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Quantum computing on nucleic acid research:
Approaching towards next-generation computing

Recently, IBM announced a new quantum computer with a 400-plus
qubit processor, which helps the realm of quantum computing to
attain the next step. The newly developed IBM computer with a
433 qubit processor is called “Osprey.” It is one of the breakthroughs
in qubit technology, with 400-plus qubits (Figure 1A). This quantum
computer will help in the advancements in quantum computation.’
The example pointed out the developmental effort of quantum
computers by the industry. The industry, academia, and scientific
communities are putting tremendous efforts into developing next-
generation computing systems, quantum computers, to resolve the
world’s most challenging problems.

SEVERAL ADVANTAGES

Quantum computers can perform any specific computation much
faster than classical computers (ordinary computers). They promise
vast information storage and faster processing capacity than classical
computers. Using a photonic processor, Madsen et al. carried out
Gaussian boson sampling (GBS), which requires only 36ps (Table 1).
The researchers also stated that if the work would be conducted with
present-day supercomputers and the current best-existing algorithms,
it might require more than 9,000 years.” Another GBS experiment was
performed by Bulmer et al. They completed the exponent in minutes.
The equal task might need 600 million years for a state-of-the-art clas-
sical supercomputer to simulate using the best current classical algo-
rithms.” Using quantum computers, Arute et al. carried out another
experiment that took about 200s to compute. The equivalent problem
might require approximately 10,000 years to be completed by a modern
classical supercomputer.* All the above research informed the vivid in-
crease in the speed of quantum computers. Other than the speed, these
computers have several other properties. It can compute through the
quantum computer’s properties like interference, entanglement, and
superposition and finally use a vast computational space.” In the era
of quantum computer revolution, researchers are trying to develop
new hardware to improve quantum computing. At the same time,
new software are required which is compatible with the hardware for
the quantum computers. New algorithms, such as variational quantum
eigen solver, quantum phase estimation, quantum Fourier transform,
quantum Monte Carlo, quantum walks, quantum approximate optimi-
zation algorithm, etc., have been developed to solve next-generation
problems.®® These algorithms help quantum computing to solve prob-
lems in different new applications such as chemical product design,

biochemical systems, energy applications, metallurgy, etc.”™"

TOWARDS PRACTICAL APPLICATIONS IN
BIOLOGICAL SCIENCE

Recently, scientists have been trying to solve biological science’s
emerging and challenging problems with different next-generation
computational techniques, and quantum computing is one of them.

These critical problems in the different fields of biological science
have been studied from time to time using quantum computing.
Chemistry is currently described as one of the potential and promising
science subjects with several applications near-term to quantum com-
puters.. At the same time, quantum chemistry is trying to solve the
different problems in the area of biochemistry. Quantum chemistry
is solving complicated problems of chemistry, especially biochemistry,
such as molecular recognition, protein folding, structural biology,
advanced drug discovery, etc.”'>"'* One of the most promising fields
is quantum computational chemistry, a bright field for solving
biochemical problems. It uses the knowledge of both computational
chemistry and quantum computing.'®

QUANTUM COMPUTING IN NUCLEIC ACID

RESEARCH

Presently, quantum commuting is trying to solve the emerging and
fascinating problems of nucleic acid research, such as de novo assem-
bly of DNA, DNA-binding transcription factors, genome sequence
reconstruction, RNA folding, and many more (Figure 1B).

DE NOVO ASSEMBLY OF DNA

In the de novo assembly of DNA, its genome sequence is recon-
structed where no reference genome is available. De novo assembly
is currently used in cancer and transcriptome studies and has
promising applications in personalized medicine. Recently, re-
searchers have attempted to address the de novo assembly of
DNA using quantum computing. Boev et al. have performed
genome assembly using a quantum and quantum-inspired anneal-
ing platform. Genome assembly of the ¢X174 bacteriophage was
performed using this method. The work has also shown the effec-
tiveness of the problem-solving capacity of bioinformatics using
quantum computing.'’

Similarly, Sarkar et al. reconstructed a reference-free DNA sequence
through the quantum annealing technique. The researchers have en-
tailed the method of de novo assembly as QuASeR. They have used the
reconstructed sequence using a D-Wave quantum annealing simu-
lator, a gate-based quantum simulator, and quantum hardware sys-
tems.'® However, there are several limitations of existing quantum
hardware. Recent progress of quantum computers may solve and up-
grade the quantum hardware.

DNA-BINDING TRANSCRIPTION FACTORS

Another significant problem of biology is determining the DNA tran-
scription factor’s binding sites. Scientists are trying to use quantum
computation to study the DNA-binding transcription factor. Li
et al. used quantum computation to predict the binding site specificity
when they used machine learning models. Using the quantum
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Table 1. Some terminologies related to quantum computing on nucleic acid
research and their illustration

Some terminologies related
Sl to quantum computing
no. on nucleic acid research

Short description

. a model for photonic quantum computation;
Gaussian boson K
1 . using GBS, photons are measured from a
sampling (GBS) . .
highly entangled Gaussian state

a quantum search-related algorithm;

Grover’s search it can speed up an unstructured search

algorithm problem; it can provide a platform for
searching an unsorted database
. the algorithm helps to run Monte Carlo for a
3 Replica-exchange certain number of time steps; it maintains
Monte Carlo (REMC) . . ps; . .
~-independent replicas of a potential solution.
also known as a quantum bit; a qubit is a basic
unit of quantum information; it is a two-level
4 Qubit (or two-state) quantum-mechanical system;

the vectors of the qubit are denoted as
I' 10) and I' 11)

machine learning approach, researchers used a small number of
essential datasets of DNA sequences and trained with the (commer-
cially) available quantum annealer. It helps the transcription factor
binding to classify and rank. The results were compared with state-
of-the-art standard approaches such as simulated quantum anneal-
ing, simulated annealing, etc.””

GENOME SEQUENCE RECONSTRUCTION

Genome sequence reconstruction is another exciting area today. The
problem has been tried to address using quantum computers.
Sarkar et al. have developed QiBAM, a new quantum algorithm
for genome sequence reconstruction in quantum computation
area. Based on Hamming distances, the algorithm uses approximate
pattern matching. It might be the extension of Grover’s search
algorithm (Table 1).2°

RNA FOLDING

Determination of the secondary structure of RNA is a significant
problem in computational biology. Scientists are trying to develop
the RNA folding or secondary structure of RNA using the quantum
computer. It is an nondeterministic polynomial (NP)-complete
computational problem. Fox et al. attempted to develop the second-
ary structure of RNA using the quantum computer. Here, the re-
searchers developed the binary quadratic model (BQM) to deter-
mine the secondary structure of RNA on a D-wave quantum
annealer. In this study, the replica-exchange Monte Carlo (REMC)
search algorithm was applied to investigate the RNA folding land-
scape (Table 1).*"

CONCLUSION

Along with the massive progress in bioinformatics and computational
biology in the last three decades, several challenges remain unsolved
in nucleic acid research. Researchers have shown interest in solving
the problem of nucleic acid research using quantum computation.
Although quantum technology is in the very early stage of develop-
ment, the area looks very promising.

With the participation of scientific communities, industry, and
academia, the remarkable progress of quantum computing has been
noted in the last few years. Simultaneously, huge investments are
observed from governments from different countries and the com-
panies such as IBM, Intel, Google, and Microsoft. In the same
direction, several start-up companies have been formed along with
venture-capital firms.”> Immediately, we need more quantum
computing algorithms to unfold nucleic acid research problems.
Finally, we urge the scientists from the quantum-computing commu-
nity to utilize classical technologies and programs such as simulation,
artificial intelligence (AI), machine learning (ML), and deep learning
(DL) to solve critical problems in the field of nucleic acid research.
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Figure 1. A timeline with milestone achievements of quantum computing

Some problem-solving approaches of quantum computing in nucleic acid research (A). Timeline depicts the milestone achievements of quantum computer. The latest
milestone achievement was reported as the IBM computer with the 400-plus Qubits processor. (B) Different emerging and fascinating problem-solving approaches of
quantum commuting in nucleic acid research included de novo assembly of DNA, DNA-binding transcription factors, genome sequence reconstruction, RNA folding, etc.
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