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Abstract  

Genetic alphabet expansion technology, by creating new replicable and functional DNA 

molecules with unnatural base pairs (UBPs), is the novel promising research area of 

xenobiology. Recently, this technology has rapidly advanced, resulting in the need for a 

sequencing method for DNA molecules containing UBPs. However, all of the conventional 

sequencing methods, such as Sanger methods, are for four-letter DNA molecules. Here, we 

present an improved Sanger sequencing method (Sanger gap sequencing method) for DNAs 

containing our UBP, Ds−Px, which appears as gaps in the sequencing peak patterns. By 

improving the sequencing reaction for the efficient Ds−Px pairing and using modified Px 

substrates, we developed a sequencing method with the increased processivity and clear gap 

patterns for multiple Ds−Px pairs in various sequence contexts. This method is useful for the 

UBP applications, such as high-affinity DNA aptamer generation and semi-synthetic organism 

creation involving UBPs. In addition, through this research, we found that the side chains of 

UBs greatly affect the efficiency of UB pairings in replication, suggesting the further 

development of UBPs. 
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Introduction 

Genetic alphabet expansion technology using unnatural base pairs (UBPs) for 

replicable DNA with high fidelity has allowed us to manage six-letter DNAs, just like four-

letter DNAs with natural Watson-Crick base pairs. This technology unlocked the novel 

research area, “xenobiology”,[1] [2] [3] [4] [5] [6] with wide-ranging applications in both in vitro and 

in vivo systems. Practical applications of UBP-driven technologies include the generation of 

five-letter and six-letter unnatural-base DNA (UB-DNA) aptamers [7] [8] [9] [10] [11] [12] , the site-

specific incorporation of unnatural amino acids using a new UBP-assisted codon−anticodon 

pair [13] [14], a more expanded eight-letter system combining two different UBPs[15],  and the 

creation of semi-synthetic organisms (SSO) [16] [17] [18]. UB-DNA aptamers exhibit high 

affinities and specificities to target proteins and cells, [7, 10-11] hence laying the foundation for 

the development of highly sensitive diagnostics and effective therapeutics.[19] [20] [21] [22] SSOs 

store and retrieve the six-letter genetic information for the site-specific incorporation of 

unnatural amino acids into designed recombinant proteins. [18] [23] [24] [25] An additional 

application of UBPs is the detection of DNA damage, in combination with the conventional 

Sanger sequencing method.[26] The rapid advancement of UBP technologies has increased 

the challenge to develop sequencing methods for five- or six-letter DNAs. [27] [28]  

Among the several available UBPs, our hydrophobic Ds−Px pair (Figure 1A) exhibits 

high fidelity in PCR.[29] [30] Consequently, this UBP has been applied to the generation of 

high-affinity UB-DNA aptamers containing Ds bases as a fifth letter, through genetic 

alphabet expansion for SELEX (ExSELEX).[7, 10-11] [31] In this process, a five-letter DNA library 

is subjected to repetitive rounds of selection by incubations with the target, followed by PCR 

amplification of the bound UB-DNA toward the enrichment. To identify each of the Ds-

containing DNA (Ds-DNA) aptamer candidates from the enriched Ds-DNA libraries, we 

established two types of sequencing methods involving Ds bases. [10] [32] 

One is a deep sequencing method for the in vitro cloning process of the enriched Ds-

DNA library. The enriched library, which is a mixture of different sequences containing Ds 

bases, is subjected to replacement PCR, where the unnatural bases (UBs) are replaced with 

natural bases under specific PCR conditions. After a deep sequencing analysis of the 

products amplified by the replacement PCR, the Ds positions in each sequence family are 

determined by comparing the natural-base replaced patterns with an encyclopedia data, 

previously prepared from reference Ds-DNAs.[32] 

The other is a Sanger gap or terminator sequencing method for each of the cloned 

Ds-containing sequences isolated from the enriched Ds-DNA library. Based on the deep 

sequencing analysis, a specific complementary probe is designed for each aptamer 



candidate. The aptamer candidates are then isolated from the enriched library, through the 

hybridization with the respective probes. Each of the isolated clones is PCR-amplified in the 

presence of the Ds and Px substrates (dDsTP and Diol1-dPxTP). To confirm the Ds 

positions, each amplified clone is subjected to modified Sanger sequencing (Sanger gap or 

terminator sequencing), in which the sequencing reaction mixture is supplemented with a UB 

substrate, either dPa′TP (for the gap sequencing) or ddPa′TP (for the terminator 

sequencing). [10] The Pa′ base is another pairing partner of the Ds base (Figure 1B).[33] In gap 

sequencing, dPa′TP is incorporated opposite Ds in the DNA template. Since there is no dye-

terminator corresponding to the Pa′, the UB positions appear as gaps among the natural 

base sequencing peaks in the analyzed electropherogram, allowing the exact positions of 

the UBPs in the DNA to be pinpointed. In the terminator sequencing, instead of dPa′TP, 

ddPa′TP is incorporated opposite Ds, causing the sequencing the reaction to be 

discontinued immediately after the first Ds position is reached (Figure 2A).[29-30] This 

terminator sequencing method is useful for determining the fidelity of a UBP in replication, by 

quantifying the UB retention at a specific position within the amplified DNAs. [29-30, 33-34]  [35] [36] 

This type of method has been employed in SSO experiments for determining the survival 

rate of a UBP in a proliferating SSO. [16]  

Among the various sequencing methods, Sanger gap sequencing has been highly 

reliable and effective for determining the base sequences of monoclonal DNA molecules 

containing multiple UBs. One major limitation, however, is the attenuation of the sequencing 

peak heights downstream of the UBP positions when the DNA template contains multiple Ds 

bases in the proximity of each other. [10] This is due to the low processivity of sequencing 

polymerases at UB positions. The second limitation is that the appearance of wide, visible 

gaps corresponding to UB positions depends largely on the natural base sequence contexts 

around the UB. In some sequence contexts, clear gaps are not yielded at the UB positions, 

rendering the accurate identification of the UB positions challenging, [30, 33, 36] especially when 

a capillary-type sequencing instrument is used. To this end, further developments and 

improvements of the Sanger gap sequencing method are needed. 

Here, we present a newly customized Sanger gap sequencing method, to determine 

the base sequences of DNAs containing multiple Ds bases in the proximity of each other. By 

adding the components typically included in PCR with AccuPrime Pfx DNA polymerase, the 

processivity at the Ds positions was greatly improved. Furthermore, we found that the width 

of the gaps corresponding to the UBP positions varied with the unnatural substrate used, 

and thus we screened various modified dPxTPs and optimized the sequencing reaction 

conditions. We then applied our improved Sanger gap sequencing methodd to the 

sequencing of DNAs with various sequence contexts around the UBPs, as well as long 



DNAs. The sequencing of the various sequence contexts and long DNAs also yielded clear 

gap patterns at multiple Ds positions, with less attenuation of the sequencing peak heights 

beyond the UBP positions. 

 

Results and Discussion  

 

Sequencing peak patterns in a capillary-type sequencer platform  

As model DNA fragments for sequencing using a capillary-type sequencer platform (ABI3500 

Genetic Analyzer), we prepared three DNA fragments (97-mer, 99-mer, and 106-mer) 

containing one to three Ds bases with similar sequence contexts (Ds1-DNA, Ds2-DNA, and 

Ds3-DNA, Figure 2B−D). We first performed the sequencing of these three DNA fragments in 

the presence of 10 µM dPa′TP, using a BigDye terminator v1.1 kit. The 3′-CAADsCTA-5′ 

context did not yield a clear gap at the Ds position (Figure 2B), as compared to the 3′-

GTTDsCCC-5′ context (Figure 2A). [30] In addition, the sequencing peak heights were 

significantly reduced at the second Ds position of the Ds2- and Ds3-DNAs (Figures 2C and 

2D). To overcome these two issues, we focused on improving the processivity and visibility of 

the gaps in the sequencing of Ds3-DNA. 

 

Some factors in the reaction buffer used in PCR with AccuPrime Pfx DNA polymerase 

improve processivity 

First, in addition to the polymerase (probably modified Taq DNA polymerase) within the 

sequencing reaction kit, we added other polymerases such as DeepVent and AccuPrime Pfx 

polymerases to the sequencing reaction with Diol1-dPxTP, but the processivity was not 

improved (data not shown). However, we noticed that some factors in the reaction buffer 

accompanying the purchased AccuPrime Pfx polymerase improved the processivity of the 

elongation. We referred to this reaction buffer as the AP-components. In the absence of AP-

components (Row 1 in Figure 3), the sequencing reaction was terminated around the first Ds 

position. In contrast, the processivity increased by adding the AP-components (0.25−2% 

(v/v), Rows 2−5 in Figure 3). Accordingly, we chose 1% (v/v) AP-components as the optimal 

concentration. 

The AP-components contains unnatural base substrates, MgSO4, and thermostable 

accessory proteins. The AP-components solution is supplied at 10× concentration and 

diluted to 1× in PCR. Thus, the general PCR mixture includes final concentrations of 300 µM 

each natural base substrate (dNTP) and 1 mM MgSO4, and the diluted thermostable 

accessory proteins. The role of the accessory proteins is to increase the specificity, yield, 



and robustness of the PCR using AccuPrime Pfx DNA polymerase.  Thus, the accessory 

proteins in the reaction buffer might increase the PCR efficiency involving the Ds−Px pair. 

However, the processivity was still insufficient, as indicated by the attenuated signals after 

the UB positions with the 1% (v/v) AP-components (Row 4 in Figure 3). This might be due to 

the use of Diol1-dPxTP, which exhibits lower processivity than that of dPa′TP. Thus, we 

examined other modified Px substrates (dPxTP) in the presence of AP-components.  

 

Screening of UB substrates for sequencing in the presence of AP-components   

A series of modified dPxTPs were chemically synthesized by attaching different substituents 

to the propynyl moiety of Px (Figure 1C). We examined the sequencing reactions using these 

modified dPxTPs in the presence of 1% (v/v) AP-components. To quantitatively evaluate the 

sequencing patterns, we selected two parameters: signal height (H) for the processivity and 

distance (D) for the gap width at UB positions.  H refers to the average of the relative heights 

at positions corresponding to G56, G58, G60, and G61, which were normalized by the height 

at position G27. We used the G signals since the G peaks were flanking the UB positions, 

allowing for accurate estimations of the gap widths corresponding to the UB positions. Since 

G56, G58, G60, and G61 are located downstream of the three UB positions (Figure 4A), a 

larger H value indicates more efficient extension beyond the UB positions in the sequencing 

reaction, which means higher processivity. D refers to the average of D1 (distance between 

G34 and G36 peaks), D2 (distance between G41 and G43 peaks), and D3 (G48 and G50 

peaks). The first, second, and third UBs are located between G34 and G36, G41 and G43, 

and G48 and G50, respectively. Thus, a larger D value indicates wider gaps at the UB 

positions. We used a final concentration of 50 µM for each modified dPxTP in the sequencing 

reaction, and calculated the H and D values by using the raw data signals (Figure S1), as 

shown by the dot plot in Figure 4B.  

The side chain modifications of Px greatly affected the processivity of the sequencing 

reaction and the gap widths at the UB positions (Figure 4B and 4C). Based on their degrees 

of processivity (H values) and the gap widths (D values) produced, we categorized the 

modified Px substrates into four groups: very high (red: NH2-hx-Px and Biotin-hx-Px), high 

(blue: Px, Diol1-Px, and Pa′), moderate (green: NH2-C3-Px and NH2-C1-Px), and low (black: 

N3-C3-Px, Diol3O3-Px, and Diol6-Px). NH2-hx-Px and Biotin-hx-Px are the most effective 

bases, exhibiting the highest processivity by retaining high relative peak heights beyond the 

UB positions, as well as producing the widest gaps at the UB positions. Among the diol 

modifications of Px, the longer side chains of Diol3O3 and Diol6 reduced the processivity. 

However, the pentyl amido side chains of NH2-hx-Px and Biotin-hx-Px increased both the 



processivity and gap width. As for the processivity, position 2 of the pyrrole moieties is also 

important. The 2-aldehyde group of Pa′ was better than the 2-nitro group of Px. 

This improvement of the Sanger gap sequencing was also confirmed using other 

sequence contexts: 3′-TAGDsTTA-5′ (XNA10-DNA, Figure 5), 3′-TAADsTTA-5′ (XNA11-DNA, 

Figure S2A), and 3′-TAGDsATA-5′ (XNA12-DNA, Figure S2B). When using NH2-hx-dPxTP 

with 1% (v/v) AP-components, the processivity and the gap width were greatly improved, as 

compared to those of dPa′TP.  

In the presence of 1% (v/v) AP-components, an increase in the concentrations of UB 

substrates (dPa′TP, NH2-hx-dPxTP, and Biotin-hx-dPxTP) from 10 µM to 50 µM improved the 

processivity (Figures 6 and S3). In addition, the appearance of the artifact peaks at the gaps 

was also reduced at the higher concentrations (50 µM) of UB substrates. Hence, 50 µM was 

determined to be the optimal concentration of UB substrates. 

Applications of longer DNAs to detect UB positions  

Finally, we applied the optimized Sanger gap sequencing conditions to the sequencing of a 

PCR-amplified, long DNA fragment (2,685 bp, Ds3-DNA) containing three Ds bases. The DNA 

was prepared by fusion PCR with AccuPrime Pfx DNA polymerase in the presence of dDsTP 

and Diol1-dPxTP,[36] [37] using three DNA blocks, left-arm DNA, insert DNA, and right-arm DNA. 

Unlike the sequencing polymerase included in the Sanger sequencing kit, AccuPrime Pfx DNA 

polymerase exhibits high fidelity and efficiency in the PCR amplification with dDsTP and Diol1-

dPxTP. The insert DNA containing the three Ds−Px pairs was also prepared by PCR (Figure 

7A−C). As a control, a 2,685-bp DNA (A3-DNA), in which the Ds bases in Ds3-DNA were 

replaced by A, was also prepared. After the fusion PCR, the full-length 2,685-bp PCR products 

were purified (Figure 7D), and subjected to the Sanger gap sequencing with 50 µM each of 

ddPa′TP, dPa′TP, NH2-hx-dPxTP or Biotin-hx-dPxTP in the presence of 1% (v/v) AP-

components (Figures 7E and S4). Three clear gaps were observed in the sequencing with 

NH2-hx-dPxTP or Biotin-hx-dPxTP, and the accuracy of the sequence was confirmed by 

comparisons to the peak patterns obtained from the control A3-DNA and Ds3-DNA 

sequencings. 

Possibilities of misincorporation of Pa′ substrates in sequencing 

Intrinsically, the fidelity of the Pa′ substrate is lower than that of the Px and modified Px 

substrates, and Pa′ is slightly misincorporated opposite natural bases, especially A, in 

templates.[38] If dPa′TP or ddPa′TP is misincorporated significantly opposite A in templates, 

the ddT sequence peak heights would be reduced as compared to those w/o dPa′TP or signal 

peaks gradually attenuated as compared to those w/o ddPa′TP. Thus, we examined the 



sequencing using a long DNA template with dPa′TP and modified dPxTP (Figure S4), and 

then we confirmed no difference of the sequencing peaks between those with dPa′TP and 

modified dPxTP, indicating there is no significant misincorporation of dPa′TP opposite natural 

bases during sequencing reaction. However, we found one strange C peak (red arrow in 

Figure S4), which overlapped at the central T peak in the CAATTTCAC context only when 

using dPa′TP.    

Conclusion 

In this work, we developed the Sanger gap sequencing method for DNAs containing multiple 

Ds bases, by supplementing additional AP-components and selecting the best modified Px 

substrate. We found that the side chain residues of Px greatly affect the processivity of the 

sequencing reaction and the gap width at Ds positions, implying the possibility of the further 

development of UBPs for replication and transcription with higher fidelity and efficiency. 

Such improvements have also been implied from the X-ray crystallography of the ternary 

complex of polymerase, Ds-template, and Diol1-Px substrate.[39] [40] The structure revealed 

that the side chain residue of the Diol1-Px is located close to the O-helix of the 

polymerase,[39] suggesting the side chain of Px influences the compatibility with polymerases 

and the replication efficiency. 

The Sanger gap sequencing method would be a powerful tool for UB-DNA 

applications, using not only our Ds−Px but also other UBPs. In particular, this sequencing 

method is useful for in vivo SSO applications, by which new proteins containing non-

standard amino acids can be prepared. However, this method is limited to only five-letter 

DNAs containing Ds or Px and cannot be used for six-letter DNAs containing both Ds and 

Px. Thus, further methods, such as a UB-dye-terminator method and nanopore sequencing, 

are also in progress. 

 

Experimental Section 

 

Materials 

The UB substrates, dDsTP, modified dPxTPs, dPa′TP, and ddPa′TP, used in this study were 

chemically synthesized as described previously. [29-30, 33-34] [41] [42] DNA fragments containing 

unnatural Ds bases were chemically synthesized with a DNA synthesizer, H-8-SE (K&A 

Laborgeraete), or purchased from Gene Design, followed by purification on denaturing 

polyacrylamide gels. DNA fragments comprising natural bases only, including primers, were 

purchased from Integrated DNA Technologies. The DNA sequences used in this study are 

listed in Table S1. The BigDye™ Terminator v1.1 Cycle Sequencing Kit, Hi-Di™ Formamide, 

POP-6™ Polymer, and other consumables for the sequencing analysis with the Applied 



Biosystems™ 3500 Genetic Analyzer (ABI3500), and AccuPrime™ Pfx DNA polymerase 

(AccuPrime Pfx pol) were purchased from Life Technologies Holdings Pte. Ltd. Deep Vent® 

DNA polymerase (DV pol), Q5 DNA polymerase (Q5 pol), and BsaI were purchased from 

New England Labs (NEB).    

 

Preparation of short DNA templates  

For sequencing optimization and validation, we prepared short DNA templates (Ds1-DNA, 97-

bp; Ds2-DNA, 99-bp; Ds3-DNA, 106-bp) by primer extension (50 µL) using 0.05 U/µL 

AccuPrime Pfx DNA pol, 2 µM Rev45 as a the primer and 2 µM 76Ds-1, 78Ds-2, or 85Ds-3 

as the template in the 1× AccuPrime Pfx Reaction Mix (AP-components), with additional 0.1 

mM dNTPs and 0.5 mM MgSO4 (final conc.: 0.4 mM each dNTP and 1.5 mM MgSO4), in the 

presence of 50 µM Diol1-dPxTP. The reaction conditions were 2 min at 94 °C for the 

denaturing step, 30 sec at 45 °C for the primer-annealing step, and then 10 min at 65 °C for 

the elongation step. As for the other short DNA templates (XNA10-DNA, XNA11-DNA, and 

XNA12-DNA), we performed the primer extension (100-µL) using 2 µM 68-mer primer (XB2-

10-68, XB2-11-68, or XB2-12-68) and 3 µM 55-mer DNA template (XNA10-55, XNA11-55, or 

XNA12-55) with the same components and the following reaction conditions: 3 min at 95 °C 

for the denaturing step, and then 20 min at 65 °C for the primer-annealing and elongation step. 

The full-length products were purified by denaturing gel electrophoresis.  

 

DNA sequencing 

The basic solution for the cycle sequencing (final volume: 10 µL) was prepared by mixing 2 

µL of the Cycle Sequencing mixture, 1 µL of the 5× Sequencing Buffer in the BigDye 

Terminator v1.1 Kit, 2 pmol of a sequencing primer, each UB substrate at the indicated 

concentration, and approximately 0.1 pmol of DNA template. To improve the processivity, we 

added AccuPrime Pfx Reaction Mix (AP-components) at the indicated final concentrations 

(vol/vol, v/v). The cycle sequencing conditions were 1 min at 96 °C, followed by 25 cycles of 

10 sec at 96 °C, 5 sec s at 50 °C, and 4 min at 60 °C.  After removal of the residual dye 

terminators with a Performa DTR Gel Filtration Cartridge (EdgeBio), the solutions were dried 

with a centrifugal vacuum evaporator. The dried-up samples were resuspended in 12 µL of 

Hi-Di formamide and subjected to the sequencing analysis, using an ABI 3500 system 

equipped with the POP-6 polymer and 3500 Series Data Collection Software 3 (KB 1.4.1, size 

caller v1.1.0). When running the samples, we used the pre-installed Instrument and Base 

Calling protocols (StdSeq_POP6_E), with some modifications (Run time: 2000 sec and Inject 

Time: 18 sec). To obtain the analyzed peak patterns (electropherograms), we manually set 

the peak 1 and start points at 780, and the end points at around 4000.  The peak pattern 

images were then obtained through Sequence Scanner Version 2.0 (Applied Biosystems). To 



compare the obtained sequencing peaks quantitatively, the ab1 format sequencing data files 

were converted to the text files with Data File Converter Version 1.0 (Applied Biosystems). 

After confirmation of the sequencing peak positions corresponding to G27, G31, G34, G36, 

G39, G41, G43, G48, G50, G54, G56, G58, G60, and G61 with Sequence Scanner, the 

maximum height for each of the following G peaks was determined, and then normalized with 

reference to the height at G27.  The distances between the peak positions of G34 and G36, 

G41 and G43, and G48 and G50 were determined from the data point differences in the text 

files.   

  

Preparation of long DNA templates  

The long version of Ds3-DNA (Long Ds3-DNA, 2,685 bp) was prepared by fusion PCR, [36] 

using three DNA blocks, insert DNA (Ds3-132, 132 bp), and Left-arm and Right-arm DNA 

fragments. The insert DNA was prepared by PCR (300 µL) using DV pol (0.02 U/µL), 1 µM 

each primer (Rev45 and Fwd54), and 10 nM 85Ds-3 as the template, in 1 × ThermoPol Buffer 

(NEB) with 0.3 mM each dNTP and 50 µM each dDsTP and Diol1-dPxTP. The PCR conditions 

were 12× [30 sec at 94 °C, 30 sec at 45 °C, 4 min at 65 °C]. As a control, we also prepared 

the insert DNA without UBPs (A3-132, 132 bp), using 85A-3 as the template, instead of 85Ds-

3, in the absence of UB substrates. The full-length products were purified by denaturing gel 

electrophoresis. The Left-arm and Right-arm DNA fragments were prepared by PCR using Q5 

pol (0.02 U/µL), 1 µM each primer (pUC19-LinFwd21 and pUC19-LinRev26), and 0.1 ng/µL 

pUC19 vector as the template, in 1 × Q5 reaction buffer (NEB) with 0.2 mM each dNTP and 2 

mM MgSO4. The PCR conditions were 30 sec at 98 °C − 20× [10 sec at 98 °C, 15 sec at 60 °C, 

2 min at 72 °C] − 2 min at 72 °C.  The amplified products were purified on an agarose gel, and 

recovered by using a QIAquick® Gel Extraction Kit (QIAGEN). The recovered dsDNA (2611 

bp) was digested with BsaI at 37 °C and purified using a DNA Clean & Concentrator Kit (Zymo 

Research), yielding the Left-arm and Right-arm DNA fragments for fusion PCR. Fusion PCR 

was performed using AccuPrime Pfx pol (0.05 U/µL), 1 µM each primer (BsaI-Fwd19 and BsaI-

Rev18), 1 nM Left-arm and Right-arm DNA fragments, and 10 nM insert DNA (Ds3-132), in 

1× AccuPrime Pfx Reaction Mix (10% v/v AP-components), with additional 0.3 mM dNTPs and 

1 mM MgSO4 (final conc.: 0.6 mM each dNTP and 2 mM MgSO4), in the presence of 50 µM 

each dDsTP and Diol1-dPxTP. The PCR conditions were 20× [30 sec at 94 °C, 4 min at 65 °C]. 

The PCR products were fractionated on an agarose gel. The DNA bands corresponding to 

corresponding to Ds3-DNA (2,685 bp) were excised and the DNA was recovered by using 

using a QIAquick® Gel Extraction Kit. As a control, we also prepared Long A3-DNA without 

UBPs (2,685 bp), using A3-132, instead of Ds3-132, in the absence of UB substrates. The 

sequences corresponding to the Left-arm and Right-arm DNA fragments are shown in Table 

S2. 



 

Figure Legends  

 

Figure 1. Chemical structures of the UB pairs, Ds−Px (A) and Ds−Pa′ (B), and various 

modified Px bases with different substituent groups (C). The modified Px substrates were 

screened for the best Sanger gap sequencing (see Figure 4). They were categorized 

according to the quality of their sequencing peak patterns, with those bordered in red 

producing the best peak patterns (High processivity, clear gaps), followed by those bordered 

in blue (High processivity, small gaps), green (Low processivity, clear gaps) and black (Low 

processivity, small gaps).   

 

Figure 2. Sanger gap and terminator sequencing using dPa′TP and ddPa′TP, before 

optimization. (A) Representative sequencing peak patterns analyzed with a gel-type 

sequencer (ABI377). (B−D) Sequencing peak patterns analyzed with a capillary-type 

sequencer (ABI3500). The gap sequencing was performed in the presence of 10 µM dPa′TP, 

using Ds1-DNA (B), Ds2-DNA (C), or Ds3-DNA (D) as the template. Red arrows represent the 

UB positions. Continuous extension after the UB position was only observed with Ds1-DNA 

as the template, while the extensions in the Ds2- and Ds3-DNA templates were terminated 

after the second UB position.   

 

Figure 3. Sanger gap sequencing patterns with different concentrations of the AP-

components solution in the presence of 10 µM of Diol1-dPxTP. Ds3-DNA was used as 

the template. Analyzed (electropherogram after base calling) and raw sequencing peak 

patterns (before base calling) are shown on the left and right, respectively. Red arrows 

represent the UB positions. With increased amounts of AP-components, the sequencing 

reaction continued beyond all three UB positions, while in the absence of AP-components, the 

elongation was discontinued after the first UB position. The optimal conditions for Sanger gap 

sequencing were subsequently determined in the presence of 1% (v/v) AP-components.   

 

Figure 4. Screening for UB substrates that produce the best peak patterns in the 

presence of 0.1× AP-components. (A) Workflow for the sequencing analysis. The dye-

terminator cycle sequencing in the presence of each modified dPxTP or dPa′TP (50 µM) was 

performed using the Ds3-DNA template, and the sequencing products were analyzed with an 

ABI3500 Genetic Analyzer. Collected raw signals were analyzed using Sequence Scanner 

Version 2.0 and the Data File Converter software, to obtain the signal heights and positions 

(mobility) for the targeted G peaks.  D1 represents the distance (mobility difference) between 

G34 and G36, D2 represents the distance between G41 and G43, and D3 represents the 



distance between G48 and G50. (B) A dot graph, plotting normalized signal height (H, average 

of G56, G58, G60, and G61) against Distance (D, average of D1, D2, and D3) for each 

unnatural substrate. As G56, G58, G60, and G61 are all located downstream of the three UB 

positions, greater normalized signal heights indicate more successful elongation in the 

sequencing reactions beyond the UB positions, thus representing better processivity. Larger 

distances represent clearer gaps corresponding to the UB positions. The bases were 

categorized according to the quality of their peak patterns, with the red dots representing 

bases with the best peak patterns, followed by the blue, green, and black dots. NH2-hx-Px and 

Biotin-hx-Px displayed the greatest processivity as well as the clearest gaps; hence, they 

produced the best peak patterns in the electropherogram. (C) Analyzed peak patterns 

(electropherograms) for each modified UB substrate, and in the absence of any UB substrates. 

Red arrows represent the UB positions.   

 

Figure 5. Sanger terminator and gap sequencing of XNA10-DNA in the presence of 

ddPa′TP (50 µM), dPa′TP (5 µM), and NH2-hx-dPxTP (5 µM or 10 µM). The red arrows 

indicate the UB positions. The gap corresponding to the UB position was only observed in the 

presence of NH2-hx-dPxTP, but not dPa′TP. Increasing the concentration of NH2-hx-dPxTP 

from 5 µM to 10 µM, and adding the 1% (v/v) AP-components solution, allowed for the 

continuous elongation of DNA beyond the UB position.   

 

Figure 6. Sanger gap sequencing with dPa′TP, NH2-hx-dPxTP, or Biotin-hx-dPxTP at a 

10 µM or 50 µM concentration. Ds3-DNA was used as the template in the sequencing. The 

red arrows indicate the three UB positions. With dPa′TP, the extension beyond the UB 

positions only occurred in the presence of 1% (v/v) AP-components solution.  Sequencing with 

NH2-hx-dPxTP or Biotin-hx-dPxTP produced larger gaps at the UB positions, as compared to 

that with dPa′TP. Increasing the concentration of UB substrates from 10 µM to 50 µM reduced 

the dye teminator misincorporations opposite Ds in the template DNA, as seen by the 

decrease in the appearance of artifacts (ddT) at the UB positions.   

 

Figure 7. Application of Sanger gap sequencing to longer DNA. (A−C) Schematic 

illustrations for (A) preparation of insert DNA containing three Ds bases by PCR with dNTPs, 

dDsTP and Diol1-dPxTP, (B) preparation of left- and right-arm DNA blocks by PCR using the 

pUC19 plasmid as the template, followed by digestion with the BsaI restriction enzyme, and 

(C) fusion PCR using left-arm DNA (1,214 bp), right-arm DNA (1,386 bp), and insert DNA (132 

bp), to produce 2,685-bp DNA products containing three Ds bases (Long Ds3-DNA). (D) 

Analysis of the fusion PCR products by 1.5% agarose gel electrophoresis. The formations of 

the 2,685-bp Long Ds3-DNA and Long A3-DNA were confirmed. Long A3-DNA was a control, 



prepared without any UB substrates (when preparing the insert DNA, the Ds bases in the DNA 

template were replaced with the natural A bases, and the all PCR amplification was performed 

without any unnatural substrates). The fusion PCR for Long Ds3-DNA was performed in the 

presence of dDsTP and Diol1-dPxTP. (E) Analyzed sequencing peak patterns 

(electropherograms) using the gel-purified Long Ds3-DNA as the sequencing template, in the 

presence of dPa′TP, NH2-hx-dPxTP, or Biotin-hx-dPxTP (50 µM). Red arrows represent UB 

positions.  
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Sanger gap sequencing: Our unnatural base pair (UBP) Ds-Px has promising 

applications in xenobiology. Here, we present an improved Sanger sequencing 

method in which our UBPs are detected as clear gaps in sequence peak patterns, 

allowing for easy determination of UBP positions. High processivity is also exhibited 

with three UBPs close together. 


