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Abstract: The amount of operational data being generated at an exponential
rate in various spheres of computing, in turn, has culminated in a pressure on
the available silicon memory-constrained by its limited capacity. In recent
times, research has been undertaken on DNA computing for memory
technology where nucleic acid memory (NAM) was formulated and found to be
an efficient alternative for storing a large amount of digital data in the
molecular space. This work presents a new encoding scheme which efficiently
maps the binary data into a hybrid system of standard as well as non-standard
genetic nucleotides to achieve a higher data capacity. Comparative studies have
been done with existing encoding schemes, moreover, this work demonstrates
the use of unnatural base pairs like Ds-Px and Im-Na which exhibit high
stability and high selectivity in a DNA molecule.
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1 Introduction

A cell is the atomic unit of every living organism. It was estimated through a study that
the approximate number of cells contained in a human body is 3.72 x 103 (Bianconi
et al., 2013). The behaviour and characteristics of a living cell are defined by the genetic
content of the cell. A cell is composed of various organelles. Generally, there are two
organelles, namely the nucleus and the mitochondria, which contain the genetic material.
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Every living cell has nucleic acids as the elementary genetic material. It is a
biochemical compound that has the capability to store any form of biological information
of a living organism. There are two basic types of nucleic acids. One is the
deoxyribonucleic acid (DNA) and the other one is the ribonucleic acid (RNA). With
respect to the structure, the nucleic acids can be further classified into a single-stranded
and double-stranded nucleic acid. In the single-stranded configuration, the molecule
exists in the form of a single-stranded structure whereas, in double-stranded
configuration, two single-stranded molecules remain conjugated with each other through
intermolecular hydrogen bonds (H-bond) and remain in the form of a double-stranded
helical structure. The intermolecular H-bond stabilises the molecule which in turn causes
the double-stranded nucleic acids to be more stable chemically than the single-stranded
nucleic acid.

There has been an exponential surge in the amount of data produced globally within
the last decade and it is also expected that the rate of data generation will continue the
same way in the future. It is expected that the silicon memory will get depleted
completely in the near future. The nucleic acid memory is chosen as the best alternative
due to its numerous advantages. These include high scalability, very high retentivity and
data density, very low latency and high robustness (Zhirnov et al., 2016). The cost of
sequencing of DNA molecule has also promisingly reduced to economic feasibility. As
per the reported results, the cost of sequencing of DNA has reduced to 9 x 106 bits/USD
(Zhirnov et al., 2016). This has led to the inclination towards nucleic acid memory. A
comparative analysis of nucleic acid memory with other kinds of storage technologies is
presented in Table 1 (Zhirnov et al., 2016). All the data presented in Table 1 are in their
approximate values.

Table 1 Comparison between various memory technologies with NAM
Metrics Hard disk Flash memory DRAM NAM
Read/write 3-5 ms per bit 100 ps per bit <10 ns per bit <100 ps per bit
latency
Retention > 10 years 10 years 64 ms > 100 years
ON power 0.04 W/GB 0.01-0.04 W/GB 0.4 W/ GB <10-1©W/GB
Volumetric 10'3 bit cm3 10 bit cm3 1013 bit cm™3 10! bit cm3
density

There occur four standard nucleotides in a standard RNA or DNA. Later numerous
unnatural nucleotides were designed artificially in the laboratory conditions. It was
observed and reported that these unnatural nucleotides behave in the same way as the
natural nucleotides do in a living cell (Hirao et al., 2006a). It was also reported that the
unnatural nucleotides not only respond to the DNA amplification process PCR
(Polymerase Chain Reaction) (Hirao et al., 2006a, 2006b 2007) but also has the capacity
to take part in the transcription process and exist within the RNA (Hirao et al., 2006a)
just like the standard nucleotides. A recent study reported that it was made possible to
design synthetic DNA of Escherichia Coli bacteria by injecting an unnatural base pair
within the standard DNA molecule (Malyshev et al., 2014). It was also reported that the
unnatural base pair not only sustained within the bacterial cell but also participated in the
replication process under the natural intracellular conditions.
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This proposed paper has taken into consideration the application of both standards as
well as non-standard nucleotides within a single system. Each nucleotide is assigned with
a 3-bit binary number. This has enhanced the encoding to represent two 3N binary
numbers with N number of nucleotides.

2 Fundamentals on DNA and its Molecular Structure

The DNA serves as the genetic material of every living organism. By observing the real
world scenario one can find innumerable common properties between successive
generations of a living organism. The phenomenon by which an organism passes some
common features to its descendent is known as inheritance. This phenomenon is made
possible through the DNA of the parent organisms. It can be visualised in a manner that
the DNA of the parent organism stores some information that is passed to the next
generation. Due to this reason, the DNA is sometimes termed as the genetic memory of
an organism. The information about the appearance of an organism and its natural
behaviour is also stored in the genetic memory.

The combinations of DNA base pairs encode the information of all the proteins that
are needed for the proper functionality of a living cell and to carry out its life process. As
a result, it forms the basis of all the metabolic and physiological activities of a living cell.
The DNA also plays a vital role in maintaining biological rhythms of a living organism,
for, e.g., the sleep and wake cycle of human beings, etc., and is known as the genetic
clock (Badiu, 2003). It holds all the information of the proteins needed to sustain the
rhythmic metabolic activities within a living being.

DNA is also involved in the phenomena of ‘evolution’. Evolution is the steady
process of occurrence of any change in the metabolic or physical characteristics of a
living organism over a long period of time. This effect occurs due to the change in the
combination of base pairs in the DNA sequence in the cells of a living organism which in
turn reflects the change in the genetic data held by the DNA sequences. The difference in
the behaviour of different cells within the same organism is also an effect of different
genetic memory that is held by those cells.

According to the model of nucleic acid as proposed by J.D. Watson and F.H. Crick
(1953) a DNA is a complex molecule which exists in a helical geometry. A standard
DNA molecule is composed of nitrogenous-bases, namely adenine (A), thymine (T),
cytosine (C) and guanine (G), and a phosphate-sugar backbone. Naturally, the DNA
molecule exists in the living cell in the form of a double-stranded helix. The nucleotide
bases remain bonded with a pentose sugar molecule, namely the deoxyribose sugar,
which in turn binds with a phosphate molecule. Each phosphate molecule remains
bonded with two consecutive sugar molecules forming the phosphate-sugar backbone.
The DNA molecule exists in the nucleus of a cell in the form of a highly condensed body
known as the chromosome.

Structurally the two strands remain together in an anti-parallel manner, i.e., one strand
is oriented in the 5’ to 3’ direction and the other runs in the 3’ to 5’ direction, and they
are bonded together with the help of an intermolecular Hydrogen bond (H-bond). The 5’
and 3’ represents the Carbon atom positioned at 5th and 3rd position of the sugar
molecule respectively. The 5’ carbon atom gets associated with the phosphate whereas
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the 3’ carbon atom consists of a hydroxyl (-OH) group. This asymmetric geometry gives
the DNA molecule a physical direction. The 5°-3’ strand is known as the leading strand
whereas the 3’-5 strand is known as the lagging strand. Both of these strands are
complementary to each other. The fundamental architecture of a DNA molecule is shown
in Figure 1.

Figure 1 Basic structure of a DNA molecule (see online version for colours)
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Nucleotide bases can be categorised into two types, namely the purines and pyrimidines.
Purines are classified into adenine and guanine and pyrimidines are classified into
cytosine and thymine. Adenine has the capability to bind with Thymine with a double
Hydrogen bond (A = T) whereas cytosine and guanine remain conjugated with each other
through a triple hydrogen bond (C = G) in a DNA strand. The molecular structures and
their respective conjugated forms are shown in Figure 2(a) and Figure 2(b).

Figure 2 (a) Base pairing of adenine and thymine (b) Base pairing of cytosine and guanine
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3 Non-standard nucleotides

The concept of non-standard nucleotide gained its popularity over the last few years. The
non-standard nucleotides were chemically designed in such a manner that the
complementary base pairs are highly specific and selective in nature (Malyshev et al.,
2014; Saito-Tarashima et al., 2018).

As defined earlier, the standard nucleotide base pairs form intermolecular H-bond.
The H-bonding not only makes the nucleotides highly stable but also maintains a high
degree of specificity. On the other hand, the stability and specificity of the non-standard
nucleotides primarily depend upon three main factors. These factors are shape
complementarity base stacking and intermolecular H-bonds (Jahiruddin and Datta, 2015;
Lee and Berdis, 2010). Shape complementarity is the steric factor related to the molecular
structure. It represents the structural or shape compatibility between the complementary
non-standard base pairs. On the other hand, base stacking is the phenomenon by which a
non-standard nucleotide gets stacked between neighbouring nucleotides and remains
embedded through the phosphate backbone.

Numerous non-standard nucleotides have been discovered in the past (Hirao and
Kimoto, 2012). The non-standard base pairs 7-(2-thienyl) imidazo [4, 5-b] pyridine (Ds)
and pyrrole-2-carbaldehyde (Pa) have been identified to perform well in the transcription
and replication process (Hirao et al., 2006a, 2006b). Later 2-nitropyrrole (Pn) was used in
place of Pa which boosted the accuracy of PCR to a greater extent (Hirao et al., 2007).
The Pn molecule also reduced the chances of mispairing during PCR amplification.
Recently 2-nitro-4-propynylpyrrole (Px) was used with Ds in PCR amplification (Hirao
et al., 2007; Hirao and Kimoto, 2012). The Ds-Px pair showed high fidelity and
efficiency in Polymerase Chain Reaction amplification (Okamoto et al., 2016). It was
noticed that the selectivity of Ds-Px pair in DNA replication was greater than 99.9%. The
retention of Ds-Px base pairs in the DNA strand was more than 97% when amplified over
100 PCR cycles (Yamashige et al., 2012). The molecular structure of the base pair Ds and
Px is shown in Figure 3(a).

Another hydrophobic base pair, namely 5SICS and NaM, was used within a DNA
molecule. The 5SICS-NaM base pair showed high fidelity when PCR was applied on a
DNA molecule containing them. It was also reported that the behaviour of 5SICS and
NaM was equivalent to any standard nucleotide base pairs in the PCR or PCR based
processes (Malyshev et al., 2012). The molecular structure of 5SICS and NaM is shown
in Figure 3(b).

It needs to be also observed that SSICS and NaM are stabilised by steric compatibility
and base stacking. Though this base pair has high fidelity and selectivity yet it lacks the
ability to form H-bonds which can lead to mispairing of nucleotides. As an alternate base
pair, imidazo [5°, 4°: 4.5] pyrido [2, 3-d] pyrimidines (Im) and 1,8-naphthyridines (Na) is
chosen for this work. Besides the steric compatibility and base stacking property, the
Im-Na base pair also has the ability to form four intermolecular H-bonds which serves as
an added benefit over 5SICS and NaM base pair as it prevents the mispairing of
nucleotide base pairs (Saito-Tarashima et al., 2018). There exist multiple molecular
formations of Im-Na base pair. The second generation Im-Na base pair, i.e., InNY and
NaO®° are used in this work. The molecular structure of Im and Na is shown in
Figures 3(c), 3(d) and 3(e).
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Figure 3 (a) Molecular structure of Ds and Px base pair (b) Molecular structure of SSICS and
NaM base pair (¢) Molecular structure of ImON and NaN© (d) Molecular structure of
ImNO and NaON (e) Molecular structure of ImNN and NaO©

M R
0
q 8
S8ICS Nah
(a) )
H H
N Qmimmimim] H~N/ /N\ N—H------
9, { 7\ rllj - >*\
o N N-H-N N NN
e 7= “ O )
<\\4 'HfN}/_{ \\«N—H NG
Ol N—H--- 0> o (y 0 H-N
H \3 '
ImOM:NaN® ki
© @
H
N N—HIIIIIIIII-IID

i

(©

Source: Yamashige et al. (2012), Malyshev et al. (2012) and Saito-Tarashima
et al. (2018)

4 Feasibility of DNA sequencing and relating digital signals with DNA

At the beginning of the emergence of the concept behind nucleic acid memory the initial
strategy that was taken to encode digital data into standard nucleotides was by mapping
DNA codons directly to the ASCII characters. The 26 English alphabets along with the
numbers from 0 to 9 and some punctuation symbols were related with a triplet DNA
codon (Clelland et al., 1999).

It was also made successful in using the standard double-stranded DNA to act as a
rewritable molecular memory (Chandrasekaran et al., 2017). The work uses a 5-bit
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system which was capable of implementing three basic operations of a memory system
namely, write, erase and rewrite. The memory system was demonstrated by creating
DNA nanoswitches during the encoding process and the decoding mechanism was
carried out through gel electrophoresis. It was also made possible to utilise the DNA
nanoswitch system to implement the logic gates of bio-molecular nature. The AND and
OR logics were successfully implemented as stated in the literature. The feasibility of
interrelating the biological DNA molecule with the digital system was efficiently
preserved and proved by the work.

Another method for using DNA as a storage system was proposed in the literature
(Yazdi et al., 2015). The system explained the process of designing a DNA based storage
system which had the capability of synthesising, sequencing and rewriting the data into
the DNA memory with reduced error rate. The work also mentioned about a strategy of
DNA memory storage technique which consisted of the several procedures namely,
inputting the digital information, encoding into DNA codes, synthesise DNA sequence,
storage of the synthesised DNA, editing and reading through high throughput sequencing
(HTS) which finally retrieves the digital data from the stored DNA sequence. This
effectively proves the feasibility of relating the nucleic acid system with the digital
system. It also proves the workability of sequencing, editing, erasing and reading
mechanisms using modern sequencers. This has provided a strong momentum towards
the elevation of the notion behind the DNA based memory systems.

5 Outline of the proposed encoding scheme

The proposed methodology uses a double-stranded DNA as the memory unit since a
double-stranded DNA is more robust and less prone to mutation than a single-stranded
DNA. Every nucleotide is assigned with a 3-bit binary number. This encoding map is
shown in Table 2. It is to be noted that we are denoting ImN N and NaO O as Im and Na
respectively (Saito-Tarashima et al., 2018).

Table 2 Encoding map us

Nucleotide Binary equivalent Nucleotide Binary equivalent
A 000 T 111
C 001 G 110
Ds 010 Px 101
Im 011 Na 100

Using the information theory it can be stated that the information capacity (I) of each
nucleotide can be calculated using the following equation:

I(x) =log, (1/p) e

where p is the probability of occurrence of a single base and x € X, where X = {A, C, T,
G, Ds, Px, Im, Na}
The probability (p) of the occurrence of each element is 1/8. As a result

I(x)=3 VxeX ()
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It clearly depicts that each nucleotide has the capacity to express data of length 3-bits. As
a result, through this mapping, it is made possible to represent eight binary numbers with
the help of a single length nucleotide, i.e., the binary numbers from 000 to 111, as the
system is linking a 3-bit data to eight different nucleotides. However, the number of
unique data that can be represented through N nucleotides is 8N, i.e., 2 3N. A comparison
between standard silicon memory and nucleic acid memory in an idle system is shown in
Figure 4. Figure 4(a) shows a comparison in terms of the storage unit and Figure 4(b)
shows a comparison in terms of maximum data representation that can be stored by the
storage units.

Figure 4 (a) Comparison with respect to storage units (b) Comparison in terms of maximum data
representation (see online version for colours)
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6 The procedure followed to encode digital data like ASCII characters

1 Detect the ASCII value of an input character.

2 Convert it into its corresponding 12-bit binary number by pre-pending the required
number of 0Os to the original binary ASCII value.

3 Start encoding consecutive three bits at a time into a single nucleotide.

4 Generate a quadruplet consisting of four nucleotides representing a 12-bit binary
ASCII value (4 nucleotide x 3 bit/nucleotide).

The whole mechanism of encoding and decoding process is shown in Figure 5.

Figure 5 Encoding and decoding mechanism (see online version for colours)
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It can be seen from Figure 5 that the whole process is divided into two subparts, namely
the encoding and decoding mechanism. The encoding mechanism deals with the
conversion of digital input data into genetic data and its storage for future use. On the
other hand, the decoding mechanism deals with the reading of the stored genetic data and
reconverting it into the digital data for its use in the computing systems.

In the encoding mechanism, an ASCII character is entered as input. The ASCII value
of the character is identified. It is then converted into a 12-bit binary number by
pre-pending the required number of 0 to the original binary value. The ‘x’ in Figure 5
represents binary digits. The 12 binary bits are then grouped into 4 clusters by taking
three consecutive bits sequentially. Each of the clusters is then encoded into its respective
nucleotides with respect to the encoding scheme defined in Table 2. Finally, the encoded
data is stored and preserved for future use.

In the decoding mechanism, the stored quadruplet nucleotide sequence is scanned and
is directly reconverted into a 12-bit binary number. This 12-bit binary number is again
grouped into three clusters by taking four consecutive binary digits sequentially. Each of
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the clusters is converted sequentially into a single hex digit and is integrated to form a
triplet hex code which is then delivered to the computer systems.

The proposed encoding scheme described above is used to encode the set of 128
ASCII characters. The results obtained following the above-mentioned procedure is
provided in Table 1 in the supplementary material.

7 Result and discussion

The result of this work is compared with the previously reported results. The fields of
comparison along with their reported results with respect to the individual work are
tabulated in Table 3. The fields of comparison involves theoretical data capacity in bits
per nucleotide, types of encoding which are used in the individual works, experimental
data capacity as reported in the literature, average theoretical data capacity of each
encoding scheme without any constraints and the applicability of the encoding scheme on
the types of data which needs to be encoded were examined with the previously reported
results.

This work has additionally taken into consideration the presence of phosphate
backbone of the DNA molecule. It is done to reach a closer approximation of the data
storage capacity with respect to the natural feasibility of a DNA system. From Table 3, it
can be analysed that the encoding scheme not only preserves a high data density but it
also represents the encoded data through both binaries as well as hexadecimal numbering
system. It was also made possible to assimilate 3-bit data into a single genetic alphabet
which is better than the previously reported results. Furthermore, binary numbers are
mapped with the genetic alphabet such that the complementary bases hold data which are
the complement of each other. The average theoretical data density of the proposed
methodology was found to be 0.631 ZB/g (Zettabyte per gram).

The standard, as well as non-standard nucleotide base pairs, are highly selective in
nature. Moreover, the encoding scheme also has the provision for the self-correction
mechanism due to the fact that the complementary base pairs hold the complementary
data in the leading and the lagging strand. As a result, the designed model has the
inherent ability to enhance the efficiency of the memory storage system. The encoding
approach as proposed in this paper is not only explicit and easy to implement but also
universal in nature, i.e., the proposed scheme is applicable for encoding any form of
digital data into nucleic acid memory. However, the encoding scheme does not require
any external use of memory rather the whole mechanism is direct in nature. This can
notably enhance the speed of the encoding and decoding process.

This work has been analysed along with two of the pre-existing works through
another set of comparison which is provided in Table 4. The calculations related to the
respective fields under study are provided in the supplementary material. It provides a
comparison with respect to the following fields:

1 Error rate — It is the average mutation frequency which defines the error that can
occur due to the mutation or wrong sequencing of nucleotide base pairs.

2 Average redundancy — It defines the average degree of data repetition per unique
sequence of nucleotide bases.
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Comparative analysis of the results with the previously reported results

Table 3
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3 Types of encoding used for digital data — This field denotes the type of numbering
system namely, binary, hexadecimal etc. that is used for the inter-conversion of
genetic data to digital data and vice versa.

4 Applicability on the type of data to be encoded — It expresses the type of data on
which the respective encoding schemes can be applied.

The AMF is calculated using the following formula:
AMEF = Mutation frequency x Frequency of English alphabets x (8§ —R)+7 3)

where R signifies the redundancies that are associated with the individual encoding
schemes presented by the respective literature. It can be noticed that the redundancy of
the data obtained from the proposed method of this work is found to be 1 as each
nucleotide uniquely maps with the 3-bit binary data, i.e., it follows a one-to-one mapping.
As a result, the equation of AMF reduces to:

AMF = Mutation frequency x Frequency of English alphabets “4)

From the work of Church et al. (2012), it can be analysed that the error rate or the
mutation frequency was 1.8975 x 107 errors/bit. The average mutation frequency as
reported by the proposal of A. Jiménez-Sanchez (2014) was identified to be 1.2697 x 10
errors/bit which was much less than that of the work proposed by Church et al. In this
work, the error rate or the average mutation frequency was found to be 1.8973 x 10-°
errors/bit which is near to that of the work of Church et al. The calculations regarding the
error rate are provided in the supplementary material.

Table 4 Comparative analysis of results with pre-existing works
Field Church et al. Jiménez-Sanchez ~ Suyehira et al. Proposed
(2012) (2014) (2017) encoding scheme
Error rate 1.8975 x 106 1.2697 x 106 NIL 1.8973 x 10°¢
(errors/bit)
Average 2 2.46 2.44 1
redundancy
Type of encoding Binary Octal Hexadecimal Binary +
used for digital hexadecimal
data
Applicability on All forms of Only 26 English All forms of All forms of
the type of data to ~ digital data can  alphabets can be digital data digital data can
be encoded be encoded encoded can be be encoded
encoded

Though the AMF of this proposed methodology is higher than the previously reported
result yet it has the potential to eliminate the constraints of the octal system based
encoding scheme. Furthermore, it is also not restricted to the encoding of the 26 English
alphabets. It was made possible to expand the relevance of the proposed scheme over any
existing form of digital data. The modern computers, microprocessors and
microcontroller systems are designed to operate on a hexadecimal numbering system for
its functionality. The complete system becomes complex and inconsistent if the memory
system works in the octal system whereas the data and memory processing sectors work
in hexadecimal systems. However, this inconsistency can be removed by implementing
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additional inter-conversion algorithms at the cost of greater encoding complexity and
speed.

Furthermore, from Table 4 it can be also perceived that the average redundancy of
this work is much less than those of the previously proposed methods. This ensures the
better utilisation of the mapping between the nucleotide and the digital data. It also
increases the productivity of the encoding by exploiting every element of the permutation
set of the nucleotide sequences of a specific length.

8 Conclusions

The introduction of non-standard nucleotides and unnatural base pairs besides opening a
new dimension in the biological science, it has also given a new momentum in the field
of data storage technology like nucleic acid memory. The encoding scheme presented in
this paper uses a system of four standard and four non-standard nucleotides. As a result, it
has led to an increase in the information capacity of each nucleotide to 3 bits per
nucleotide.

Various non-standard nucleotides had been developed in the past. These nucleotides
had been studied and are found to behave in the same manner as the standard nucleotide
in a DNA molecule. They are also capable of replication through the natural as well as
artificial DNA replication processes. It was also studied that these nucleotides are
stabilised by three basic factors namely, base stacking, steric compatibility and
intermolecular hydrogen bonds.

Besides being simple and universal, the proposed encoding scheme also has the
capability to maintain a high data capacity per gram of DNA. The theoretical data
capacity was found to be 0.631 ZB/gram of DNA. However, the encoding scheme also
integrates an added benefit of reducing the average redundancy due to the
implementation of one-to-one mapping of digital data with the genetic data. This ensures
the effective utilisation of the permutation set of the genetic alphabet. The average
redundancy of this work was found to be 1.

Further modifications can be made by integrating error correction mechanisms along
with the encoding scheme to reduce the occurrence of errors during the encoding and
decoding process respectively. Other areas include the development of portable and more
efficient electronic DNA sequencer which can further reduce the sequencing cost per
nucleotide.
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