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“alphabets” might also expand the functional potential of
nucleic acids. Key contributions include the observation by
Hirao and his co-workers that adding a ﬁfth nucleotide to a
DNA aptamer increased its aﬃnity for its target,3 the use of
expanded genetic alphabets to increase the amino acid “lexicon”
of proteins in ribosome-based translation,4 the development of
full in vitro selection protocols that exploit 6-nucleotide DNA
libraries,5 and the improved performance of DNA that does not
add nucleotides to the DNA “alphabet”, but rather appends
functional groups to the four standard nucleobases.6,7 More
recently, Romesberg created a strain of E. coli that maintains in
a plasmid (for 15 h) one exemplar of a nonstandard nucleobase
pair not joined by hydrogen bonds.8
Axiomatically, adding two nucleotides to the four found in
standard xNA increases the “sequence space” of the system.
However, if the added pairs deviate too greatly from canonical
Watson−Crick geometry, standard polymerases will be unable
to explore that space, especially that part where nonstandard
nucleotides are nearby or adjacent in the sequence. For
example, nonstandard nucleotides from the Hirao,3,9,10
Romesberg,8,11−13 and Kool14−16 groups (Figure S1) all lack
internucleobase hydrogen bonding, designed to pair edge-on by
steric complementarity alone. In addition to deviating
substantially from the Watson−Crick pairing “concept”, some
do not pair as designed. For example, the Romesberg
nucleobases intercalate11,12 rather than lying coplanar in a
DNA double helix; an edge-on geometry is enforced only by
interaction with a polymerase.13 This creates challenges in
building DNA duplexes with adjacent and nearby nonstandard
pairs.

ABSTRACT: Axiomatically, the density of information
stored in DNA, with just four nucleotides (GACT), is
higher than in a binary code, but less than it might be if
synthetic biologists succeed in adding independently
replicating nucleotides to genetic systems. Such addition
could also add functional groups not found in natural
DNA, but useful for molecular performance. Here, we
consider two new nucleotides (Z and P, 6-amino-5-nitro-3(1′-β-D-2′-deoxyribo-furanosyl)-2(1H)-pyridone and 2amino-8-(1′-β-D-2′-deoxyribofuranosyl)-imidazo[1,2-a]1,3,5-triazin-4(8H)-one). These are designed to pair via
complete Watson−Crick geometry. These were added to a
library of oligonucleotides used in a laboratory in vitro
evolution (LIVE) experiment; the GACTZP library was
challenged to deliver molecules that bind selectively to
liver cancer cells, but not to untransformed liver cells.
Unlike in classical in vitro selection, low levels of mutation
allow this system to evolve to create binding molecules not
necessarily present in the original library. Over a dozen
binding species were recovered. The best had Z and/or P
in their sequences. Several had multiple, nearby, and
adjacent Zs and Ps. Only the weaker binders contained no
Z or P at all. This suggests that this system explored much
of the sequence space available to this genetic system and
that GACTZP libraries are richer reservoirs of functionality than standard libraries.

T

he possibility of increasing the number of replicable
nucleotides in DNA and RNA (collectively xNA) above
the standard four found in natural terran xNA was noted a
quarter-century ago.1,2 However, only recently has the broader
scientiﬁc community come to recognize that expanded genetic
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in vitro evolution (LIVE) experiments to create useful DNA
molecules. LIVE is analogous to in vitro selection or
SELEX.23−26 In these, however, the high ﬁdelity of polymerases
does not allow substantial sequence evolution; sequences that
emerge must, in general, already be present in the original
library. However, in LIVE experiments, Z:P pairs can be gained
or lost, allowing the system to explore sequences outside of
those already present in the initial library.
To answer this question, we adapted the cell-LIVE procedure
of Sefah et al.5 to create GACTZP aptamers that bind to a line
of HepG2 liver cancer cells (Figure 2), adding a negative
selection. A six-nucleotide single stranded DNA library
(GACTZP DNA library) was synthesized with a randomized
region (25 nucleotides) ﬂanked by two primer binding sites.
This was incubated with target liver cancer cells. Unbound
species were then removed by washing; species having aﬃnity
for the cancer cells were collected. “Survivors” after positive
selection were then negatively selected, removing those that
bound to untransformed liver cells (Hu1545V), the countercells. These were then ampliﬁed by GACTZP PCR using a
ﬂuorescein-labeled forward primer and a biotinylated reverse
primer. Enriched ﬂuorescein-conjugated ssDNA libraries from
the PCR was used for the next round of selection.
The binding aﬃnities of survivors in rounds 8 through 13
were monitored by ﬂow cytometer. Binding was observed in
the bulk pools after 12 rounds of aﬃrmative selection (Figure
S2) into which had been embedded (in rounds 3−6) four
rounds of negative selection. The entire process included
approximately 200 cycles of PCR.
After round 13, the LIVE was stopped, and the selected pool
was subjected to deep sequencing (see Tables S3−S7 for the
procedure, experimental details, and additional data). Then, 17
motifs (contributing from 0.14 to 26% of the total surviving
population, Figure 3A) were resynthesized with a 5′-biotin tag.
Their aﬃnities toward HepG2 cells were then measured by
measuring ﬂuorescence per cell as a function of increasing
concentration of aptamers (Figure S3), with the ﬂuorescence
was created by a phycoerythrin−streptavidin tag. Data are
collected in Figure 3A.

An artiﬁcially expanded genetic information system (AEGIS)
can, however, be designed to retain interstrand hydrogen
bonding as well as steric complementarity within a complete
Watson−Crick pairing geometry.17 Here, hydrogen bond
donor and acceptor groups are rearranged within that geometry
to create up to 12 independently replicating nucleotides
forming six orthogonal base pairs.17 Various AEGIS pairs
support “six letter” PCR ampliﬁcation,18 transcription into
RNA, reverse transcription back to DNA,19 sequencing,20 and
other processes known in natural molecular biology.
As newly reported in a separate manuscript,21 a new pair (Z
and P, Figure 1) joined by an orthogonal hydrogen bonding

Figure 1. Crystal structures of C:G, T:A, and Z:P pairs (top as
structures, bottom space ﬁlling) showing their similarity (PDB ID:
4RHD). (A) C:G and T:A pairs. (B) Z:P pair retaining hydrogen
bonding. The structure for this Z:P pair was obtained by
cocrystallization of 5′-G 5 ‑ M e S e dUGT-Z-ACAC-3′ and 5′G5‑MeSedUGT-P-ACAC-3′, where selenium derivatization was used
to speed crystallization.22,23 For structures of unmodiﬁed DNA
containing Z:P pairs, see ref 21.

pattern was found to adopt a standard Watson−Crick
geometry. Indeed, the geometry was suﬃciently “natural” that
six consecutive Z:P pairs (of 16) were compatible with the
double helix. This result was conﬁrmed in a separate structure,
reported here (Figures 1 and S1).
This encouraged us to ask whether the considerably larger
sequence space created by GACTZP DNA, which also carries
the nitro group, could be explored by polymerases in laboratory

Figure 2. Schematic of the AEGIS cell-LIVE with both positive and counter selections.
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Dissociation constants were also sought for aptamers against
untransformed liver cells. In most cases, no binding was
detected. In cases where binding was detected, the aﬃnity was
(with experimental error) the same as with cancer cells. This
implies the aptamer target on the cancer cells is also present on
the untransformed cells, but just in much smaller amounts.
(Figures 3B and S3, Tables S8 and S9). Fifteen other types of
cells were also used to conﬁrm the speciﬁcity (Table S9).
To show that the AEGIS nucleotides were essential for
binding in the two most abundant aptamers containing both Z
and P (LZH3 and LZH7), their analogues were synthesized
with P replaced by G or A, and Z replaced by C or T. In all
cases, observed binding was diminished in the analogue lacking
the Z and/or P relative to the parent aptamer. Binding was not
restored when the Z and P were replaced by the
complementary C and G (Figure 4 and Table S10).

Figure 4. Binding of analogues of aptamer LZH3 and LZH7 with Z
and P replaced by standard nucleotides. The indicated aptamers and
their analogues (50 nM) were incubated with target cell (4 °C for 30
min) and then analyzed using ﬂow cytometry as described for Figure 3.

Figure 3. DNA aptamers recovered from cell-LIVE. (A) Sequences
(only showing randomized region), dissociation constants (Kd), and
percent in pool of binders (the AEGIS Z and P are shown in red).
Sequences are arranged in order of increasing dissociation constant.
(B) Binding and speciﬁcity of selected DNA aptamers. Aptamers are
arranged from the least tightly binding (top) to the most tightly
binding (bottom). (left) Binding to transformed liver cells, the
“positive” in the selection. (right) Binding to untransformed liver cells,
the counter-selection cells. The red distributions at the bottom of each
panel is the signal generated from DNA that has the same length as the
aptamers but random sequence.

These data provide direct evidence, the ﬁrst for any
artiﬁcially expanded genetic information system, that a LIVE
experiment can explore substantial fractions of sequence space
in a six letter genetic system.
It is signiﬁcant that LIVE diﬀers from classical in vitro
selection, which generally ﬁnds only species pre-existing in a
library. In the GACTZP system, slow gain or loss of Z and P is
possible, with loss rate slightly larger than the rate of gain.18
Thus, the system at evolutionary equilibrium will have (and, in
these experiments, did have) fewer than the original amounts of
Z and P. The generation of binders with more Zs and Ps than
generated by Sefah et al.5 may reﬂect the improvement in
polymerase ﬁdelity that retains Z:P pairs.
Interestingly, this also suggests that while they are modestly
disfavored during PCR, Z and P are favored by the selection
itself, with selection to retain Z/P balancing the tendency to
lose Z/P during PCR. This also suggests that GACTZP
libraries may be richer reservoirs of selective binders than
GACT libraries. If this were not so, and if Z and/or P does not
contribute to the overall “ﬁtness potential” of the reservoir, the
LIVE experiment could have delivered binders with competing
aﬃnity lacking Z and/or P through Z/P loss. These would
come either from (quite scarce) original library members that
lacked the Z and P (the initial library contained on average 3 of
each) or through the net loss of Z and P during the PCR
ampliﬁcation.

The GACTZP binders also have good speciﬁcity (Figure
3B), presumably a result of the negative selection. This was
shown by incubating both transformed and untransformed cells
(30 min, 4 °C) with biotinylated aptamers at high
concentrations (250 nM) that, for aptamers LZH1 through
LZH8, are well above their dissociation constants; for these, the
extent of ﬂuorescence (the x axis) indicates the eﬀective
number of sites on each cell. Then, after the biotin captured
ﬂuorescent phycoerythrin−streptavidin conjugate, the total
labeling of each cell type was determined by ﬂow cytometry.
For the best eight aptamers (LZH1 through LZH8), the 250
nM concentration used was considerably greater than their
respective dissociation constants. Therefore, the total ﬂuorescent labeling of each cell oﬀers an estimate of the number of
binding sites per cell.
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Indeed, binders lacking both Z and P do emerge in this
selection. However, their aﬃnities were generally weaker, often
much weaker, than binders with Z and/or P (Figure 3B). This
may, of course, reﬂect the scarcity of GACT sequences in the
original library; the best speciﬁc GACT binders may have been
undersampled. Alternatively, the evolution that removed Z
and/or P may not have delivered the best GACT binders.
Subject to these caveats, these experimental outcomes suggest
that GACTZP libraries are richer reservoirs of binding function
than standard GACT libraries.
We can only speculate as to why GACTZP libraries might be
richer reservoirs of binding molecules. For example, Z has a
nitro moiety that may be a “universal weak binder” (note the
aﬃnity of many proteins to nitrocellulose). Alternatively, the
added nucleotides, by increasing the information density of the
sequences, may have removed folding ambiguity, an ambiguity
that has been shown in other systems to diminish the
performance of functional xNA species.27
This notwithstanding, these LIVE experiments have shown
that this particular six-letter artiﬁcially expanded genetic
information system can explore regions of sequence space
that require pairing to be suﬃciently “Watson−Crick-like” for
polymerases to accept. Thus, they lay the ground for the
development of a broad laboratory evolution program in
AEGIS-LIVE.

■
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