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Abstract  

Recent studies have made it possible to expand the genetic alphabet of DNA, which is 

originally composed of the four-letter alphabet with A–T and G–C pairs, by introducing an 

unnatural base pair (UBP). Several types of UBPs function as a third base pair in replication, 

transcription, and/or translation. Through the UBP formation, new components with different 

physicochemical properties from those of the natural ones can be introduced into nucleic 

acids and proteins site-specifically, providing their increased functionalities. Here, we 

describe the genetic alphabet expansion technology by focusing on three types of UBPs, 

which were recently applied to the creations of DNA aptamers that bind to proteins and cells 

and semi-synthetic organisms containing DNAs with a six-letter alphabet.  

 

Introduction  

The Watson-Crick base pairing with the four-letter alphabet is the key to the central dogma of 

all living organisms on Earth. The exclusive complementarity of the A–T(U) and G–C pairs 

makes possible DNA replication and RNA transcription by polymerase reactions and 

translation to proteins by codon-anticodon interactions in ribosome reactions. Conventional 

biotechnology always relies on this base-pairing rule with the four-letter alphabet, and in turn, 

the four-letter alphabet limits the further advancement of the technology. Therefore, the idea 

to expand the genetic alphabet is inevitable, which can be achieved by creating an artificial 

base pair (unnatural base pair, UBP) that functions as a third base pair in the replication, 

transcription, and translation (Figure 1).  

     Increasing the number of the genetic alphabet can enhance the information density and 

capacity of nucleic acids. With the enhanced information capacity using a six-letter alphabet, 

the present three-base codon table could be expanded from 64 (43) to 216 (63) combinations, 

and a huge number of new amino acids could be assigned in the expanded table for the 

incorporation into proteins by translation [1,2]. Alexander Rich who first suggested the initial 

concept of the genetic alphabet expansion indicated the possibility of a compressed two-base 

codon table using a six-letter alphabet, in which twenty standard amino acids can be assigned 

into 36 (62) combinations [3]. As a result, the increased numbers of the components (five or 

six nucleotide and more than 20 amino acid components) could greatly augment the 

biopolymer functionalities of proteins, as well as nucleic acids.  

     Recently, three groups independently created UBPs that exhibits high fidelity in 

replication and/or transcription and demonstrated various applications using the UBPs [4-7]. 
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In this review, we introduce the genetic alphabet expansion technology by focusing on these 

UBPs and their applications to generating high-affinity DNA aptamers and in vivo systems 

with six-letter alphabet.  

 

Creation of unnatural base pairs  

In the past decade, three groups of Benner, Romesberg, and ourselves developed our own 

UBPs with different ideas. Benner’s group generated P–Z pair with a different hydrogen 

bonding donor and acceptor pattern [8-10] from those of the natural base pairs, by addressing 

the problems of their initial UBP, such as isoguanine and isocytosine pair [11]. In contrast, 

Romesberg’s group chemically synthesized a series of hydrophobic base analogues based on 

their initial hydrophobic self-UBP [12], and generated several UBPs, such as 5SICS–NaM 

[13-15] and TPT3–NaM [16], that function in replication. We initially developed hydrogen-

bonded UBPs by combining the concepts of the different hydrogen-bonded pattern and steric-

hindrance exclusion [2,17]. Through continuous improvements, our group finally created the 

hydrophobic Ds–Px pair [18-20] by the concept of shape complementarity [21] with steric 

and electrostatic exclusions [2,17,22,23], to remove the mispairings with natural bases. 

     The common factor of all of these UBPs is that they have a proton donor atom in each UB 

at the minor groove side, like 2-nitrogen of purines and 2-keto of pyrimidines (atoms in red in 

Figure 1), to interact with polymerases [24,25]. Initially, DNA fragments containing UBs are 

chemically synthesized by a conventional phosphoramidite method. Then, the UBP-DNA 

fragments can be amplified by PCR using the natural and UB triphosphates.  

     These UBPs exhibit high selectivity in PCR amplification, in which each triphosphate 

concentration was adjusted to optimize the selectivity for each UBP. For example, the 

selectivity of the P–Z pair is 99.8% per theoretical PCR cycle by Taq DNA polymerase with 

0.1 mM dATP, dGTP and dTTP, 0.4 mM dCTP, 0.05 mM dZTP, and 0.6 mM dPTP [10]. 

The selectivity of the TPT3–NaM pair is >99.98% per doubling by OneTaq DNA polymerase 

with 0.2 mM natural dNTPs and 0.1 mM dTPT3TP and dNaMTP [16]. The selectivity of the 

Ds–Px pair is >99.97% per doubling by Deep Vent DNA polymerase with 0.3 mM natural 

dNTPs and 0.05 mM dDsTP and dPxTP (Diol1-dPxTP) [20]. After PCR amplification 

corresponding to 100 cycles (10 cycles of PCR repeated 10 times), the theoretical calculation 

revealed that >97% of the Ds–Px pair survived in the 1028-fold amplified DNAs [19]. The 

structures shown in Figure 1 of each 5SICS–NaM and Ds–Px in the active site of KlenTaq 

DNA polymerase were confirmed by X-ray crystallography [26-28]. In the following sections, 

we introduce each UBP application to aptamer generations targeting proteins using the Ds–Px 

pair and specific cells using the P–Z pair and creations of a semi-synthetic organism using the 

combination of the 5SICS–NaM and TPT3–NaM pairs. 

      

DNA aptamer generation using the Ds–Px pair  

Nucleic acid aptamers are antibody-like DNA or RNA molecules that specifically bind to 

various target molecules and materials, and are initially generated by an in vitro selection 

method called SELEX (Systematic Evolution of Ligands by EXponential enrichment) using a 

nucleic acid library containing random base sequences [29,30]. Although many aptamers 

have been reported, only a modified RNA aptamer, Pegaptanib, has been approved as a 

therapeutic for age-related macular degeneration [31]. Compared to protein-based antibodies 
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comprised of 20 different amino acids, the chemical and structural diversities of nucleic acid 

aptamers are limited, causing only moderate affinities to targets. Thus, we applied the Ds–Px 

pair to DNA aptamer generation [32,33]. 

     We developed a new SELEX method (ExSELEX, genetic alphabet Expansion for 

SELEX) using a Ds-containing DNA library to introduce the highly hydrophobic Ds bases as 

a fifth base into DNA aptamers (Figure 2) [32]. This is because nucleic acids are hydrophilic 

and less favourable to interact with hydrophobic regions of targets. In addition, we did not 

add the pairing partner, Px, into the library, in which Ds bases cannot form the cognate pair 

with Px, increasing the structural diversity of the library. The Ds-containing library is mixed 

with a target, and the binding species are isolated and amplified by PCR in the presence of 

dDsTP and dPxTP, for the next round of selection.  

     The biggest issue of ExSELEX is how to determine the Ds positions in each DNA of the 

enriched library after several rounds of selection. Conventional methods, such as deep 

sequencing, cannot be used directly for UB-containing DNAs. Thus, we developed two 

sequencing methods using two types of Ds-containing DNA libraries (Figure 2). One is the 

method using a Ds-predetermined library consisting of several tens of sub-libraries. In each 

sub-library, one to three Ds bases are embedded into a natural base random region, and a two- 

or three-natural-base barcode sequence is also introduced to define the Ds positions later. 

After several rounds of selection, each Ds base in the enriched library is replaced with natural 

bases (mainly A or T) by PCR (replacement PCR) without dDsTP and dPxTP, but in the 

presence of dPa′TP (Pa′: 4-propynylpyrrole-2-carbaldehyde), which is a less selective UB 

substrate relative to dPxTP, for facile replacement [32]. Then, after deep sequencing, original 

Ds positions are identified by the barcode in each sequence. 

     The other is a method using a library with a completely randomized sequence including 

Ds bases (Ds-randomized library). After the selection procedure including replacement PCR 

and deep sequencing, each enriched DNA containing Ds bases is isolated by immobilization 

using each hybridization probe, which is designed based on the deep sequencing data. Then, 

the full sequence including Ds of each isolated DNA can be determined by a Sanger 

sequencing method that we customized for the UBP system [19,22]. The complexity of the 

Ds-randomized library is higher than that of the Ds-predetermined library, although the Ds-

predetermined library is easier to handle. 

     By this ExSELEX procedure, we generated three Ds-DNA aptamers targeting vascular 

endothelial growth factor 165 (VEGF165), interferon-γ (IFNγ), and von Willebrand factor A1-

domain (vWF) with significantly higher affinity (Kd  =  ~1, 38, and 75 pM, respectively), as 

compared to conventional natural-base DNA aptamers [32,33]. These aptamers contained two 

or three Ds bases, and two of them were essential for their tight binding. Each aptamer forms 

a specific secondary structure, allowing for a simple stabilization method for further 

diagnostic and therapeutic applications [33-35]. Furthermore, the Ds-DNA aptamers 

efficiently inhibited the interaction between target proteins, VEGF165 and IFNγ, and their 

receptors on the cell surface [34,35]. 

 

DNA aptamer generation using the P–Z pair  

In contrast to the hydrophobic UBPs, the physicochemical properties of the hydrogen-bonded 

P–Z are similar to those of the natural base pairs. The differences are the additional nitro 
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group of Z and the electron density pattern of the aromatic structure of P at the major groove 

side (Figure 1). DNA duplexes, containing the multiple P–Z pairs, adopt both of the A- and 

B-form double helices [36,37], and the P–Z pair exhibits higher stability than the G–C pair 

[38]. Thus, the exploration of the functions of the Watson-Crick-like P–Z pair in DNA is 

fascinating, and Benner’s group launched aptamer generation by using a fully-randomized 

six-letter GACTZP-DNA library (Figure 3) [36,39-41]. 

     Benner’s DNA aptamer generation mainly targeted specific cells by applying the P–Z pair 

to a cell-SELEX method. The chemically-synthesized GACTZP-DNA library was incubated 

with target cells, and the binding species were recovered after washing out the unbound 

DNAs. The recovered DNAs were PCR-amplified with the P–Z pair, and the selection rounds 

were repeated. The sequence determination of GACTZP-DNA survivors was performed by a 

unique method (Figure 3). The survived DNAs were divided into two, and each was 

subjected to different replacement PCR methods. One is to forcibly replace P and Z with G 

and C, respectively, by PCR at pH 8.8 in the presence of dZTP and the natural base substrates. 

The other is to replace P and Z with natural G/A and C/T bases, respectively, by PCR at pH 

8.3 in the presence of dPTP and the natural base substrates. By comparing both sequence data, 

the Z and P positions in each DNA can be determined [10,36,39-41].  

     The first reported GACTZP-DNA aptamer was ZAP-2012, targeting a breast cancer cell 

line (MDA-MB-231) [39]. It contained each one of Z and P bases, which are important for 

the binding. The affinity (Kd value) to the cells determined by flow cytometry was 30 nM 

[39]. Note that the value cannot be compared directly with those to protein targets, 

determined with SPR. Later, they improved the cell-SELEX method, and generated several 

GACTZP-DNA aptamers targeting a liver cancer cell line (HepG2) (Kd = 14 to 96 nM)) [36] 

and an engineered cell, where a hepatocellular carcinoma biomarker, human glypican 3 

(GPC3) is overexpressed on cell surfaces of a murine cell line (Kd = 6 nM) [40]. The best 

aptamer in each target required both of Z and P for their binding. 

     Further characterization and application will be awaited to understand how UBs, such as Z, 

P, and Ds in the aptamers, affect specific target recognition and to comprehend richness and 

usefulness of the expanded base sequence space “reservoir", compared with those of the 

natural GACT sequence space.   

 

Semi-synthetic organisms using the 5SICS–NaM and TPT3–NaM pairs  

One of the ultimate goals of UBP technologies is the creation of a semi-synthetic organism 

(SSO) having DNA and RNA with six-letter alphabet, which can produce artificial proteins 

containing unnatural amino acids using the extra codons (Figure 1). As the first SSO 

demonstration, Escherichia coli might be one of the promising candidates. The main barrier 

to create SSO is how to supply UB triphosphates continuously in the cell. The natural base 

triphosphates are synthesized by the metabolism in the cell. However, in terms of the safety 

containment of the genetically modified SSO, UB substrates should be supplied from outside 

the cell. The most plausible method is the passive diffusion of the UB nucleosides into the 

cell followed by their intracellular phosphorylation. However, it has so far been unsuccessful 

because of the specificity of the phosphorylation enzymes [42,43].  

     Romesberg’s group newly developed a method, in which UB triphosphates, instead of 

their nucleosides, are directly supplied from the culture media into the cell (Figure 4) [44]. To 
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import the UB triphosphates, they engineered E. coli cells that express an algal nucleoside 

triphosphate transporter (PtNTT2). They constructed a plasmid (pINF) containing the TPT3–

NaM pair [16]. Later, the TPT3–NaM pair was replaced with the 5SICS–NaM pair through 

plasmid replication in the cells. After overnight growth (~24 doublings), they confirmed the 

high UBP retention in the plasmids with at least 99.4% fidelity (86% retention when using 

the 5′-A-NaM-T-3′ sequence; 0.99424 = 0.86). However, this SSO grew poorly due to the 

toxic PtNTT2 expression and the low retention rate of UBP in some sequence contexts. 

     To address these issues, they recently optimized the SSO that can grow robustly and store 

the UBP by employing a Cas9 system [45]. First, they improved the growth by engineering 

the PtNTT2 expression, to keep relatively high uptake of UB triphosphates. Next, to 

eliminate plasmids that lost the UBP, they utilized a genome engineering mediated Cas9 

(Figure 4). Using single-guide RNA (sgRNA) sequences complementary to the UB-

containing region, the Cas9-mediated immunity system induces double-strand breaks of the 

DNA harboring a mutation from UB to natural base (Figure 4) [46-48]. Although some 

sequence dependency around the UB position appeared, the UBP loss became minimal in 

most of the sequence contexts by introducing this Cas9 system. 

     Another improvement to their SSO was achieved by focusing on the chemical stabilization 

of UB triphosphates. Romesberg’s group also found that the dephosphorylation of UB 

triphosphates by cellular and secreted phosphatases is problematic for the continuous UBP 

propagation [44]. Then, they newly developed analogues of their UB triphosphates, 

dNaMTPCF2 and dTPT3TPCF2, in which the β,γ-bridging oxygen atom was replaced with a 

difluoromethylene moiety [49]. The β,γ-CF2 moiety significantly stabilized the triphosphates 

even under the SSO growing conditions, and dTPT3TPCF2 exhibits high replication efficiency 

and high retention rate of the UBP.  

 

Conclusions  

Last decade, UBP technology has greatly advanced by the creation of UBPs and their 

aptamer and in vivo applications. Introduction of only a few UBs significantly augmented the 

affinities of DNA aptamers. This aptamer technology has just developed, and future 

diagnostic and therapeutic applications using UB-DNA aptamers would be expected. The 

creation of the SSO system opens the door to a new stage of the genetic alphabet expansion 

to synthetic xenobiology, allowing for the large scale preparation of novel proteins containing 

unnatural amino acids (Figure 1). Furthermore, as shown in the aptamer studies, increased 

functionalities of DNA and RNA could endow a new role in a future SSO system. The 

biggest advantage of the SSO system using UBPs is to provide a safer system than the current 

genetically engineered organisms. As shown by Romesberg’s group, the UB substrates are 

supplied from the outside, and the Cas9 system can eliminate genetically engineered SSOs in 

the absence of the UB supply. Apart from the applications, future synthetic xenobiology 

could give a suggestion to fundamental questions, such as why life has used the current 

nucleic acids with a four-letter alphabet in the central dogma.  
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Figure legends 

Figure 1. Overview of the genetic alphabet expansion employing an unnatural base pair (X–

Y). The unnatural base pair (UBP) can provide a new biotechnology, enabling the site-

specific incorporation of functional components of unnatural nucleotides and amino acids 

(uAA) into nucleic acids and proteins, respectively, according to the genetic information flow. 

At the bottom, chemical structures of the natural Watson-Crick base pairs and the 

representative UBPs are shown, where proton acceptors at the minor groove side for 

polymerase recognition are indicated in red. 

 

Figure 2. Scheme of ExSELEX for DNA aptamer generation using Ds-predetermined and 

Ds-randomized libraries. In the method using the Ds-predetermined library, the Ds positions 

in each DNA are identified by deep sequencing using each barcode sequence (lower left part). 

In the method using the randomized Ds-containing library, each enriched DNA containing Ds 

bases is isolated using hybridization probe and sequenced by a modified Sanger method 

(lower right part). 

 

Figure 3. Scheme for DNA aptamer generation using a six-letter GACTZP-DNA library and 

PCR with the Z–P pair as a third pair and how to determine DNA sequences containing Z and 

P bases. 

 

Figure 4. Application of Romesberg’s UBPs to an in vivo system. To import the UB 

triphosphates (dNaMTP and d5SICSTP), they engineered E. coli cells equipped with an algal 

nucleoside triphosphate transporter (PtNTT2). The TPT3–NaM pair in the plasmid (pINF) 

was replaced with the 5SICS–NaM pair by plasmid replication in the cells. Also, they used 

the Cas9-mediated immunity system to eliminate plasmids that lost the UBP, allowing for 

stable UBP retention in the plasmid DNA in the cell. 
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