension
TPT3 FIMO 8.5 84 ± 3 99.60 ± 0.09

IMO 6.3 81 ± 5 99.50 ± 0.15
FEMO 5.0 79 ± 3 99.44 ± 0.09
NaM 5.8 86.5 ± 0.5 99.66 ± 0.01

FTPT3 FIMO 4.8 84 ± 3 99.60 ± 0.09
IMO 5.6 82 ± 5 99.54 ± 0.13
FEMO 5.7 81 ± 4 99.51 ± 0.11
NaM 3.7 91 ± 6 99.76 ± 0.15

5SICS NaM 9.3 <50b <85b

OneTaq, 1 min Extension
TPT3 FIMO 8.7 84.7 ± 1.1 99.61 ± 0.03

IMO 9.4 82.9 ± 1.7 99.56 ± 0.05
FEMO 10.4 82.2 ± 1.0 99.55 ± 0.03
NaM 8.3 91.2 ± 1.3 99.79 ± 0.03

FTPT3 FIMO 8.2 86 ± 3 99.65 ± 0.08
IMO 7.1 76.8 ± 1.6 99.38 ± 0.05
FEMO 6.3 72.4 ± 1.4 99.24 ± 0.04
NaM 7.0 90 ± 2 99.76 ± 0.06

5SICS NaM 8.1 77.1 ± 0.7 99.00 ± 0.02

aRetention and fidelity determined as described in Materials and Methods.
bUBP retention below 50%, and fidelity is thus estimated to be <85%.

nucleotides. Moreover, the denaturation and annealing
steps were decreased to 5 s each, and the extension time
was decreased to 10 s. Under these conditions, we ex-
plored amplification either with OneTaq or with Taq
alone. The results with OneTaq showed the highest reten-
tion (>95%) with dSICSTP and dNaMTP; dSNICSTP
and dFEMOTP; dTPT3TP and dFIMOTP, dIMOTP,

dFEMOTP, dZMOTP or dNaMTP and dFTPT3TP
and dIMOTP or dFEMOTP. Moderate retention (86–
94%) was observed with dSICSTP and dFEMOTP
or dDM2TP; d5SICSTP and dNaMTP; dSNICSTP
or dIMOTP; dTPT2TP and dNaMTP; dTPT3TP
and dNMOTP, dClMOTP, dQMOTP, dCNMOTP or
d2MNTP and dFTPT3TP and dFIMOTP, dNaMTP,



Nucleic Acids Research, 2014, Vol. 42, No. 16 10241

Table 2. Characterization of additional promising UBPs

d�TP d�TP Retention (%)

SICS NaM 99a

SICS FEMO 92b

SNICS NaM 90a

SNICS FEMO 95b

SNICS IMO 88b

TPT3 NMO 89b

TPT3 ZMO 86b

TPT3 ClMO 90b

TPT3 QMO 90b

TPT3 CNMO 91b

FTPT3 NMO 94a

FTPT3 ZMO 88a

FTPT3 ClMO 97a

FTPT3 QMO 87a

FTPT3 CNMO 94a

aPCR Conditions: 100 pg D8 template (2) amplified for 16 cycles with Taq polymerase under thermocycling conditions: initial denaturation at 96◦C for 1
min, 96◦C for 30 s, 60◦C for 15 s, 68◦C for 60 s.
bPCR Conditions: 10 pg D6 template (26) amplified for 24 cycles with OneTaq polymerase under thermocycling conditions: initial denaturation at 96◦C
for 1 min, 96◦C for 5 s, 60◦C for 5 s, 68◦C for 10 s.

dZMOTP, dClMOTP, dTfMOTP or dCNMOTP. While
retention during Taq-mediated amplification was in gen-
eral reduced relative to that with OneTaq, the general
trends were similar. The highest retention (>96%) was
observed with dTPT3TP and dFIMOTP or dIMOTP,
and with dFTPT3TP and dFIMOTP. Only slightly lower
retention (89–94%) was observed with dTPT3TP and
dFEMOTP, dNaMTP or dCNMOTP and dFTPT3TP and
dIMOTP, dFEMOTP, dNaMTP, dClMOTP, dCNMOTP
or d2MNTP.

Amplification with the most promising combinations of
triphosphates, dTPT3TP or dFTPT3TP and dFIMOTP,
dIMOTP, dFEMOTP or dNaMTP, was then performed
over 52 cycles with Taq and a 10 s extension time, to
explore particularly stringent conditions, or with OneTaq
and a 30 s extension time, to explore more practical con-
ditions (Table 1, Figure 5). Both amplified strands were
sequenced in triplicate to determine UBP retention with
high accuracy. With Taq, dTPT3-dNaM, dTPT3-dFIMO,
dFTPT3-dNaM and dFTPT3-dFIMO showed the highest
retention, while the pairs involving dIMO and dFEMO
showed somewhat less retention. With OneTaq, dTPT3-
dNaM and dFTPT3-dNaM showed the highest retention,
followed closely by dFTPT3-dFIMO and dTPT3-dFIMO.

The screening data suggest that several pairs formed be-
tween dTPT3 and the previously unexamined pyridine-
based derivatives of �6 were reasonably well replicated.
Thus, we examined in triplicate the amplification of DNA
containing these UBPs using OneTaq and 16 amplifica-
tion cycles with 1 min extension times (Supplementary Ta-
ble S4). The pairs formed between dTPT3 and dTOK580,
dTOK582 or dTOK586 were poorly replicated. However,
the pairs formed between dTPT3 and dTOK588, dTOK581,
dTOK576 and dTOK587 were amplified with a retention of
62%, 65%, 85% and 94%, respectively.

Finally, the screening data suggested that the pairs
formed between dTPT3 and d2MN or dDM2 are reason-
ably well replicated, despite neither d2MN nor dDM2 pos-
sessing a putatively essential ortho H-bond acceptor. Thus,

these pairs were further examined via 16 cycles of amplifi-
cation with OneTaq or Taq alone, and with extension times
of either 1 min or 10 s (Supplementary Table S5). With
Taq alone, only poor retention was observed. However, with
OneTaq, retention was better for both pairs. Retention of
the dTPT3-dDM2 pair is 58% and 69% with 1 min and 10
s extension times, respectively. Remarkably, dTPT3-d2MN
is amplified with retentions of 96% and 94% with 1 min and
10 s extension times, respectively.

DISCUSSION

By relying on the propagation of DNA containing d5SICS-
dNaM, we have recently succeeded in creating the first semi-
synthetic organism with an expanded genetic alphabet (20).
Nonetheless, the creation of semi-synthetic organisms that
indefinitely retain the UBP in all possible sequence contexts,
including those that are difficult to replicate or that contain
multiple UBPs, will likely be facilitated by the availability
of multiple, structurally distinct UBPs. Significant progress
toward this goal was recently reported with discovery of the
dTPT3-dNaM UBP (23). However, as we have synthesized
more analogs of d5SICS/dTPT3 (referred to herein as �
derivatives) and dNaM (� derivatives) than can be evaluated
individually, it was not clear whether dTPT3-dNaM was
even the best UBP among those already available. Thus, we
initiated a PCR-based screen to identify the most promis-
ing UBPs. In addition, to increase the SAR content of the
screen, we included seven novel � derivatives that are based
on a pyridyl scaffold with different substituents at the posi-
tions ortho and para to the glycosidic linkage.

SAR data

Even under permissive conditions, where exonucleotidic
proofreading activity was present and extension times were
1 min, only mixed groupings of � analogs with � analogs
showed significant levels of retention, demonstrating that
efficient replication requires the pairing of an � scaffold with
a � scaffold. However, the only d� groups that showed high
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Figure 5. UBPs identified by the present study.

retention were �5 and �6. This reveals the privileged sta-
tus of the d5SICS/dTPT3-like scaffold relative to all of the
others examined. Surprisingly, the dominant contribution
to the high retention with group �5 proved to result not
from pairs involving d5SICS, but rather from pairs involv-
ing dSICS, and to a lesser extent dSNICS. For example, un-
der all conditions, dSICS-dNaM was better replicated than
d5SICS-dNaM. Interestingly, d5SICS resulted from the op-
timization of dSICS for pairing with dMMO2 (10); appar-
ently, the increased bulk of dNaM makes the added methyl
group deleterious. Furthermore, dSNICS-dNaM is repli-
cated nearly as well (with OneTaq) or better (with Taq) than
d5SICS-dNaM, suggesting that a 6-aza substituent opti-
mizes UBP synthesis by facilitating insertion of the unnat-
ural triphosphate opposite dNaM or by increasing the effi-
ciency with which the unnatural nucleotide templates the in-
sertion of dNaMTP. Finally, dSNICS-dFEMO is also bet-
ter replicated than d5SICS-dNaM, but only in the presence
of proofreading, suggesting that while triphosphate inser-
tion may be less efficient, increased efficiency of extension
results in an overall increase in fidelity. The dominant con-
tribution to high-fidelity retention with group �6 was pro-
vided by dTPT3 and dFTPT3. In general, both paired well
with dNaM, dFEMO, dFIMO or dIMO. dTPT3 paired es-
pecially well with dFIMO and dIMO, suggesting that the
para iodo substituent mediates favorable interactions, and
it also paired well with dFEMO and especially dNaM when
exonuclease activity was present. dFTPT3 paired well with
either dIMO or dFEMO in the presence of exonuclease ac-
tivity, as well as with dFIMO and dNaM in its absence.

While the nitrogen substituent of the pyridine-based �
analogs (group �6) was generally detrimental for replica-
tion, a more detailed analysis of the UBPs formed with
dTPT3 revealed several interesting trends. As has been ob-
served with other scaffolds, a methyl, chloro or amino sub-
stituent at the position ortho to the C-glycosidic linkage re-
sulted in poorly replicated pairs, presumably due to poor ex-
tension after incorporation of the unnatural triphosphate.
Also as has been observed with other scaffolds, the ortho
methoxy substituent of dTOK581 resulted in better replica-
tion, presumably due to its ability to both hydrophobically
pack with the template during UBP synthesis and accept
an H-bond with a polymerase-based H-bond donor during

extension (10). Surprisingly, the data also revealed that the
methylsulfanyl ortho substituent of dTOK588, dTOK576
and especially dTOK587 results in better replication. This
improvement is likely due to a more optimized compro-
mise between the ability to hydrophobically pack and the
ability to accept an H-bond from the polymerase at the
primer terminus. We also found that the para substituent
in this series of derivatives can contribute to efficient repli-
cation, with a bromo substituent being the best, followed
by a second methylsulfanyl group, and then finally a sim-
ple methyl group. When dTOK587, with its combination of
the ortho methylsulfanyl and para bromo substituents, was
paired with dTPT3, the resulting UBP was replicated by
OneTaq and 1 min extension times with a fidelity (calcu-
lated from retention level as reported previously (2,26)) of
99.3%, which is slightly better than d5SICS-dMMO2 un-
der similar conditions. Clearly, similar ortho methylsulfanyl
and para bromo substituents should be examined with the
more efficiently replicated �-like scaffolds, such as dFIMO
and dNaM.

The replication of the pairs formed between dTPT3 and
d2MN or dDM2 also merits discussion. DNA containing
these pairs is not amplified by Taq alone, but is surpris-
ingly well amplified by OneTaq. This result was unexpected
because neither d2MN nor dDM2 possesses the ortho H-
bond acceptor that has been postulated to be essential for
extension of the nascent (natural or unnatural) primer ter-
minus. Specifically, when a nucleotide is positioned at the
growing primer terminus, the H-bond acceptor is disposed
into the developing minor groove where it accepts an H-
bond from the polymerase, and this H-bond is thought to
be required for proper terminus alignment (14–16). When
amplified with OneTaq and a 1 min extension time, dTPT3-
d2MN is replicated with a fidelity of 99.5%, which only
drops to 99.1% when the extension time is reduced to 10
s. The absence of amplification in the absence of proof-
reading, coupled with the only small decrease observed in
the presence of proofreading when extension times were re-
duced, implies that the surprisingly high-fidelity amplifica-
tion of DNA containing dTPT3-d2MN results from selec-
tive extension of the UBP relative to mispairs. This suggests
that the absence of an ortho H-bond acceptor is more dele-
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terious for the extension of a mispair than for the extension
of the UBPs.

Efforts toward the expansion of the genetic alphabet

Overall, the data confirms that dTPT3-dNaM is the most
promising UBP of those currently available, and current ef-
forts toward the expansion of the genetic code will focus
on this UBP. However, the pairs formed between dTPT3
and dFEMO, dFIMO or dIMO, or between dFTPT3 and
dNaM, dFEMO, dFIMO or dIMO, are also particularly
promising. Given that each of these eight pairs is replicated
more efficiently than d5SICS-dNaM, and that d5SICS-
dNaM is sufficiently well replicated to be stably propagated
within a cell (20), each of these UBPs is a viable candi-
date for use in the expansion of an organism’s genetic code.
Clearly, the core scaffolds represented by dTPT3 and dNaM
are a general solution to the challenge of storing genetic in-
formation, a property previously only associated with the
purines and pyrimidines of the natural nucleotides.

In addition to the most promising UBPs noted above,
it is noteworthy that a remarkable number of additional
novel pairs are replicated with only a moderately reduced
fidelity, or are replicated with a high fidelity when the am-
plification is performed under less stringent conditions (Ta-
ble 2). Along with the most efficiently replicated UBPs,
these pairs provide a wide range of scaffolds with diverse
physicochemical properties for further optimization efforts.
This is especially critical in the effort to optimize in vivo
replication, where different physicochemical properties are
expected to bestow the constituent nucleotides with dif-
ferent pharmacokinetic-like properties, the optimization of
which is also likely to be important during the effort to cre-
ate stable and healthy semi-synthetic organisms that are able
to store and retrieve increased genetic information.
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