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ABSTRACT: Chemists have now synthesized new kinds of DNA 
that add nucleotides to the four standard nucleotides (guanine, 
adenine, cytosine, and thymine) found in standard Terran DNA. 
Such “artificially expanded genetic information systems” are today 
used in molecular diagnostics; to support directed evolution to 
create medically useful receptors, ligands, and catalysts; and to 
explore issues related to the early evolution of life. Further 
applications are limited by the inability to directly sequence DNA 
containing nonstandard nucleotides. Nanopore sequencing is well- 
suited for this purpose, as it does not require enzymatic synthesis, 
amplification, or nucleotide modification. Here, we take the first 
steps to realize nanopore sequencing of an 8-letter “hachimoji” 
expanded DNA alphabet by assessing its nanopore signal range using the MspA (Mycobacterium smegmatis porin A) nanopore. We 
find that hachimoji DNA exhibits a broader signal range in nanopore sequencing than standard DNA alone and that hachimoji single- 
base substitutions are distinguishable with high confidence. Because nanopore sequencing relies on a molecular motor to contr ol the 
motion of DNA, we then assessed the compatibility of the Hel308 motor enzyme with nonstandard nucleotides by tracking the 
translocation of single Hel308 molecules along hachimoji DNA, monitoring the enzyme kinetics and premature enzyme dissociation 
from the DNA. We find that Hel308 is compatible with hachimoji DNA but dissociates more frequently when walking over C- 
glycoside nucleosides, compared to N-glycosides. C-glycocide nucleosides passing a particular site within Hel308 induce a higher 
likelihood of dissociation. This highlights the need to optimize nanopore sequencing motors to handle different glycosidic bonds. It 
may also inform designs of future alternative DNA systems that can be sequenced with existing motors and pores. 

 

INTRODUCTION 

DNA has long been seen to be the defining core of Terran life, 
constant in its structure, and perhaps also unique among 
molecules able to store, transmit, and evolve information. 
However, recent exploratory microbiology has discovered 
forms of life that use DNA built from nucleotides different 
from adenine (A), guanine (G), cytosine (C), and thymine 
(T).1,2 Separately, synthetic chemists have created artificial 
genetic systems containing additional nonstandard nucleotides 
designed to add base pairs using molecular recognition systems 
that exploit hydrogen bonding3,4 or hydrophobic interac- 
tions.5,6 One such system has been used to create a semi- 
synthetic life form.7 

Hachimoji (Japanese meaning “eight letter”) nucleic acid 
(NA) is an 8-letter artificial genetic system consisting of four 
synthetic nucleotides (P, Z, B, and S) along with the four 
standard nucleotides (A, C, G, and T). These form orthogonal 
base pairs (A/T, G/C, P/Z, and B/S) that follow both 
Watson−Crick pairing rules: hydrogen bonding and size 
complementarity (Figure 1A).8 These meet the two structural 

requirements to support Darwinian evolution,9 a polyelec- 
trolyte backbone and a size−shape regular building block that 
fits into an “aperiodic crystal.” Hachimoji duplexes adopt the 
familiar A and B helical forms seen in standard DNA.10 
Artificial genetic systems meeting these structural requirements 
can be used to evolve high-affinity aptamers,8,11−14 enable 
highly multiplexed PCR,15,16 and are used in commercial 
diagnostic kits testing for severe acute respiratory syndrome 
coronavirus 2,17 Middle East respiratory syndrome-coronavi- 
rus,18 dengue virus,19 murine norovirus,20 and others.21 

Synthesizing hachimoji NAs using solid-phase chemistry has 
now been developed to the point where it is routine.6,22,23 
However, commercial “next-generation” deep sequencing 
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platforms are not designed to sequence hachimoji NAs. 
Accordingly, the sequences of such DNA are presently 
determined by transliteration strategies that convert hachimoji 
nucleotides into standard nucleotides following predictable 
pathways.24 This has, for example, enabled deep sequencing 6- 
letter GACTZP DNA molecules that have been evolved to 
bind cancer cells,25 block the action of toxins,11 and cleave 
RNA with sequence specificity.26 Other conceivable sequenc- 
ing approaches might include mass spectrometry7 and 
sequencing by hybridization.27 

Nanopore sequencing28 is an attractive option for 
sequencing nonstandard DNA. It has single-molecule 
sensitivity and does not require polymerases that can amplify 
hachimoji sequences. The success of nanopore sequencing in 
detecting base modifications such as methylated cytosine,29−33 
base adducts,34,35 and base isomers such as pseudouridine36,37 
is auspicious. Beyond NAs, nanopore techniques are being 
developed for peptide sequencing.38,39 Nanopore sequencing 
has been applied to the 6-letter artificial genetic system 
containing a non-Watson−Crick pair between two hydro- 
phobic nucleotides, termed dTPT3−dNaM.40,41 Recent 
computational efforts have hinted at potential hachimoji 
nucleotide sensing with solid-state nanopores.42 

In standard nanopore strand sequencing,28,43,44 a single 
nanoscale pore (nanopore) is inserted into a membrane and 
forms the sole electrical connection between two electrolyte 
reservoirs (Figure 1B). A voltage applied across the membrane 
establishes an ion current through the pore, which is measured. 
Negatively charged NA molecules coupled to a motor enzyme 

B 

are pulled into the pore by the electric field until the enzyme 
rests on the rim of the pore. The enzyme controls NA motion 
through the pore by translocating along the strand in discrete 
steps. The bases in the narrowest part of the pore 
(constriction) block the ion current in a sequence-dependent 
manner, enabling nanopore sequencing28,44−46 and providing a 
precise measurement of the enzyme’s position on the NA 
template over time.47,48 

Here, we set out to address challenges that might arise when 
attempting to sequence hachimoji DNA with nanopores. Since 
hachimoji bases have chemical structures similar to standard 
bases, it is not obvious that nanopore signals from P, Z, S, and 
B would be sufficiently distinguishable from standard base 
signals to allow sequencing. 

Further, the measured ion current in nanopore sequencing is 
the result of current blockages by 4−6 consecutive bases in or 
near the pore constriction (referred to as k-mers).45,46 
Therefore, decoding sequences requires current values 
associated with various k-mers to be sufficiently distinguish- 
able. The difficulty of nanopore sequencing scales exponen- 
tially with the number of base letters in a genetic alphabet (e.g., 
a 6-base k-mer model requires decoding 4096 unique k-mers 
for a 4-letter alphabet and 262,144 k-mers for an 8-letter 
alphabet). Sequencing of such an alphabet requires empirical 
measurements of each k-mer in multiple sequence contexts to 
develop a current-to-sequence model, requiring significant 
laboratory time and resources for library construction and 
analysis. In addition, the ion current levels of these k-mers will 
have significant overlap with one another within the limited 
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Figure 1. (A) The eight-letter hachimoji genetic system consists of the four standard DNA bases (A, T, C, and G) and the four additional 
nonstandard bases (P, Z, B, and S) that form four orthogonal Watson−Crick pairs through hydrogen bond complementarity. (B) A single MspA 
nanopore (yellow) is embedded in a lipid bilayer. A single DNA molecule bound to a Hel308 helicase (green) is drawn into the pore by an electric 
field. The ion current through the pore is modulated by the bases in the pore constriction and is measured to both sequence the strand and monitor 
the progression of a Hel308 molecule along the DNA template. The applied voltage V can be a constant offset (Figures 2A and 3) or a periodic 
waveform (Figure 2B, C). (C) Raw data trace of a hachimoji DNA template. Because Hel308 walks 3′ to 5′ along the DNA, we observe effects of 
the nonstandard nucleotides first in ion current as they pass through the pore, then in enzyme behavior as they pass through the Hel308 helicase. 
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Figure 3. (A) Hel308 survival functions from multiple single-molecule traces as a function of position along a DNA template containing a 
homopolymer of hachimoji bases and glycoside analogs. C-glycoside nucleosides are associated with higher dissociation (low survival) upon 
translocation by Hel308. Hel308 steps along the DNA template from 3′ to 5′ in steps approximately half a nucleotide in length. (B) Chemical 
structures of additional nucleotides used to further test the effects of glycosidic character. Bases are connected to the DNA backbone (red arrow) 
through a C−C bond in C-glycosides, while N-glycosides are connected through a N−C bond. (C) Probability of Hel308 dissociation as a function 
of position on hachimoji mixed sequences. High dissociation occurs in windows of approximately four (top) and eight bases (bottom), matching the 
distribution of C-glycosides (S and Z underlined) within the sequences. Aligning the dissociation probability to sequence enables coarse-grained 
localization of the dissociation site to 17 or 18 nucleotides upstream of the pore constriction. 

 

(DOPHPC) lipid bilayer using methods that have been well 
established.50,51 Lipids were ordered from Avanti Polar Lipids. 

DNA Preparation. AEGIS phosphoramidites (Firebird Biomo- 
lecular Sciences LLC. www.firebirdbio.com) were used in the solid- 
phase oligonucleotide synthesis on an ABI 394 instrument to make 
the nonstandard DNA molecules. Oligonucleotides were purified by 
10% denatured PAGE and then desalted on a C18 Sep-Pak cartridge. 
A complementary DNA strand was annealed to the template DNA 
strand to give the template a free 5′ end and an 8-base 3′ overhang. 
Hel308 binds to this 8-base overhang and can begin to unwind 
dsDNA in solution, meaning that a nanopore read can start at any 
location along the DNA molecule, although most reads begin near the 
start (3′ end) of the DNA sequence. 

The DNA sequences for the template strands are listed in Table S1. 
The DNA sequence for the complementary strand is 5′ 
CCTGCATGAGTTGTCTGCCGTGXXXX/chol/ 3′, where /chol/ 
is a cholesterol tag to facilitate binding of the DNA to the bilayer to 
increase the interaction rate of DNA with the nanopore and “X” is an 

D 

18-carbon spacer. This complement was used for each sequence in 
this study. 

Proteins. Hel308 from Thermococcus gammatolerans EJ3 (acces- 
sion number WP_015858487.1) and M2-NNN MspA (accession 
number CAB56052.1) were expressed using standard techniques 
using in-house facilities. 

Nanopore Experiment. Negatively charged DNA molecules 
coupled to a Hel308 helicase are captured by the electric field near the 
pore. At the beginning of a read, the 5′ end of the DNA template is 
drawn into the pore until Hel308 comes to rest on the pore rim. As 
only ssDNA fits through the pore constriction, the complement strand 
is sheared from the template strand, leaving only ssDNA (Figure S1). 
Hel308 bound to the DNA will translocate from 3′ to 5′ in discrete 
steps approximately half a nucleotide in length,47 drawing the ssDNA 
out of the pore. While in principle it is possible for the 3′ end of the 
DNA to feed into the pore, no such events were observed. To prevent 
accumulation of ADP in bulk, we perfused new reagents into the cis 
well every 45 min. In some experiments, we replaced the constant 
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applied voltage with a periodic voltage waveform (200 Hz triangle 
wave, 100 mV peak-to-peak offset to 150 mV) which repeatedly 
stretches and relaxes DNA within the pore vestibule, “flossing” the 
DNA in the constriction by ± 0.5 nt, much faster than a typical 
Hel308 step (∼10 Hz). This produces a sequence of conductance− 
voltage curves which contain more sequence information than current 
levels produced from constant-voltage nanopore sequencing.40,46 

Data Acquisition. Data were acquired with custom LabVIEW 
software on an Axopatch 200B amplifier at 50 kHz and downsampled 
by averaging to 5 kHz. In variable-voltage experiments, we applied a 
200 Hz, 100 mV peak-to-peak triangle waveform in addition to a 
constant 150 mV offset. In constant-voltage experiments, we applied a 
constant 180 mV offset. A summary of all collected data can be found 
in Table S2. 

Raw Data Analysis. In variable-voltage experiments, we processed 
the raw data as described in Section S1 and Figure S2.40,46 In 
constant-voltage experiments, ion current versus time raw traces were 
processed and compiled into consensus patterns as described in 
Figure S3.47,48,50,52 Dwell-times and probability of backward step were 
determined by aligning ion-current segments to the consensus 
sequence (Figure S4).48,53 Position of helicase dissociation was 
determined through the same alignment strategy. Survival functions 
and dissociation probabilities were calculated from these positions 
(Section S2). Homopolymer conductances were analyzed as 
described in Section S3. 

 

RESULTS 

Large Dynamic Range for and Single-Base Substitu- 
tions Are Distinguishable. We first measured the 
conductance signal of seven hachimoji ssDNA templates 
containing a 16 nt region of homopolymer A, T, C, P, Z, B, 
or S passed through the MspA nanopore under a constant 
applied voltage (Figures 2A, S5 and S6). Homopolymer G was 
omitted because of its tendency to form robust secondary 
structures, though we did opt to include homopolymer B 
despite its own tendency to form quadruplex and pentaplex 
secondary structures.54,55 These structures may be resolved by 
the electrostatic force across the pore during measurement, 
though they may still contribute to larger noise and wider 
conductance distribution relative to the other homopolymers. 
The 3′-nitrogen of the Z heterocyclic ring is known to have a 
pKa of 7.826 in free solution, very close to the pH used in these 
experiments (pH 8). We speculate that protonation of Z may 
be related to the wide conductance distribution measured for 
homopolymer Z, as protonation kinetics are known to be 
observable as noise in nanopore experiments.56 

Homopolymer P gave the lowest measured conductance of 
the alphabet (0.22 ± 0.01 nS), while homopolymer Z gave the 
highest (0.68 ± 0.03 nS). The expanded conductance signal 
range compared to the standard alphabet is encouraging for 
further sequencing applications, as it suggests that hachimoji k- 
mers may be spread out over a larger range of conductance and 
thus easier to distinguish. 

We next generated a single-stranded DNA hachimoji 
reference library with each template having a 65-mer sequence 
identical across templates except for a single nucleotide which 
contained one of the eight hachimoji bases. We constructed a 
variable-voltage consensus conductance pattern for each of the 
templates by averaging the patterns of 50 randomly selected 
variable-voltage reads (Figure 2B). We used a previously 
developed base calling algorithm40 to align each read to all 
eight consensus patterns, generating a likelihood that the read 
corresponds to each consensus (Section S4 and Figure S7). A 
read is thus base-called by determining the consensus 
alignment that produced the maximum confidence. We 

E 

excluded from base calling reads used to construct the 
consensus patterns (50 reads each), as well as reads with a 
maximum consensus alignment confidence less than 90% (low 

confidence reads occupy 6% of our data). We achieved an 
accuracy >90% for all bases except for S (89.8%) (Figure 2C). 

Translocation on Consecutive C-Glycoside Nucleo- 
sides Increases Premature Hel308 Dissociation from 

DNA. While measuring the conductance of hachimoji 
homopolymers, we observed that many of the reads terminated 

mid-sequence after processing only ∼10 nucleotides. Consid- 
ering that the measured processivity (average number of 
nucleotides translocated in a single binding event) of Hel308 is 

about 1000 nt on genomic DNA,46 this was interpreted as 
evidence of premature Hel308 dissociation from the DNA 
strand. As each nanopore sequencing read is a single-molecule 

record of a motor enzyme’s activity,47,50 we tracked Hel308 
molecules as they translocated on the hachimoji templates and 

measured the position at which Hel308 dissociates from the 
strand (Figure S8). We observed that Hel308 dissociated more 
often on homopolymers of S and Z compared to the rest of the 
templates (Figures 3A and S9). S and Z are connected to the 
deoxyribose sugar by a carbon−carbon bond (C-glycoside), 
while P, B, A, T, C, and G are connected to the deoxyribose 
sugar by a carbon−nitrogen bond (N-glycoside). 

To test the hypothesis that the C-glycoside character of S 
and Z influences Hel308 dissociation, we measured Hel308 
dissociation on DNA templates of identical design as described 
above but with homopolymer regions consisting of the 
nucleotides pseudothymidine (C-glycoside analogue of T, 
“pseudoT”), pseudoisocytidine (C-glycoside analogue of C, 
“pseudoisoC”), and isocytidine (N-glycoside analogue of S, 
“isoC”) (Figure 3B). Again, C-glycosides resulted in higher 
Hel308 dissociation (Figure 3A), indicating that the C- versus 
N-glycosidic status of the nucleotide appears to be a key 
determinant of this feature of the Hel308-DNA strand 
interaction. 

Measurements of Hel308 dissociation may be sensitive to 
the quality of the DNA templates as helicase dissociation may 
be influenced by known solid-phase synthesis error modes 
such as DNA fragments or DNA chemical adducts. To rule out 
template impurity as the main source of our dissociation 
results, we conducted liquid chromatography−mass spectrom- 
etry (LCMS) analysis of a subset of our DNA templates 
(Section S5 and Figure S10). This measurement indicated that 
19 ± 9% of our DNA molecules were expected to have one or 
more impurities that might affect Hel308’s processivity (Table 
S3). This is well below the rate of Hel308 C-glycoside 
dissociation in which 50−80% of reads ended prematurely and 
suggests that the glycosidic composition of bases in our DNA 
templates is the primary cause of the observed differences in 
the survival curves. 

In the same experiments characterizing Hel308 dissociation, 
we also measured Hel308’s dwell time and the probability of 
backward stepping on the hachimoji DNA templates. We have 
previously measured these kinetic observables of Hel308 on 
standard DNA and have found that they are highly dependent 
on the underlying ssDNA sequence.53,57,58 Unsurprisingly, the 
nonstandard hachimoji nucleotides also distinctly affect these 
Hel308 kinetic observables, with Z and B bases eliciting longer 
dwell times in most sequence contexts and P and B causing 
more backward steps (Figure S11). C-glycosides do not 
uniquely cause longer dwell times and/or more frequent 
backsteps in Hel308 compared to N-glycosides, ruling out the 
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alternate hypothesis that increased time spent on the DNA 
template with a constant dissociation rate is ultimately the 
cause of the high fraction of dissociations observed on C- 
glycosides. 

Translocation over Different PZBS Sequence Con- 
texts Hints at the Location of the DNA-Hel308 Contact 
Causing Dissociation. To further probe the C-glycoside 
dissociation mechanism, we measured Hel308 dissociation 
over DNA templates of identical design to those already 
described but with their homopolymer region replaced with a 
16-nt mixed region composed of various combinations of P, Z, 
B, and S. Of particular interest is the sequence with a region 
composed of dinucleotide repeats of each of the four 
nonstandard nucleotides in the pattern: 5′-(ZZSSPPBB)x2- 
3′. The dissociation probability of Hel308 on this sequence is 
markedly higher over two separate four-nucleotide windows, 
with the two windows separated by approximately four 
nucleotides (Figure 3C). This behavior is consistent with the 
four-nucleotide-long C-glycoside windows present in the 
sequence, separated by four nucleotides of N-glycosides. 
H e l 3 0 8  d i s s o c i a t i o n  o n  t h e  s e q u e n c e  
5′-ZZZZSSSSPPPPBBBB-3′ also shows high dissociation 
over a roughly eight-nucleotide window, consistent with the 
C-glycoside distribution of the sequence. The dissociation 
probability was related to the sequence at a distance 17 or 18 
nt away from the pore constriction in both DNA templates, 
corresponding to the DNA sequence within Hel308, consistent 
with previous studies.53 As Hel308 is known to contact DNA 
over a span of ∼14 nucleotides,59 this suggests that the site(s) 
within Hel308 that most influences C-glycoside dissociation is 
localized and only contacts 1 or 2 nucleotides instead of being 
distributed throughout the helicase. This also suggests that 
future work involving site-directed mutagenesis may be capable 
of improving Hel308 survival on C-glycosides. 

DISCUSSION 

These data show that the MspA nanopore system can detect 
and accurately distinguish all eight hachimoji bases and that the 
nanopore conductance signal from hachimoji homopolymers 
occupies a larger dynamic range of conductance than the 
standard DNA alphabet. This increased dynamic range means 
that additional information can be gleaned from the nanopore 
signal despite the added difficulties of sequencing 8-letter 
DNA. In particular, the high currents produced by Z and low 
currents produced by P suggest that de novo sequencing of a 6- 
letter alphabet including A, C, G, T, P, and Z is a tractable 
problem. 

Further, by distinguishing hachimoji single-base substitutions 
with high confidence, these data show the feasibility of 
simultaneous direct detection of hachimoji nucleotides sparsely 
distributed within natural DNA. These are exactly the kinds of 
sequences generated by laboratory in vitro evolution (LIVE) 
applied to hachimoji libraries. Here, the binding specificity and 
enzyme catalytic activity of aptamers and aptazymes can be 
greatly increased compared to standard NAs through the 
addition of only a few nonstandard hachimoji nucleoti- 
des.8,11−14,26 This is one of many current and near-future 
applications of hachimoji NAs with sparse incorporation of 
nonstandard hachimoji nucleotides. 

Natural DNA includes additional non-canonical bases such 
as methylated nucleotides or lesions such as abasic residues 
which also manifest as ion current shifts in nanopore 
sequencing data. However, for many applications, only a 

F 

limited set of possible sequences need be considered, e.g., a 
particularly prevalent base substitution or an abasic residue 
which results from a particular DNA repair pathway.40 That 
the nanopore system shown here can distinguish among 8 
separate hypotheses with high confidence suggests that it can 
be readily applied to probe hachimoji DNA extracted from live 
cells. 

Denser patterns of hachimoji nucleotides will increase the 
combinatorial complexity of nanopore signals and will likely 
require new innovations to extract more information from the 
NA sequence. These include variable-voltage sequencing, 
frequency-domain analysis,58 as well as future work to 
incorporate motor enzyme kinetics as an additional independ- 
ent signal into base-calling algorithms. For example, here 
Hel308 shows strong sequence-dependent kinetics in response 
to hachimoji bases (Figure S11). As noncovalent nanopore- 
target interactions may affect the measured signal, one 
possibility is to design nanopores that interact with specific 
bases (such as the nitro group on Z), thus enhancing the 
current response in a base specific manner.60 Sequencing and 
comparison of unmodified and transliterated NAs could also 
be used to glean additional information from the DNA.24 

By tracking the position along the strand where Hel308 
dissociates, we found that Hel308 is partially compatible with 
hachimoji nucleotides, translocating without issue on P and B 
bases while retaining reasonable processivity on sparsely 
distributed S and/or Z bases. We also found compelling 
evidence that the glycosidic character of nucleosides is a major 
predictor of premature Hel308 strand dissociation, with C- 
glycosides promoting more dissociation relative to N-glyco- 
sides. We speculate that this could be due to the C-glycosides 
adopting a different sugar pucker,10,61 a phenomenon in which 
the conformation of the deoxyribose sugar switches from C2′- 
endo to C3′-endo, decreasing the distance between neighboring 
phosphate groups along the DNA backbone.62 We speculate 
that this may be an underlying mechanism by which Hel308 
discriminates between DNA and RNA in vivo as DNA and 
RNA exhibit C2′-endo to C3′-endo pucker, respectively.63 

By mutating Hel308 near the position where we localize the 
dissociation effect, we may be able to optimize Hel308 for use 
in C-glycoside nanopore sequencing. While the C-glycoside 
effect will hinder nanopore sequencing of S/Z-rich hachimoji 
templates actuated by wild type Hel308, the stochastic Hel308 
C-glycoside dissociation rate of 12%-per-nucleotide (Figure 
S9) currently allows for sequencing strands with sparse S and Z 
composition or short sections (<20 nt) of S and Z. More work 
is needed to determine the mechanism of dissociation and 
whether other motor enzymes used for nanopore sequencing 
possess similar dissociation behavior. This work may also 
provide useful constraints in the development of future 
artificial genetic systems compatible with existing NA 
processing enzymes. 
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