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Introduction
This eBook (Toolbox Part II) follows on from the handbook Nucleosides, Nucleotides and their Analogs (Toolbox Part I); 

focused on Nucleic Acids and their structure, analysis, and synthesis aspects. This handbook focuses on the story of the oligomers, 

including DNA and RNA, our molecules of inheritance. This creates a pair of complementary handbooks telling the complete story 

across the building blocks to complex oligomers. 

 

Nucleic acids are the carriers of genetic information in all living organisms. This handbook describes the origin of the concept of the 

gene. We follow the history of the isolation and characterisation of nucleic acids through to the recognition of their fundamental role as 

carriers of genetic information. The key discoveries around the structure and function of DNA and RNA are described as are the roles 

played by these extraordinary molecules. Key developments in the sequencing and synthesis of nucleic acids are explained together 

with practical applications, particularly in healthcare, resulting from this work.

  

About the Authors

Chris Lawson 
Chris has a Ph.D. in chemistry from Edinburgh University (1969) working with Sir Dai Rees on the 
double helical structure of polysaccharides. He then spent 20 years in senior scientific positions 
at Tate & Lyle leading teams in the development of specialty products from sucrose (biopolymers, 
surfactants, high-intensity sweeteners). In 1989, he formed Dextra Laboratories with a colleague 
and grew the company into a producer of glyco-chemicals for pharma/biotech research.  In 2007 
they sold Dextra to The New Zealand Pharmaceutical Company and Chris formed Glycomix Ltd., 
concentrating on polysaccharide products and technology.  He sold Glycomix to Carbosynth in 
2016 and now works for the company as a senior advisor for carbohydrates.  He has published over 
40 papers, patents, and book chapters.

John Birch
John has a Ph.D. in microbiology from the University of London where he worked under the  
supervision of Professor John Pirt on factors required for the growth of mammalian cells in  
culture. He held a lectureship in the University before moving to Tate & Lyle where he worked with 
his co-author Chris Lawson. He subsequently worked for the pharmaceutical company G.D. Searle 
before taking up senior scientific management positions at the biotechnology company Celltech 
and then Lonza. Most of his career has been involved with the development of process technology 
and he has more than 80 publications.  He was awarded the Donald Medal by The Institution of 
Chemical Engineers for outstanding services in the field of Biochemical Engineering and has held 
visiting professorships at University College London and the Universities of Oxford and Reading.
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Where Chemistry meets Biology, Products meet Services and 
Innovation meets Quality, Biosynth is at the Edge of Innovation.  

With an unrivaled research product portfolio of over a million 
products and end-to-end manufacturing services, we are
science led and customer focused to solve problems, taking 
pride in delivering products and projects that others cannot. Our 
expertise and capability runs across Chemicals, Peptides and
Key Biologics all from one trusted partner.

Biosynth is an innovative life sciences reagents, custom synthesis 
and manufacturing services company. We are by scientists, for scientists, securing supply chains with 
consistent quality, across the globe. We manufacture and source a vast range of chemical and biochemical 
products, being experts in small molecules, peptides and key biological raw materials. We provide a full range 
of products and services to support life science research and development, with more than a million products 
in our research catalog and hundreds of complex manufacturing service projects. We have facilities across 
three continents and a rapid global distribution network. Our R&D resources and production facilities at both 
ISO 90001 and GMP, are modern and versatile, allowing us to produce chemicals on the milligram to ton 
scale, with peptides at mg to multikilogram scale.

Biosynth’s mission is to supply 
critical raw materials and 

services to the pharmaceutical 
and diagnostic industries.  

Biosynth strives to de-risk its 
customer’s supply chains.
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The field of genetics started with Gregor Mendel, an Austrian monk born in 1822, who discovered the basic principles of  
heredity; his work in breeding experiments with pea plants with different characteristics, such as the shape or colour of the seed, 
was revolutionary. For example, he showed that when a yellow pea and a green pea were cross-bred, their offspring always 
produced yellow seeds, but in the next generation, the green peas reappeared at a ratio of one green to three yellow (Figure 1).  

Mendel coined the terms “recessive” and “dominant” to explain his findings. In the example above, the green trait, which had 
vanished in the first generation, was recessive, and the yellow was dominant. He published his work in 1866, demonstrating the 
actions of invisible “factors” - now called genes - in predictably determining the traits of an organism’s offspring (Mendel, 1866). 
Until this time, an organism’s features were thought to arise by a general blending of the characteristics of the parents.

The profound significance of Mendel’s work was not recognised until the turn of the 20th century, more than three decades later, 
when the German botanist Carl Correns verified Mendel’s laws of heredity using a different experimental model (Correns, 1900).

                 

        Gregor Mendel              Carl Correns

Although the concept of a physical basis for heredity was becoming accepted, the nature of the genetic material was still unknown. 

tall

x

short
(dominant trait) (recessive trait)

75% tall
(dominant trait)

25% tall
(recessive trait)

(all plants are tall)

yellow

x

green
(dominant trait) (recessive trait)

75% yellow
(dominant trait)

25% green
(recessive trait)

(all seeds are yellow)

purple

x

white
(dominant trait) (recessive trait)

75% purple
(dominant trait)

25% white
(recessive trait)

(all flowers are purple)

First Generation (F₁)

Parental Generation (P)

Second Generation (F₂)

Figure 1: The Mendel 
pea experiment.

1.1   Introduction
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By the mid to late 1800s, improved microscopy, particularly the use of recently developed dyes, significantly added to the 
knowledge of cell structure and function.  Evidence, based on observing cell division, suggested that nuclei in cells might be linked 
to heredity, and researchers started to elucidate the structures involved.  In the late 1800s, the German biologist Walther Flemming 
was using dyes to study cell nuclei and identified structures in cell nuclei, which he called chromatin (Flemming, 1875). These 
structures would later be called chromosomes, and the work of Flemming and others established how chromosomes split during cell 
division to provide copies to each daughter cell.  In 1902, the American geneticist Walter Sutton discovered that male and female 
gametes (egg and sperm cells) contain half the number of chromosomes as normal body cells. He deduced that following fertilisation 
of the egg, the chromosome number in cells doubled with half the chromosomes coming from each parent. This was clear evidence for 
how traits could be physically inherited from both parents (Sutton 1903) 

In 1910, evidence for genes being on chromosomes was strengthened by the work of Thomas Hunt Morgan in the USA. He studied an 
eye colour trait in fruit flies and was able to show that the inheritance of the trait was sex-linked, and the data strongly indicated that 
the gene for the trait was on the X chromosome, which is present as two copies in females but only one in males (Morgan, 1915). 

 
 
 
We now know that how genetic material is stored in cells depends on the type of organism. Higher organisms, such as animals, plants, 
and fungi, are known as eukaryotes, and their key distinguishing feature is the presence of a nucleus in their cells containing multiple 
chromosomes. An intriguing feature of eukaryotic cells is that they also carry genetic information outside the nucleus in mitochondria. 
In plants, DNA is found in chloroplasts as well as in mitochondria. The DNA in these organelles is in a single circular chromosome as in 
bacteria, and it is thought that mitochondria and chloroplasts might have a microbial origin in their distant past. Sequencing of  
mitochondrial DNA has proven useful in establishing ancestral relationships because it passes unchanged from generation to  
generation via the female egg cell. It was mitochondrial DNA sequencing that allowed the remains of King Richard III, found in a  
car park in Leicester, UK, to be formally identified. A comparison of DNA from his skeleton matched the sequence of a known  
descendant. A second class of organisms, typified by bacteria, are known as prokaryotes. These are typically about ten times smaller 
than a human cell. They do not have nuclei, and the cell typically has a single circular chromosome. Bacteria also frequently contain 
small circular DNA “plasmids”. These molecules can often pass between bacteria and sometimes carry genes for antibiotic resistance. 
They are used in recombinant DNA technology as vehicles for transferring genes for useful proteins into bacteria.  

Even smaller than bacteria, we have viruses (Figure 2). They are typically ten to a hundred times smaller than bacteria. Unlike 
eukaryotes and prokaryotes, viral genomes are quite varied and can be based on RNA as well as DNA, and they may be single or 
double-stranded. The coronavirus that causes COVID-19 is a single stranded RNA virus. As well as acting as a template for replication, 
it also serves as mRNA for synthesising viral proteins. 

  Prokaryote cell   Virus

Chromosomes

Nuclear
envelope

Golgi
apparatus

Vacuole
Mitochondria

Ribosomes

Cytoplasm
Endoplasmic
reticulum

Cell membrane

Nucleolus

Eukaryote

Envelope

RNA or DNA
(depends on the virus)

Protein spikes

Capsid
Envelope

Virus

Chromosome

Cell wall

Cell membrane

Capsule

Plasmid

Cytoplasm

Ribosome

Prokaryote

Figure 2: The three types of cell that store genetic information: eukaryote cell (left), prokaryote (centre), and virus (right).
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1

  

In addition to progress based on cytology and genetics, advances were also being made in understanding the chemical composition 
of substances, which would ultimately be shown to be relevant to genetics. 

In 1869, the Swiss physiological chemist Friedrich Miescher first identified what he called “nuclein” inside the nuclei of human white 
blood cells. 

Miescher realised he had discovered a new substance (Dahm, 2008). Sensing the importance of his findings, Miescher wrote, “It 
seems probable to me that a whole family of such slightly varying phosphorous-containing substances will appear, as a group of 
nucleins, equivalent to proteins” (Wolf, 2003). Richard Altmann, discovering that nucleins were acidic, renamed them nucleic 
acids (Altmann, 1889). 

            

Between 1885 and 1901, the German physiologist Albrecht Kossel (Jones, 1953) isolated and described the five purine and 
pyrimidine bases that are present in nucleic acids: adenine, cytosine, guanine, thymine, and uracil (Figure 3). In 1893, he also 
identified a reducing sugar in nuclein. His work earned him the Nobel Prize in 1910. Kossel speculated, incorrectly as we now know, 
that there were probably four nucleic acids, each containing just one of the bases. 

2.1   Early Work
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Figure 3:  The five purine and pyrimidine bases. 

Albrecht Kossel

https://www.biosynth.com/p/FA02660/73-24-5-adenine
https://www.biosynth.com/p/FC03781/71-30-7-cytosine
https://www.biosynth.com/p/FG02963/73-40-5-guanine
https://www.biosynth.com/p/FT06260/65-71-4-thymine
https://www.biosynth.com/p/FU01843/66-22-8-uracil
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Very significant progress was made in our understanding of nucleic acid structure in the first two decades of the 20th century, thanks, 
particularly to the work of Phoebus Levene at the Rockefeller Institute for Medical Research in the USA (Frixione & Ruiz-Zamarripa, 
2019; Levene, 1900; Levene 1935;). He was the first to use what are now standard terms, i.e., nucleosides, nucleotides, ribonucleic 
acids (RNA), and deoxyribonucleic acids (DNA). He identified D-ribose as the sugar in RNA in 1909, and in 1929, he went on to  
discover a second sugar, 2-deoxy-D-ribose, in DNA (Figure 4).

    

Levene also proposed that the bases were in a linear complex (phosphoric acid - carbohydrate - base). By 1935, he had provided an 
accurate molecular structure for DNA and a close-to-accurate structure for RNA (Figure 5). He incorrectly postulated that the DNA 
was made up of repeating units of the four nucleotides in what was known as the tetranucleotide hypothesis. It eventually became 
clear that this could not be the case when it was shown that the proportions of the bases were not constant for all DNA. It’s 
interesting to note that Levene did not believe that nucleic acids were carriers of genetic information.   

2.2   Nucleosides and Nucleotides
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Figure 4: The sugars  
in nucleic acids.

https://www.biosynth.com/category/nucleosides-nucleotides-and-nucleic-acids
https://www.biosynth.com/category/nucleosides-nucleotides-and-nucleic-acids
https://www.biosynth.com/p/mr05196?type=CATNo
https://www.biosynth.com/p/MD04977/533-67-5-2-deoxy-d-ribose
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 In 1952 Erwin Chargaff in the USA established that DNA from any organism has a 1:1 stoichiometric ratio of purine and pyrimidine 
bases and, more specifically, that the amounts of guanine and cytosine are equivalent as are the amounts of adenine and thymine 
(Elson 1952; Chargaff 1952).  These became known as Chargaff’s rules, and as we shall see later this was fundamental to the eventual 
understanding of base pairing in the DNA double helix. He also found that the proportions of the four bases varied from species to 
species supporting the conclusion that DNA carried genetic information. 

On the face of it DNA appeared to have rather a simple structure to form the basis of genetic material and it still seemed possible that 
proteins, with their apparently more complex chemistry were more likely candidates.

In 1928, the British bacteriologist Frederick Griffith working on the possibility of creating a vaccine against pneumonia found (almost 
by accident) a “transforming principle” which could be transferred between bacteria. He showed that material from a killed culture of 
virulent bacteria when added to a non-virulent strain converted it to virulence in mice (Griffith, 1928). In 1944 Oswald Avery and 
colleagues at The Rockefeller Institute for Medical Research purified DNA from the virulent strain of bacteria and established that it 
was most likely the ‘transforming principle’ rather than protein (Avery, 1944). 

 

Figure 5: Nucleotides in DNA and RNA. 

2.3   Chargaff’s Rules

2.4   Evidence for DNA as the Carrier of Genetic Information
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13 I Sources of Monosaccharides

In 1952 Alfred Hershey and Martha Chase used bacteriophage (a type of virus that infects bacteria) labelled with radioactive 
sulphur (which went into protein) or phosphorus (which went into DNA) and analysed infected cells. The bacteriophage transferred 
the labelled DNA, not protein, into bacteria. This showed that DNA was the likely carrier of genetic information (Hershey, 1952).

 

In the early 1950s, James Watson and Francis Crick joined an MRC unit in Cambridge headed by Max Perutz and commenced work on 
the tertiary structure of DNA.

 
Several groups were already working on the structure of DNA and some  
suggestions had been put forward. For example, Michael Creeth, a Ph.D.  
student at the then University College Nottingham, - who had recently discovered 
with JM Gulland and DO Jordan the existence of hydrogen bonds between the 
bases in DNA - correctly proposed a structure with two chains which had the 
nucleobases inside the molecule joined by hydrogen bonds with sugar and 
phosphate moieties pointing out (Creeth, 1947), but he did not identify the 
helical nature of the molecule and in his model, the nucleobases were not 
continuous – they were in blocks. The eminent chemist Linus Pauling, working 
at CalTech in California  incorrectly proposed a helical three-chained structure 
(Pauling, 1953).              Max Perutz  Linus Pauling

2.5   Watson, Crick and the Double Helix

BacteriaBacteria

BacteriaBacteria

Radiactive 35S used to
label the proteins

Protein 
coat

Radiactive 32P used to
label the DNA

No radiactivity enters
the cell (proteins are not

the genetic material)

Radiactivity enters
the cell  (DNA is

the genetic material)

DNA

Figure 6: A schematic of the Hershey-Chase experiment that demonstrated that DNA is the carrier of genetic information.
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Watson and Crick realised that two irregular sequences of bases could be  
packed in the centre of a helix if a purine always bonded with a pyrimidine.  
Also, hydrogen-bonding would be satisfied if adenine always bonded  
with thymine and guanine could bond only with cytosine in agreeing with  
Chargaff’s rules.  X-ray studies by Rosalind Franklin, working with Maurice  
Wilkins at Kings College London, supported a double helix structure which  
was a key feature of Watson and Crick’s eventual model (Figure 7) 
(Watson, 1953).

 
 
 
 
 
 
 
 
 

James Watson 

 Francis Crick

 
Maurice Wilkins

                        
Rosalind Franklin

Watson & Crick with their DNA Model

Figure 7: Franklin’s X-ray  
picture of DNA (above) and Watson 
and Crick’s model (below).

https://www.biosynth.com/p/FA02660/73-24-5-adenine
https://www.biosynth.com/p/FT06260/65-71-4-thymine
https://www.biosynth.com/p/FG02963/73-40-5-guanine
https://www.biosynth.com/p/FC03781/71-30-7-cytosine
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An important feature of a DNA chain is the polarity conferred by its nucleotide subunits. The 5’ phosphate group on each ribose  
residue can be considered as a protruding knob on one side of the molecule and the 3′ hydroxyl on the other as a hole with each  
completed chain formed by interlocking knobs and holes with all subunits lined up in the same orientation. Moreover, the two ends  
of the chain are easily distinguishable, as one has a 3′ hydroxyl and the other a 5′ phosphate. Chain polarity is then referred to as 
the 3′- end and the other as the 5′- end.

 
The two chains of the DNA double helix are held together by hydrogen bonding between the bases on the different strands, where all 
the bases are on the inside of the double helix, and the sugar-phosphate backbones are on the outside (Figure 8). In each case, a 
bulkier two-ring base is paired with a single-ring base (a pyrimidine); A always pairs with T, and G with C (Figure 9).  This 
complementary base-pairing enables the base pairs to be packed in the energetically most favourable arrangement in the interior of 
the double helix. In this arrangement, each base pair is of similar width, thus holding the sugar-phosphate backbones an equal 
distance apart along the DNA molecule. To maximise the efficiency of base-pair packing, the two sugar-phosphate backbones wind 
around each other to form a double helix, with one complete turn every ten base pairs (Figure 9). The detailed covalent chemistry of 
the base pairing linking through to the sugar-phosphate backbone is shown in Figure 9 and 10.

SUGAR

BASEPHOSPHATE

2-Deoxy-2-ribose (in DNA)

Base = Adenine, Cytosine,
      Guanine, Thymine

Nucleotide

2-Deoxy-2-ribose (in DNA)
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Phosphate deoxyribose
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Figure 8: Building 
blocks of DNA 
(left) and hydrogen 
bonding between 
bases (black dashed 
line) in the double 
stranded DNA (right).

3.1  Understanding the DNA Chain Structure
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Figure 10: The covalent structure of DNA.

Figure 9: Base pairing, where A pairs with T and G with C 
via two and three hydrogen bonds respectively.
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Initially, DNA was believed to be quite a small molecule but, by the mid-1930s, Casperssen and Hammarsten, working in Sweden  
had shown that it was a polymer.  As improved methods have become available to measure the size of these molecules, it has  
become clear that they can be exceptionally large. Each chromosome in the cell nucleus of a higher (eukaryotic) organism contains 
two strands of DNA known as chromatids. These strands of DNA have molecular weights on average of 1011 (Gross-Bellard, 1973). The 
DNA strands are wound around protein complexes of eight histone proteins to create nucleosomes with stretches of DNA joining the 
nucleosomes in a repeating structure (Figure 11). The resultant condensed fibre is further coiled, creating a 30nm diameter chromatin 
fibre, which forms loops that are compressed and folded to generate what we recognise as a chromatid. The consequence of all this 
condensation in size is that the DNA in a human cell is reduced from a total length of around 1.8 m to about 0.09 mm. The DNA is held 
tightly in place on the protein, mostly by the electrostatic attraction resulting from the positive charge on the histones and the negative 
charge on the DNA.

 
In simpler (prokaryotic) organisms such as bacteria, which do 
not have nuclei, there is usually a single circular chromosome 
which is compacted into a nucleoid structure by a combination 
of supercoiling and combination with specific 
proteins and RNA molecules. The molecular 
weight of their chromosomal DNA is substantially 
less than in Eukaryotes (around 2.5 x 108, for 
Escherichia coli) (Massie, 1965). Prokaryotes 
do not contain histones.  

 
RNA molecules are substantially smaller, 
with molecular weights ranging from tens 
of thousands to two million depending on 
the type (Genthner, 1985).

 

 
 
 
 
 
DNA is a quite stable molecule and this is demonstrated by its persistence in nature under appropriate conditions. This has allowed  
biologists to isolate and sequence the genomes from extremely ancient animal and plant remains including, for example, million year 
old mammoth remains (Miller, 2008) and a weevil that was more than 100 million years old (Cano, 1993).  

In contrast, the ribose component of RNA makes the latter less stable than DNA. Ribose has a lower stability than deoxyribose  
because the additional hydroxyl group on the pentose ring makes it more prone to hydrolysis.

 

3.2  Nucleic Acids as Polymers

3.3  Stability of Nucleic Acids
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Whilst we now recognise the DNA double helix as one of the great discoveries of the 20th century, this was not so obvious at the time.  
Although DNA was a very strong contender to be the carrier of genetic information, this had not yet been proven and there were still 
significant questions about how it might function. It would take a decade of intense research to confirm the role of DNA and how it 
works (Crick, 1961).

 
 

A carrier of genetic information must be able to replicate itself. Watson and Crick  
realised that the helical structure suggested a basis for how DNA might separate and 
copy each strand. In 1958, Meselson and Stahl, working at Caltech in the USA, 
confirmed Watson and Crick’s prediction. By growing bacterial cultures in media 
containing first the heavier 15N isotope of nitrogen, followed by 14N and then 
separating the resulting DNA species by density gradient centrifugation, they were 
able to show that the double helix does indeed separate to allow each strand to act 
as a template to create a new strand (Figure 12). Each new double helix contains 
one parent strand and one complementary daughter strand (Meselson, 1958).  
 
Around the same time, a landmark breakthrough was made by Arthur Kornberg 
in 1956 with the discovery of the enzyme DNA polymerase (Friedberg, 2006; 
Kornberg, 1956). This enzyme produces replicas of DNA templates by catalysing 
the addition of deoxyribonucleotides to the growing strand of DNA. His discovery, 
for which he won the Nobel Prize, is fundamental to our understanding of gene 
replication. DNA polymerases have become important tools, for example, in nucleic 
acid synthesis and the application of PCR technology (Figure 13).

 

4.1   Introduction

4.2   DNA Replication
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Two other big questions were how exactly genetic information might be stored in DNA and how that information is used to generate 
the tens of thousands of different proteins found in a cell.  Following on closely from their double helix paper, Watson and Crick  
suggested in 1953 that the sequence of bases in DNA provided the basis of genetic information.  

It initially wasn’t clear whether DNA might act directly as a template for protein synthesis, as some proposed, or by some indirect 
mechanism possibly based on RNA. By 1959, it was established that proteins are synthesised on ribosomes, which are particles  
containing protein and RNA and were discovered by George Palade in 1955 (Palade, 1975). Since ribosomes are in the cytoplasm of 
a cell and DNA is almost entirely contained in the nucleus of cells in higher organisms, it seemed increasingly likely that there was an 
intermediate step between DNA and protein synthesis, possibly involving a “messenger” RNA.  

The answers to these questions came in 1961 with a series of ground breaking discoveries. Nirenberg and Mathaei, working at the 
National Institutes of Health in the USA, were conducting experiments to investigate the potential role of a messenger RNA in protein 
synthesis. Using cell-free extracts of the bacterium E. coli, they added a synthetic RNA made of just uracil and discovered that a 
polyphenylalanine protein was produced (Matthael, 1961;  Nirenberg, 1961). This was the first definitive evidence that RNA and not 
DNA was the template for protein synthesis and also the first step in breaking the code; a uracil sequence coded for phenylalanine. 
Nirenberg won the Nobel Prize for his work on the genetic code. Around the same time, two papers were published in Nature, which 
described the isolation from cells of a transitory type of RNA that had the properties expected of a “messenger” and became known  
as messenger RNA or mRNA. (Brenner, 1961; Gros, 1961). 

The nature of the genetic code was clarified when Crick and colleagues reported on experimental work with mutants of a bacteriophage 
(virus that infects bacteria), which indicated that each amino acid in a protein is coded for by specific triplets (codons) of nucleotides 
(Crick, 1961).  

Whilst a given triplet can only code for one amino acid, they concluded that conversely, there was probably redundancy in the code, 
i.e., an amino acid could be coded for by more than one triplet. Gradually, the codons for all twenty amino acids were identified. A 
major player in this effort was Har Gobind Khorana, who used chemical synthesis to create short DNA segments and then an enzyme 
to produce repeating sequences of these segments. (Khorana, 1965). By expressing these sequences in bacterial cell-free extracts he 
determined which sequences, i.e. codons, coded for which amino acids. He confirmed that there is more than one codon for most  
amino acids. Khorana received the Nobel Prize for this work. Only two amino acids have a single codon: methionine and tryptophan. 
Even though there are a few rare examples of additional codons being used, the genetic code is universal for all living organisms,  
suggesting a common ancestor. 

The frequency with which particular codons are used varies between different organisms and even between genes expressing a  
specific protein. The choice of codons may act as a control mechanism influencing the rate at which proteins are produced 
(Komar, 2016). In producing biopharmaceutical proteins in cells, using recombinant DNA techniques, it is common to optimise codons 
to maximise protein productivity (Mauro, 2014; Sorensen, 1989).  

The picture was becoming clear: DNA in the cell’s nucleus is transcribed into a short-lived messenger RNA (mRNA) that passes out of 
the nucleus and interacts with ribosomes, translating the mRNA message into protein. Perhaps not surprisingly the details of this  
process turned out to be more complex than this brief description suggests. 

4.3   From DNA to Protein: Transcription and Translation
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Scheme 9: Acyclovir/
Ganciclovir and the 
cellular Famciclovir to 
Penciclovir conversion.

 
The stretch of DNA coding for a specific protein is copied, in a process known as transcription, to generate a complementary  
single-stranded messenger RNA (mRNA) (Figure 14).  Start and stop codons define the limits of transcription which is carried out by 
the enzyme RNA polymerase. This enzyme binds to the starting site on the coding strand of DNA in a process known as initiation. The  
helix is unwound, RNA is synthesized until the end of the gene sequence is reached, and a termination step occurs.  In DNA, only one 
strand is coding. This begs the question of why is DNA double-stranded if one of the strands is non-coding? The answer seems to be 
that the second strand plays an important role in correcting errors that can occur during DNA replication (Straus, 2018).

A surprising discovery was made independently in 1977 by Philip Sharp at MIT and Richard Roberts at the Cold Spring Harbor  
Laboratory, earning them Nobel Prizes (Berget, 1977; Chow, 1977). They found that RNA, as initially transcribed, is often longer  
than the expected coding sequence. This is a common phenomenon in eukaryotes. It became apparent that this “pre-mRNA”  
contains sequences called introns, which are not needed for protein expression and are spliced out to leave just the protein-coding  
sequences (exons), the ends of which are rejoined. The splicing is carried out by large ribonucleoprotein structures called  
spliceosomes, which are made up of proteins and small nuclear RNAs which have a catalytic activity responsible for the splicing.  
Some introns are self-splicing. As described later, introns can have significant roles and are often the precursors for RNAs that  
regulate protein expression levels.  It was then discovered that pre-mRNA transcripts can be spliced in alternative ways resulting in 
different proteins being expressed from an original DNA sequence (Nilsen, 2010). Two to several thousand different mRNAs can be 
produced depending on the particular gene. This mechanism for producing multiple mRNA transcripts from a single gene helps to 
explain the puzzling observation in humans that more than 90,000 proteins are generated from around 25,000 protein-coding genes 
(Gordon, 2015). This may be a mechanism for making more efficient use of the cell’s DNA.

In addition to splicing, other modifications to the RNA are also made. For example at the 5’-end of mRNA in eukaryotes a guanosine 
cap is commonly added and then methylated. This cap is important for gene translation. At the 3’-end a polyadenine tail  
is frequently added. This is believed to protect against degradation by exonuclease enzymes and may play a role in transport from  
the nucleus. 

Proteins make up the majority of the macromolecules found in cells. Therefore it is not surprising that much of a cell’s resource is  
taken up in translation, the process that converts the information in mRNA into protein.

4.4  Transcription
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4.5  Translation
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After transcription, mRNA passes to ribosomes, where protein synthesis takes place. Ribosomes are made up of about 60 % ribosomal 
RNA (rRNA) and 40 % protein. rRNA, which is transcribed from DNA, makes up about 80 % of the total RNA in a cell. There are four 
different rRNAs in eukaryotes and about 80 ribosomal proteins. The ribosomal RNAs and proteins are arranged in two subunits, one 
large and one small. In 2009, Venkatraman Ramakrishnan, Thomas Steitz and Ada Yonath won the Nobel Prize for elucidating the 
structure of the ribosome at an atomic level (Williamson, 2009). The ribosome moves along the mRNA as amino acids are added to 
the growing protein chain. One mRNA can be read by multiple ribosomes operating at the same time. The ribosome is an example 
of an RNA acting as a catalyst or “ribozyme”. mRNAs may be used more than once but can also be degraded by enzymes back to the 
constituent nucleotides.  

Apart from mRNA and the RNA in the ribosomes (ribosomal RNA, rRNA), a further class of RNA is required; transfer RNA (tRNA). Crick 
had predicted the existence of tRNAs as being necessary as adaptor molecules to transport specific amino acids to the ribosome. They 
were discovered by Zamecnik and Hoagland in 1958 (Hoagland, 1958).

A series of transfer RNAs (tRNAs), specific for each amino acid codon, transfer the amino acids to the ribosome in the sequence  
dictated by mRNA to generate the relevant protein. Each tRNA has a corresponding enzyme that links it to the relevant amino acid  
(Figure 15). In 1965, Holley and colleagues determined the primary structure of the 75 nucleotide alanine tRNA (Holley, 1965). tRNAs 
have a tri-clover structure, and three regions of the molecule recognise respectively ribosomal RNA (rRNA), a complementary  
sequence on mRNA and an amino acid.

 

4.5.1  Ribosomes

Figure 15: Simplified 
translation diagram. 
(1) The A site accepts 
the new amino acid; 
(2) the P site holds and 
transfers the amino acid 
to grow the polypeptide 
chain; (3) the E site 
allows release of the 
empty tRNA (without the 
amino acid).
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1961 wasn’t just the year when the genetic code was cracked and the processes of transcription and translation began to be  
understood; it also heralded the beginning of our understanding of how gene functions are regulated. This was the year when Nobel 
Prize winners Francois Jacob and Jacques Monod, working at the Pasteur Institute in Paris discovered the first genetic regulation 
system (Monod, 1952). Their work focused on the bacterium E. coli, particularly the genes involved in the lactose metabolism. 
This nutrient can be used as a carbon and energy source. By studying mutants of E.coli which varied in the way that lactose was 
metabolised, they discovered that the genes for the proteins required to metabolise lactose were grouped along a sequence of DNA 
which they called an operon (Figure 16). In addition to these “structural” genes, they also identified two closely associated regulatory 
genes which essentially acted as on/off switches for transcription of the whole operon. These switches are turned on or off by proteins 
which can detect the presence or absence of lactose and glucose (a nutrient used in preference to lactose if present) (Jacob, 1961). 

For eukaryotic organisms, the situation is much more complex.  While regulation is mostly at the transcription level in prokaryotes,  
it is far more complicated in eukaryotes and can be at many levels. In animals, plants and fungi, there is the huge additional  
complication of controlling genetic expression to allow an egg, seed or spore to develop into a differentiated organism. The creation 
and maintenance of all the different cell types in an organism, all sharing a common genome, is a result of complex “epigenetic”  
regulatory processes. (Jaenisch, 2003). 

 
Whilst, as in bacteria, proteins can be involved in regulation, what perhaps came as something of a surprise was the important role of 
several different types of RNA. Whereas the proportion of DNA coding for proteins in bacteria is typically around 90 %, in eukaryotes, 
it is amazingly small (less than 2 %). Some of this non(protein)-coding DNA is transcribed into transfer and ribosomal RNAs, but the 
role of the very large remainder was a mystery and was commonly referred to as junk DNA. It turns out that it is far from being junk. 
During the 1990s, it became clear that at least some of these regions play a key role in regulating gene activity. Some non-coding DNA 
is transcribed to produce small RNA molecules (sRNA), which have a regulatory function. The most common of these are microRNA 
(miRNA) and small interfering RNA (siRNA).  miRNA was discovered in 1993 by Lee and colleagues (Lee, 1993) and functions by 
reducing the efficiency of mRNA translation. In the years following their discovery, more than 2000 different miRNAs have been 
identified in human cells. They are small single-stranded molecules about 22 nucleotides in length, which are folded back on 
themselves to produce hairpin structures (Figure 17). A significant proportion (around 40 %) of miRNA genes are found in introns.  

4.6   Regulation of Transcription and Translation
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Small interfering RNAs (siRNA) are double-stranded molecules comprising 20 to 24 base pairs which were discovered by Fire in  
1998 (Fire, 1998). They usually function by binding to complementary sites on mRNA causing cleavage. siRNAs are more specific in 
their action than miRNAs. Whilst individual miRNAs can regulate a large number of different mRNAs, siRNAs are very target specific. 
This has resulted in widespread interest in their therapeutic potential. 

Not all small RNAs act to reduce gene expression. Some small double stranded RNAs can activate transcription (Li, 2006).  In addition 
to the small RNAs there are also long (greater than 200 nucleotides) non-coding RNAs which have important roles in gene regulation 
(Statello, 2021). 

 
In addition to these regulatory molecules, there also chemical modifications made to both DNA and RNA which can influence  
transcription and translation. A large number of modifications are seen in rRNA, tRNA and mRNA. In DNA, cytosine can be  
methylated to generate 5-methylcytosine. This usually occurs when cytosine is next to guanosine and appears to be linked to  
gene silencing. In RNAs, N6-methyladenosine is the most common modification and 5-methylcytosine is also seen in  a variety  
of RNA molecules. Inappropriate methylation is associated with some diseases including cancers. Demethylation of methylated  
bases can also occur.  Other modifications of cytosine include; 5-hydroxymethylcytosine, 5-formylcytosine and 5-carboxycytosine.  
In addition to methylation a number of other chemical modificatons can occur. For example, sulphur modifications are found in tRNAs 
on uridine (2-thiouridine, 4-thiouridine, geranyl-2-thiouridine) and on ribose (phosphorothioate) which act in different ways as  
enhancers. In addition to changes to RNA and DNA (Figure 18), chemical modifications may also be made to histones as part of gene 
regulation. 

     

                                       

 

Figure 18: Some examples of typical 
chemical modifications to cytosine and 
adenosine.

4.6.1   Chemical Modifications
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Natural, genomic DNA can be isolated by initially freeing it from cells or tissue by mechanical or chemical disruption. This is  
then followed by steps to remove contaminants such as proteins, for example by selective precipitation. The DNA can then  
be precipitated with alcohol. 

An alternative simpler but lower yielding process uses Chelex resin to directly bind cellular contaminants leaving DNA in solution.  
DNA can also be recovered using solid phase extraction by adsorption onto silica in the spin column method or onto magnetic beads 
coated with silica. Several of these systems have been automated (Vogelstein, 1979).

RNA isolation from cells was originally based on phenol/chloroform extraction. In more recent times, the silica based spin column  
and magnetic bead methods have become available (Table 1). Detection and quantitation of DNA and RNA can be done by UV  
absorbance spectrophotometry or by fluorimetry using fluorescent dyes that bind specifically to nucleic acids. 

The development of purification methods since around 1955 are listed in Table 1.

Table 1  DNA Purification Methods 1955-1998
Date Method Reference
1955 Size Exclusion Chromatography (SEC) Lathe, 1955
1956 Ion Exchange Chromatography (IEC) Peterson, 1956
1957 Density gradient centrifugation Meselson, 1957
1968 Affinity Chromatography Cuatrecasas, 1968
1979 Alkaline Extraction Bimboim, 1979
1979 Silica Matrices Vogelstein, 1979
1988 Salting Out Miller, 1988
1990 CTAB extraction Doyle, 1990
1998 Phenol-Chloroform Barker, 1998
1998 Phenol-Chloroform Hawkins, 1998; Boom, 1990

5.1   DNA and RNA Isolation Techniques: A Brief Overview
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Nucleic acid sequencing is the process of determining the order of nucleotides in DNA or RNA. Sequencing is making a fundamental 
contribution to our understanding of relationships between organisms, how biological systems function and how they evolve not just 
in the long term but also, for example, in the case of viruses, in the short term. In the recent COVID-19 pandemic, sequencing has  
made it possible to identify mutations in the virus as new variants arise. This, in turn, informs measures that can be taken such as the  
development of new vaccines.

Publication of the human genome sequence and advances in sequencing technology has profoundly impacted our understanding  
of disease at a genetic level. The analysis of data from large numbers of genomes is invaluable for identifying potential correlations 
with disease. Genome sequencing is already being used as a diagnostic tool to detect genetic variations known to be associated with 
specific diseases such as cancer. The UK government has announced a programme to obtain the full genome sequence of 100,000 
newborn babies to see if this is useful in identifying and treating genetically based conditions. 

As the nature of the genetic code became clear, the next challenge was determining the linear sequence of nucleotides along specific 
genes (Heather, 2016). Initially, the methods available could only provide small sequences. Efforts focused on RNA where known 
molecules of relatively short length, such as tRNAs, were available. In addition, RNAase enzymes which cut RNA at different specific 
nucleotide sites were available and could be used to assist sequencing. Such enzymes were not available for DNA. In 1965, Robert 
Holley at Cornell University published the 77 nucleotide sequence of the yeast alanine tRNA. He determined the sequence using 
RNAases, and by comparing the resulting fragments, he was able to deduce the sequence (Dudock, 1969; Holley, 1965). This was 
the first nucleic acid to be fully sequenced, and his work led to a Nobel Prize in 1968.  Shortly afterwards, George Brownlee, working 
with Fred Sanger in Cambridge, determined the sequence of 5S ribosomal RNA from E. coli, using RNAases to generate fragments that 
could be compared (Brownlee, 1967).   

In 1976, Walter Fiers at the University of Ghent completed the sequencing of a bacteriophage’s 3,569 nucleotide RNA genome. This 
was the first time a complete genome had been sequenced and was accomplished using RNAase enzymes, followed by separation of 
the resultant oligonucleotides using electrophoresis and chromatography (Fiers, 1976).  

By the late 1970s, better methods for sequencing were developed by Sanger at Cambridge and Allan Maxam and Walter Gilbert at 
Harvard. Maxam and Gilbert developed techniques for specifically cleaving radiolabelled DNA at each of the  four bases by chemical 
means and then separating the fragments by gel electrophoresis. Sequence could be deduced from the patterns of radioactive bands 
on the gels. The Maxam and Gilbert method was the first to be published (Maxam, 1977) and was widely used. However, the Sanger 
method became preferred because it used fewer toxic chemicals and was more straightforward, particularly when it came to  
automating the method. The Sanger method, which has a high level of accuracy, is still widely used.

6.2  Sequencing Technologies

6.1  Introduction

Frederick Sanger
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Sanger had been working on the sequencing of proteins for which he was awarded a Nobel Prize, before turning his attention to  
nucleic acids. In 1977, he published a method known as the chain termination or dideoxy method, which became the most widely  
used technique in the following decades mainly because of its accuracy and ease of use compared with other methods, and he  
received his second Nobel Prize for this work (Sanger, 1977). The current Sanger method (Figure 19) is based on the use of a DNA 
polymerase enzyme that initiates DNA replication in the presence of the four deoxynucleotides in DNA and a DNA primer which binds 
next to the sequence of interest. DNA transcription is terminated by adding a fluorescently labelled dideoxyribonucleotide version 
of the four natural nucleotides to the reaction. So, for example, if the polymerase is adding nucleotides and the next required in the 
sequence is cytosine, the addition of dideoxycytosine will prevent extension beyond that point. Adding the dideoxy derivatives of the 
other nucleotides in separate reactions terminates elongation at different positions in the sequence. Analysis of the nucleotide specific 
termination fragments, which vary in length, allows the sequence to be deduced. 

 

The next big step forward in sequencing was automation, and a commercially available system based on Sanger sequencing was  
introduced by Applied Biosystems in 1987. This increased throughput from tens to thousands of bases per day, and much more  
ambitious projects could be undertaken including the sequencing of the whole human genome. Improvements in the automated  
systems included the use of fluorophore-labelled dideoxynucleotides instead of radioactive labels and the use of capillary  
electrophoresis for analysis (Smith, 1986). The fluorometric method uses fluorophores of different colours to label each base  
and allowed the termination reactions to be carried out in a single vessel. Capillary electrophoresis gave improvements in speed  
and resolution compared with existing electrophoretic methods. By the mid 1990s, improvements to automated systems meant  
that millions rather than thousands of bases could be sequenced per day. In recent years, second generation systems have been  
commercialised which now make it possible to sequence billions of bases per day (Figure 20).

    

6.3  Automation
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Examples include systems from Illumina and Oxford Nanopore. The Illumina system uses massively parallel sequencing using 
fluorescently labelled reversible DNA chain terminators. The technology detects single bases as they are added to the DNA.  The 
Oxford Nanopore system is a very different technology. The device has a membrane containing pores each of which acts as an 
electrode. As a sample of DNA or RNA is passed through the membrane, the electrode detects changes in current. These changes vary 
depending on the sequence of nucleotides and can be interpreted to provide that sequence.

The Human Genome Project was an international research project with the goal of determining the complete sequence of nucleotides 
in the genes of the human genome. In the public sector, most of the sequencing was carried out by the International Human Genome 
Sequencing Consortium, (IHGSC) funded by governments at research centres in several countries (Zwart, 2015). In the private  
sector, Celera Genomics carried out a sequencing programme in parallel. The international programme started in 1990 and much of 
the sequence had been completed by 2001 when draft sequences were published by the IHGSC and by Celera in Science and Nature 
(IHGSC, 2004; Lander, 2001; Venter, 2001). By 2003, the international project was completed, having sequenced about 90% of the 
genome. By the beginning of 2022, the remaining gaps had been sequenced. This was a remarkable achievement when one considers 
the complexity of the task - the human genome contains three billion base pairs. In the intervening years since the genome project, 
sequencing technology has improved to the point where a human sequence can be obtained in a day. The first Guinness world  
record for the fastest human genome sequencing (5hr 2min) was established in 2022 at Stanford using the Oxford Nanopore  
system (Gorzynski, 2022). In addition, the costs of sequencing have come down. Whereas the thirteen year human genome project  
cost around three billion dollars, a sequence can now be carried out for less than $1,000. Sequencing efficiency has improved to the 
point where the Sanger Institute could report in 2022 that it had sequenced 243,633 human genomes in the previous 3.5 years. In 
total, they had sequenced 21 quadrillion (21 x 1015) letters of DNA. 

Publication of the human genome sequence and developments in sequencing technology are having a significant impact on the  
understanding of disease at a genetic level. Genome sequencing is now used regularly as a diagnostic tool to detect genetic variations 
known to be associated with specific diseases such as cancer and with specific health risks.

6.4  The Human Genome Project

Figure 20: Example of automated DNA sequencing.
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The polymerase chain reaction has become one of the key techniques in molecular biology, earning its inventor, Kary Mullis, the  
Nobel Prize in chemistry (Mullis, 1990). The technique uses a polymerase enzyme to amplify a gene sequence of interest to provide 
enough DNA for sequencing or other applications. 

The first step in PCR is to heat the sample to separate the two strands of DNA. Short strands of “primer” DNA are added, which  
attach to the desired complementary regions on the separated strands. The reaction mixture includes the four nucleotides required  
to make DNA and a heat resistant DNA polymerase enzyme which adds the nucleotides in the appropriate sequence to generate  
double-stranded DNA, using the primer as a starting point. This sequence of heating and replication is repeated through multiple  
cycles usually using automated systems. 

 
It is possible to make PCR quantitative by monitoring amplification in real time by using fluorescent probes that bind to double  
stranded DNA or labelled DNA probes that bind to specific sequences in the DNA. The method is made quantitative by calibration 
against known concentrations of a standard DNA.  

 

 

Standard PCR technology can only be used to amplify DNA but the technique can be modified for use with RNA by use of a reverse  
transcriptase enzyme to convert the RNA into DNA. It is then possible to use either standard or quantitative PCR methods.
  
 
 
 
 
 
 
 
 

 

PCR technology is now widely used in many applications and it played an important role in the Human Genome Project described 
earlier. In molecular biology, the qPCR method can be used to measure the number of copies of a gene in a genome, or using rtPCR, it 
is possible to  measure levels of expression of mRNA transcripts. As an example, this can be useful when studying the effect of 
different environmental conditions on the expression of specific genes.

In healthcare, it is used in the diagnosis of some cancers and genetic disorders as well as the detection of viral infections, where it  
can detect the relevant virus even when it is present at very low levels. For example, rtPCR is being widely used in the diagnosis of  
COVID-19 along with lateral flow testing, which detects viral protein, not DNA. The PCR method is more sensitive but requires 
specialist facilities, unlike the lateral flow method which can be used in the home. In addition to detecting a number of viral infections, 
qPCR is also used to monitor the progress of infection and of treatment (Watzinger, 2006).

PCR has applications in other fields, for example in agriculture for identifying plant pathogens, and in the food industry for detecting 
pathogens and food adulteration (Bohme, 2019). It is also used to monitor water quality. 

PCR is also very useful in identity testing (Saad, 2005), for example, in forensic science, where DNA from a crime scene can help to  
identify a suspect (McCord, 2019). The DNA of an individual is different from that of every other (except for identical twins). In 1984, 
Alec Jeffreys at the University of Leicester developed a genetic fingerprinting method that could distinguish between the DNA of 
different individuals. He cut DNA into fragments using restriction enzymes, which are found in bacteria, and cleave DNA at specific 
sites. The resulting fragments are then separated by electrophoresis, giving patterns which are unique to an individual. In practice, the 
amounts of DNA found at a crime scene are often too small to analyse directly, and PCR amplification is required to provide enough 
material for fingerprinting. This fingerprinting approach has other applications, for example in paternity testing and population ancestry.

7.2  Quantitative PCR (qPCR)

7.3  Reverse Transcriptase PCR (rtPCR)

7.4  Applications of PCR

7.1  Introduction
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As discussed in section 4, Arthur Kornberg had discovered an enzymatic route to synthesise replicas of DNA in the 1950s. Still, there 
was also growing interest in how DNA might be synthesised chemically. The first problem to be resolved was how to couple 
nucleotides, which was addressed by the chemist Lord Todd, working at Cambridge University (Figure 21). Lord Todd won a Nobel  
Prize for his work on the synthesis of nucleotides and was the first to synthesise a dinucleotide (Brown, 2000; Michelson and Todd, 
1955; Michelson, 1961). Todd and his team did this by condensing 3’-0-acetylthymidine with thymidine 3’-(benzyl phosphochloridate) 
5’-(dibenzyl phosphate) followed by removal of the protecting groups.

Further pioneering work using phosphodiester chemistry was carried out by Har Govind Khorana (Khorana, 1957) (Figure 22), who 
had worked with Todd and who as noted earlier did much of the synthetic work which established the basis of the genetic code. 

 
In 1970, now working at MIT his team synthesised the DNA coding for the 77 nucleotide yeast alanine transfer RNA (Agarwal, 1970; 
Gilham, 1958; Gilham, 1959; Khorana, 1972; Khorana, 1979). This was the first synthesis of a complete gene. It involved the 
synthesis of 15 segments and then use of a ligase enzyme to link the segments.

Figure 22: Khorana  
phosphodiester synthesis  
(base = thymidine). 
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The next major step came with the development of solid phase synthesis, initially on polystyrene (Letsinger and 
Mahadevan, 1965; Letsinger and Mahadevan, 1966), and subsequently, in the early 1980s, on controlled pore 
glass using phosphoramidite chemistry (Caruthers, 2011; Caruthers, 2013; Matteucci and Caruthers, 1981). This 
solid phase technology (Figure 23) was hugely important because it allowed for stepwise addition of protected 
nucleosides without the need to separate the intermediates after each addition. It is still the standard method 
used today. This technology lent itself to automation and commercial machines were available from the 1980s.

Oligonucleotides are typically purified by HPLC after release from the support. Synthesis is typically limited to 
oligonucleotides of about 200 nucleotides in length. Larger nucleic acids are made by synthesising subunits and 
using enzymes to couple them into the final structure.

In 1977, five years after Khorana’s synthesis of the tRNA gene, the gene for somatostatin, a small protein containing just fourteen 
amino acids, was synthesised (Itakura, 1977) and expressed in E. coli cells by the fledgling biotechnology company Genentech. 
This was the first human protein to be produced in a bacterium. In 1978, they went on to synthesise the genes for the two chains of 
insulin and express them in E.coli. (Goeddel). This was the first therapeutic protein produced by recombinant DNA technology. It was 
approved by the FDA in 1982 and marketed by Eli Lilly, who developed the manufacturing process (Johnson, 1983). The production 
of recombinant therapeutic proteins, including monoclonal antibodies, has now become a very significant part of the pharmaceutical 
industry. Nucleic acid synthesis is now used in a range of applications in addition to recombinant protein production. Examples include 
the synthesis of oligonucleotides for therapeutic applications, as probes for detecting complimentary DNA or RNA, and as primers for 
use in sequencing and amplification of nucleic acids.

                      In addition to the synthesis of individual genes, it is now   
                       possible to synthesise whole genomes. The first genome 
                       to be synthesised was from a bacteriophage (Smith, 2003).

                      By 2008, a complete bacterial chromosome had been   
                      synthesised (Gibson, 2008). This work was undertaken at  
                      the J. Craig Venter Institute in the USA. The genome   
                      contained 582,970 base pairs claimed to be the largest   
                      chemically defined structure synthesised in the lab. The   
                      genome was synthesised as smaller components, which   
                      were then linked together. In 2010, this work went one step 
                      further when the same group synthesised a bacterial genome, 
                      which was then transferred to a bacterium lacking a genome  
                      to create a living cell capable of replication (Gibson, 2010).  
                       
                       The ability to synthesise genomes also makes it possible to 
                                  make changes which give insights into how genomes   
                        function (Analuru, 2014). 

Figure 23: Solid phase synthesis.

8.2  Solid Phase Synthesis

Marvin H Caruthers
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As already discussed, techniques such as PCR and genome sequencing are important tools in diagnosing and monitoring a number 
of diseases, such as viral infections and cancer. Other techniques include Fluorescence in situ hybridisation (FISH) and comparative 
genomic hybridisation (CGH). FISH uses fluorescently labelled nucleic acid probes to detect genetic markers, usually for particular 
cancers, in histology samples (Levsky, 2003). CGH is a method for analysing changes in gene copy number in DNA extracted from the 
relevant tissue. Loss or gain of genetic material can be associated with a number of diseases. Fluorescently labeled DNA from test 
material is hybridised with normal DNA labelled with a second fluorophore, and differences in fluorescence indicate differences in 
copy number. The method is also used in microarray format. 

There is a strong interest in developing diagnostic tools that can detect disease-related DNA in blood or other fluid samples that can 
be easily obtained, and especially having techniques that can detect cancer at an early stage. In a recent example Karan Budhraja and 
colleagues described a method using sequencing of DNA fragments from blood together with machine learning techniques to detect 
cancer (Budhraja, 2023).

Diagnostic methods are also becoming increasingly efficient particularly as sequencing becomes faster and more cost effective. For 
example, in a recent publication, scientists at Cambridge and Oxford Universities describe a technique using DNA “nanobaits” to 
simultaneously identify multiple viruses using the Oxford Nanopore system (Boscovic, 2023).

 
Recombinant DNA technology has made possible the generation of therapeutic proteins such as insulin and monoclonal antibodies 
(Smith, 2017). A more significant challenge, which is now beginning to deliver results, is the use of nucleic acids directly as therapeutic 
agents for treating various conditions including genetic diseases, cancer and infectious diseases. 

The first category of these “gene therapies” involves treatments for diseases characterised by failure to produce an essential protein 
due to a faulty gene. One example is the failure to produce the Factor IX protein in patients with Haemophilia B. A treatment is now 
available where the gene for the coagulation Factor IX is transported into cells where it is able to generate the protein. 

Other examples of this type of gene therapy are shown in Table 2. A key challenge has been how to get DNA into cells, and the 
approach taken is to use a viral vector. The vectors most used are based on a modified adeno-associated virus (AAV). This 
single-stranded DNA virus is non-pathogenic and is replication defective. 

It is also possible to use this approach to introduce genes, not to substitute for a faulty protein-expressing gene but to express other 
proteins which have a therapeutic effect. In a recent example, the AAV vector has been used to introduce the gene for interferon 
alpha-2b in patients with bladder cancer (Table 2). Interferon is part of the body’s natural response to fighting cancer (Mokkapati, 2022). 

 

 Table 2  Approved Gene Therapies for Protein Expression
Product Disease Protein Expressed Approval (FDA)
Luxturna Retinal dystrophy RPE65 enzyme 2017 
Zynteglo Beta thalassemia Beta globin 2022 
Zolgensma Spinal muscular atrophy SMN protein 2019 
Hemgenix Haemophilia B Factor IX 2022 
Adstiladrin Bladder cancer Interferon alpha-2b 2022 

 

9.1  Diagnostics

9.2  Gene Therapy
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Applications of Nucleic Acids    39

 
As understanding of the genetic disorders underlying a significant number of diseases has increased, it becomes increasingly apparent 
that in many diseases, the underlying causes can be more complex than simply not producing a particular protein. Sometimes 
genes are inappropriately expressed, and an approach to treatment is to down-regulate this expression using synthetic 
oligonucleotides. A number of approaches have been taken based on the use of  DNA and RNA. Two types of nucleic acid have been 
developed that can be used to target transcription or translation specifically: single-stranded DNA or RNA antisense oligonucleotides 
(ASOs) and double-stranded RNAs (RNAi). ASOs are short synthetic DNA sequences of about 13-25 nucleotides that block or modify 
mRNA translation. RNAs (RNAi) molecules have already been discussed in the context of controlling gene expression. These include 
both small interfering RNAs (siRNA) and microRNAs (miRNA), which have been evaluated as a means to block translation. A significant 
number of these DNA and RNA therapeutics are now licensed (Table 3), and many more are being assessed.  

In most cases, the approach has been to down-regulate gene expression, but there are instances where it can be useful to do the  
opposite. There are small activating RNAs (saRNA) that have the same basic structure as siRNas but up-regulate specific gene  
promoter sequences. There is interest in their therapeutic potential, particularly in cancer. 

There is also interest in using antisense drugs as antivirals; one example, Bepiroversen is in clinical trials. It targets mRNAs  
produced by the Hepatitis B virus inhibiting the production of viral proteins (Yuen, 2021). 

 
 

These are small (20-100 nucleotide) single-stranded DNA or RNA molecules that behave like chemical antibodies (Kulabhusan, 2020; 
Zhou, 2018).  Aptamers recognising a wide range of target molecules, including proteins, can be selected from pools of random 
oligonucleotides. They can have advantages over monoclonal antibodies in some situations, and there is interest in them as 
therapeutics, diagnostics and research reagents. One aptamer, Macugen, was licensed in 2004 for use in macular degeneration.  
It is a pegylated 28 nucleotide RNA oligonucleotide which inhibits an enzyme, vascular endothelial growth factor.

There are major technical challenges with oligonucleotide drugs, particularly concerning finding effective means of delivering them 
to the relevant cells or tissue, getting them into cells and avoiding degradation by nuclease enzymes. To address this, a wide range of 
chemical modifications to the nucleic acid structure have been developed (Roberts, 2020). Several modifications to the ribose and 
phosphate components have been described. In the case of phosphate, it was found that incorporating sulphur to create a  
phosphorothioate linkage with ribose reduces degradation. Likewise, several ribose modifications were described which also  
increased stability. For a number of antisense oligonucleotides (ASOs), the whole ribose phosphate backbone is replaced by a  
backbone made up of methylene morpholone rings linked by phosphoroamidate groups (Figure 24). This confers significantly  
increased stability and reduced off-target effects. This type of oligonucleotide is often referred to as a morpholino and several are  
now approved (Table 3). DNA antisense oligonucleotides have been developed in which the DNA is flanked at both ends with short 
RNA-like sequences. These “gapmers” have increased resistance to nuclease degradation and higher affinity for the target RNA. The  
approved product Tegsedi is an example of a gapmer.

9.3  Aptamers

9.2.1  Therapies Based on Gene Silencing or Activation 
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Table 3 Approved Oligonucleotide Drugs (FDA)
Drug Disease target Chemical type Approval (FDA)
Macugen Macular degeneration Aptamer 2004
Exondys 51 Duchenne muscular dystrophy Morpholino 2016
Spinraza Spinal muscular atrophy Antisense 2016
Defitelio Veno-occlusive disease Oligonucleotide 2016
Onpattro Type of polyneuropathy siRNA 2018
Tegsedi Type of polyneuropathy Antisense 2018
Givlaari Acute hepatic porphyria siRNA 2019
Vyondis 53 Duchenne muscular dystrophy Morpholino 2019
Viltepso Duchenne muscular dystrophy Morpholino 2020
Oxlumo Hyperoxaluria siRNA 2020
Amondys 45 Duchenne muscular dystrophy Antisense 2021
Leqvio Hypercholesteraemia siRNA 2021
Amvuttra  Transthyretin cardiac amyloidosis siRNA 2022

Several approaches have been taken to improve the delivery of oligonucleotides. Lipid conjugation or incorporation in lipid  
nanoparticles have been used to enhance uptake into cells, and there is also interest in using conjugates incorporating  
cell-penetrating peptides (Klabenkova, 2021). Conjugation to N-acetylgalactosamine has been used to target oligonucleotides  
into the liver. A further approach to site-specific targeting is conjugating the oligonucleotide to an antibody (Dugal-Tessier, 2021).  
Antibody oligonucleotide conjugates are also of interest as potential imaging and detection agents (Dovgan, 2019).

Figure 24: Oligonucleotide 
modifications.
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Over the last few decades, there has been much interest in using DNA and RNA vaccines against infectious diseases. The concept is 
to use DNA or RNA coding for protein antigens that will generate an immune response. Development of these vaccines accelerated 
dramatically in response to the COVID-19 pandemic caused by the SARS-CoV-2 virus and two RNA-based vaccines were developed 
by Moderna and Pfizer/BioNTech. Work is in progress to develop vaccines against other infectious diseases, including influenza 
(Arevalo, 2022), malaria (Hayashi, 2022) and against some cancers (Lorentzen, 2022). mRNA vaccines are typically encapsulated in 
lipid nanoparticles (Hou, 2021). This formulation stabilises the RNA and helps its transfer into cells where it is translated into antigen 
proteins recognised by the body’s immune system.

 
 
 
 
 
 
 
 
 
 
 
Another exciting new technology called CRISPR (clustered regularly interspaced short palindromic repeats) has become available 
making it possible to add, delete, or change DNA sequences much more precisely and efficiently than previous methods. It was  
originally discovered in bacteria, where it acts as a kind of immune system protecting against viral infection, and there is now strong 
interest in its use in several areas, including human therapy and agricultural crop improvement. The technique uses a short RNA  
sequence which attaches to a chosen target sequence in DNA or RNA. An associated enzyme, CAS9, cuts the DNA at this sequence.  
It is then possible to add, delete or replace sequences at this site. For example, this technology could be used as a therapy to replace 
a faulty gene or to prevent the translation of an RNA coding for a disease-related protein (Morelli, 2023).

 

In the last few years, this new type of gene therapy has generated a lot of excitement in the field of cancer. The therapy is based on 
taking patients’ T cell lymphocytes and genetically modifiying them to express a chimeric antigen receptor (CAR). The modified cells 
are then grown in culture and infused into the patient. The CAR protein is selected for its ability to bind to specific proteins in the  
relevant cancer cells allowing the T cells to attach to the cancer cells and kill them. By the end of 2022, there were six therapies  
approved by the FDA (Table 4). There are a large number of CAR-T cell therapies in development, and much effort is going into   
improving the technology, not least in developing universal CAR T- cell therapies. Making a universal therapy would be significantly  
less complex and, therefore, less costly (Feins, 2019). Research is also ongoing to extend this type of therapy beyond  
haematological cancers.

9.4  Vaccines

9.5  CRISPR Technology

9.6  CAR T-Cell Therapy

Spike protein sequence determined
and mRNA synthesised

(A) Viral Target Selection (B) Vaccine Mechanism

(1) Spike genetic sequence (specific)
inserted into lipid nanoparticle

(2) mRNA enters the cell
to transfer genetic information

(3) mRNA translated to
create spike proteins
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Figure 25: A general 
mechanism for 
a mRNA vaccine 
development.
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Table 4  Licensed CAR T-cell Therapies
Product Disease Target Approval (FDA)
Kymriah Acute lymphoblastic leukaemia 2017
Abecma Multiple myeloma 2021
Tecartus Mantle cell myeloma, acute lymphoblastic leukaemia 2021
Breyanzi Non-Hodgkins lymphoma 2022
Yescarta Non-Hodgkins lymphoma, follicular lymphoma 2022
Carvykti Multiple myeloma 2022

Genetic modification has been used in crop breeding programs to introduce genes that, for example, improve crop yields, product 
quality and the nutritional properties of plants (Table 5) (Fang, 2016; Philips, 2008). In addition to the examples given, research is  
ongoing to improve crop yields, for example, by improving the efficiency of photosynthesis (Simkin, 2019) and stress tolerance. The 
recent development of CRISPR-Cas technology, as in human therapeutic applications, is a significant step forward and makes it  
possible to carry out very precise gene editing (Zhu, 2020).

Table 5  Benefits from Genetically Modified Plants
Modification Plant Benefit
Herbicide resistance Soybean, maize, rapeseed, sugar 

beet, alfalfa
Increased yield (allows the use of weed killers)

Insect pest resistance Soybean, maize, cotton Increased yield, reduced use of insecticides
Viral disease resistance Papaya, squash Better yield, less fruit damage
Reduced Polyunsaturated fats Soybean Reduced off flavours, better shelf life
Production of omega-3 and other fatty 
acids

Soybean Nutritional benefits in foods and farmed fish

Reduced polyphenol oxidase Potatoes, apples Discoloration reduced (customer acceptance)

9.7   Food and Agriculture
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