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Abstract

An RNA/protein world (probably cellular) is widely accepted as a probable step in the early 
evolution of life. During subsequent life evolution various enzymes emerged that allowed 
some organisms to generate deoxyribonucleotides from ribonucleotide precursors and to 

synthesize DNA molecules using ancestral RNA genomes as templates. Later on, once the DNA 
became the major repository of genetic information, cells and viruses had to develop new strategies 
to protect their DNA genomes against the aggressive chemical environment and/or destructive 
enzymes produced by competitors. This was performed mainly by further modifying the DNA 
genomes after their synthesis through pre and postreplicative enzymatic processes, using enzymes, 
mostly methyltransferases and deaminases that were probably initially designated to modify pri‑
mordial RNAs. Relics of this ancient interplay between RNA and DNA modification in cells and 
viruses are still abundant in our modern ‘DNA‑makes‑RNA‑makes‑proteins’ world. Some enzymes 
are still able today to modify both DNA and RNA, demonstrating the versatility of the modifica‑
tion apparatus and testifying for the time when proteins of the late RNA world were recruited 
to work with DNA. Here, we review what is known about these enzymes that were designated 
to synthesize DNA within the framework of a hypothetical cellular and viral co‑evolution. From 
this analysis, DNA appears as just another type of (hyper)modified RNA polymer, specialized in 
storing the genetic inheritance of the living organisms.

Introduction
For a long time DNA was viewed as the cornerstone of all biology, the mastermind of life, 

the aperiodic crystal whose existence had been wisely predicted by Schroedinger in his famous 
book “What is life?”.1 For Monod, a first meaningful DNA molecule appeared by chance in the 
primordial ocean and life began to emerge, just as Venus emerged from her shell.2 In this scenario, 
RNA molecules appears only as a an intermediates used by DNA to perform its task, connecting 
informational content of its sequence to biologically active protein tools via passive “messenger” 
RNAs. Why was DNA not directly translated to proteins then? Why do giant complex ribonu‑
cleoproteins (ribosomes) need RNA messenger, not “DNA messenger” to decode the genetic 
information?

From molecular designer’s viewpoint, a DNA‑based translation machinery would have been ob‑
viously more rational. However, living organisms are not rational machines, but historical products. 
Nowadays, molecular biologists have completely revaluated the role of RNA in modern life and in 
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260 DNA and RNA Modification Enzymes 

life history: DNA is not the deux ex machina of the living world but, more simply, an RNA offspring 
and modern RNA molecules (cellular and viral) are now considered as vivid and fascinating relics 
of our distant past (the RNA world).3 The flow of information in present day ‘ribosome encoding 
organisms’,4 which has been enshrined in the central dogma ‘DNA‑makes‑RNA‑makes proteins’,5 
is itself the product of history.6 From an evolutionary point of view, one can identify several steps 
in this emerging pathway:7 first ‘RNA‑makes‑RNA’, second ‘RNA‑makes‑proteins’, third, “proteins 
make RNA” and finally “proteins‑makes‑DNA (from RNA)” (Fig. 1, boxes A‑C).

DNA thus appears as a by‑product of the RNA world evolution and not the opposite. As a 
matter of facts, in every cell examined so far, the deoxyribonucleotide precursors of DNA are 
produced by the enzymatic modification of RNA precursors (ribonucleotides) in which every 
2′‑hydroxyl group of ribose is reduced to a simple hydrogen and all the uracil bases are methylated 
to 5‑methyl‑uracil (thymine). In modern organisms, many cytidines and adenines in DNA are 
further deaminated to uracil or hypoxanthine, or modified to yield methylated derivatives and 
the enzymes involved in such postreplicative chemical alterations have many analogies with the 
homologous posttrancriptional base modification machinery in RNA (see below). Modern DNA 
thus appears as a heavily (hyper)modified RNA molecule.

In the early RNA world, the intrinsic chemical instability of RNA has probably limited the 
genome size, base modification can therefore have played very early a role in the evolution of the 
first living organisms toward more complexity, allowing the formation of longer proto‑genomes 

Figure 1. Various steps for the emergence of the contemporary ‘DNA‑makes‑RNA‑makes‑Proteins’ 
biosynthetic system (box C) from a simpler ancestral ‘RNA‑directed polypeptides biosynthetic’ 
machinery (primordial step A). In between are the fundamental catalytic processes that allowed 
to stepwise generate deoxyribonucleotides from ribonucleotides by ribonucleotide reductases 
(RNR I, II, III), the formation of the first U‑containing deoxy‑polymer by RNA‑dependent 
DNA polymerase (R>D‑Pol) and formation of TMP from dUMP that led to the generation of 
modern T‑containing DNA (box B). In box D are a few reactions that allow the generation of 
modified derivatives of dCMP and dUMP to be incorporated by a prereplicative process, as 
exists in certain present‑day bacterioviruses.
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261The interplay between RNA and DNA modifications

and ribozymes. The fight between parasites and their targets probably started early on (for in‑
stance between RNA viruses and RNA cells), also creating many opportunities for ribose and 
base modifications to be selected in the course of evolution. The fine‑tuning of ribozymes by 
base modification (a possibility presently unexplored in typical in vitro RNA world experiments) 
might also have been critical for the evolution of complex functions before the advent of modern 
proteins. The aim of this chapter is to identify in our modern RNA/DNA/Protein world relics 
of biosynthetic and modification machineries that could testify for ancient processes and could 
shed light on the RNA to DNA transition.

Early Pathways from RNA to Modern DNA (T‑DNA)
Reduction of ribose to deoxyribose and transformation of dUMP to dTMP (to replace uracil in 

RNA by thymine in DNA) are performed in modern cells by sophisticated enzymes: ribonucleotide 
reductases (Fig. 1, box B and Fig. 2, box A) and thymidylate synthases (box B in Figs. 1 and 2). The 
order of emergence of these two enzymes can be deduced from the fact that dUMP is the substrate 
of thymidylate synthase. Thus ribonucleotide reductase should have originated first, followed by a 
polymerase that could synthesise U‑containing DNA (U‑DNA) using originally an RNA template 
(reverse transcription) and later on a U‑DNA template. Thymidylate synthases originated later on, 
producing thymidine‑containing DNA (T‑DNA—Fig. 2, box B). Ribonucleotide reductases and 
thymidylate synthases are encoded in all cellular genomes and in the genomes of many DNA viruses. 
The complexity of the reaction catalyzed by the tetrahydrofolate‑dependent thymidylate synthases 
(reviewed in chapter by Myllykallio et al in this volume), as well as the reductant–dependent ribo‑
nucleotide reductases—both types of enzymes requiring radical intermediate species—indicates 
that these reactions could not have been performed by ribozymes, or by polypeptides.7‑9 Probably 

Figure 2. Compilation of the most frequent present‑day various types of prereplicative and 
postreplicative modifications identified DNA. In box E, when in light grey boxes, in italics 
and not in bold, it means that chemical modification occurs at the nucleotide precursors 
level (prereplicative process). Detailed information is in text. See also two review papers by 
Warren25 and by Gommers‑Ampt and Borst26 for other rare types of modified nucleotides 
found mainly in certain viruses.
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262 DNA and RNA Modification Enzymes 

these reactions have been always performed by very sophisticated proteins. The first ribonucle‑
otide reductases and thymidylate synthases were thus made by ancestral ribosomes containing 
both RNA and proteins and that were capable to perform already accurate translation. The RNA 
to DNA transition thus should have occurred in a complex cellular environment suitable for the 
production of these enzymes. This environment had to be elaborated enough to support the entire 
metabolism for the production of RNA precursors (rNTPs), including mechanisms for energy 
production. Hence, the cellular environment in which DNA finally emerged was not as “simple” 
as sometimes imagined, but was certainly populated by elaborated cells and viruses with an already 
complex metabolic network and well‑organized membrane systems.7

Besides ribonucleotide reductase and later on thymidylate synthase, the newly emerging 
thymidine‑containing DNA synthesizing systems also had to involve a primordial RNA‑dependent 
DNA polymerase (a sort of reverse transcriptase) capable of accurately incorporating the newly 
emerging deoxynucleotide triphosphates into DNA‑like polymers. These enzymes probably 
evolved from RNA‑dependent RNA polymerases, since modern reverse transcriptases encoded 
by retroviruses are evolutionarily related to RNA‑dependent RNA polymerases.10 Later on, bona 
fide DNA polymerases probably originated from reverse transcriptases. DNA polymerases of 
the A family are also evolutionarily related to both RNA polymerases and reverse transcriptase. 
It is likely that ancestral RNA polymerases were quite flexible in their substrate requirement and 
that this flexibility has facilitated the various enzymatic transitions leading from RNA to DNA. 
Indeed, some modern polymerases can relatively easily change their substrate; for instance, the 
DNA‑dependent RNA polymerase II that transcribes much of protein‑encoding genes in Eukarya, 
can also be used to replicate and transcribe RNA by some viruses.11 The actors involved in DNA 
emergence are thus well delineated. The fundamental question to answer is why was DNA invented 
after all? The usual response is because DNA is chemically more stable than RNA.

Importance of DNA Stability
The presence of the oxygen in the 2′ position of the ribose is the major cause of RNA instability 

when tested in vitro, outside a cellular context. Indeed, this reactive oxygen can attack and cleave 
5′‑3′ phosphodiester bonds, a reaction that is considerably enhanced in the presence of bivalent 
ions and by increasing the temperature.12 Hence, DNA lacking this 2′ hydroxyl group, when tested 
under identical conditions as RNA of the same size has a much longer lifetime. Moreover, the 
modification of uracil to thymidine (C5‑methylation) further stabilizes the DNA by allowing the 
formation of rigid stretches of double stranded helices, possibly supercoiled into a very compact 
tertiary structure, a conformation that is much more stable than any RNA in solution. Lastly, once 
free rotation between the two DNA strands is prevented by circularization (in covalently closed 
circular molecules) DNA become fairly resistant to thermodenaturation.13

Because of its superior stability over RNA, it is generally assumed that DNA was naturally 
selected as genetic material, allowing the emergence of larger genomes, a prerequisite for the 
evolution of life toward more complexity.14 In this classical scenario of DNA emergence, once 
a hypothetical primordial cell has acquired this useful polymer by chance, it was selected (by 
necessity?) to become the forerunner of all subsequent evolution of life on our planet. However 
in a Darwinian explanation, one has to explain also why the first organism with a DNA genome 
was selected over its neighbours, independently of the success of its descendants; why a rapidly 
dividing small RNA cell with a short genome have found an immediate advantage in having a 
more stable genome?

Some scientists argue that the Last Universal Cellular Ancestor (LUCA) was a thermophilic 
DNA‑based cell because it had to survive the terrible late heavy bombardment (LHB) of meteor‑
ites that nearly destroyed our planet 3.9 Gy ago.15 However, other argued that this bombardment 
was so drastic that life could have only appeared after it was over.16 Even if DNA‑containing cells 
equipped to sustain very high temperature survived the LHB, whereas cells with RNA genomes 
were eliminated, this does not explain how the ancestor of these DNA survivors emerged in the 
first place.
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263The interplay between RNA and DNA modifications

In fact, the problem raised by RNA instability should not be overestimated, especially if one 
considers the normal cellular context. After all, modern hyperthermophiles can thrive at tem‑
peratures as high as 110°C, despite the thermosensitivity of their numerous and complex RNA 
molecules. In such contemporary living cells, RNA molecules are protected against the effect of 
temperature by various tricks: interactions with monovalent cations, polyamines and other mac‑
romolecules, including small RNAs (reviewed in refs. 17, 18). Most of these stabilizing devices 
were probably present at the time of DNA emergence, i.e., in the late step of the RNA world. Also, 
simple modified nucleotide precursors, including methylated base and/or ribose, pseudouridine, 
inosine …, possibly produced by ancestral active ribozymes (see symbol ‘Z’ in Fig. 1, box A), were 
almost certainly present in the RNA world,19 thus allowing the generation of chemically modified 
and hence more stable RNA molecules.

As an alternative to the “stability theory” for the origin of DNA, one of us has suggested 
that DNA emerged as a byproduct of the competition between RNA viruses and DNA cells.7,20 
Below, we discuss this problem, first in the light of strategies used by modern cells and viruses and 
on analogies between a few modification enzymes acting on DNA and RNA that might have a 
common origin.

Nucleotide Modifications in the Context of Present‑Day 
Viruses/Cell Competition

A classical way for a virus to kill its host cell (and conversely for the cell to get rid of the virus) is 
to degrade the genome of the enemy. Viruses and cells have therefore developed various strategies 
in a dramatic arms race to prevent this process. One of these strategies is to physically separate the 
genomes from the proteins of the adversary. For instance many RNA viruses confine their genomes 
during the infection process either inside a viral core particle or inside a viral factory physically 
separated from the cytoplasm of the infected cells, in order to protect their genomes against the 
nucleases of their unwilling “host”. However the major strategy used by both viruses and cells of all 
domains of life is to differentiate their genomes from those of their “host” by chemically modify‑
ing selected bases at specific crucial locations (molecular shields). This “molecular ‘apartheid’ can 
take place either before or after DNA replication, using specific DNA modification enzymes (Fig. 
2, boxes D, E). This is exemplified by the restriction‑modification systems widely present in the 
domains Archaea and Bacteria (see chapters by White et al and by Coffin et al in this volume).

Likewise, specific enzymes such as Apobec3 (DNA‑Cytidine Deaminase, see below) or AID 
(Activation‑Induced Deaminase) exist in mammalian cells that deaminate selected cytidine residues 
to uracils in the invading viruses. This mechanism allows protection against viruses (see chapter 
by Smith) or of the genomic DNA (DNA editing, somatic hypermutation), thus allowing the 
generation of immunoglobulins diversity that also serves in antiviral host defence (see chapter 
by Parisien and Bhagwat). In Eukarya, RNAs produced by viruses, transgenes and transposons 
and host DNA methyltransferases are used to develop a variety of defence mechanisms including 
RNA degradation, gene silencing by small noncoding (nc) RNAs and heterochromatin forma‑
tion through cytosine methylation and demethylation of DNA (see refs. 21‑33 for examples; and 
chapter by Roldan‑Arjona and Ariza). This seems also the case in Archaea.24

In cellular organisms, all postreplicative modifications of DNA concern only a few percent 
of the DNA bases (box E in Fig. 2). However in the genome of some bacterioviruses, DNA can 
be exhaustively modified up to 100% for a given type of base. In these cases, the route of their 
biosynthesis is prereplicative (Fig. 1, box D and Fig. 2, boxes C, D). For example, in the DNA of 
bacteriovirus T4, all cytosines are replaced by 5‑hydroxymethyl‑cytosines (hm5dC; HMC‑DNA) 
and in the case of DNA of the virus PBS2 infecting Bacillus subtilis, all thymines are replaced by 
uracils (U‑DNA). In the case of hm5dC‑containing DNA, modified hm5dCTP precursor is first 
synthesized by a specific dCTP hydroxymethylase (encoded by T4 bacteriovirus), while in the case 
of U‑containing DNA, the dUTP precursor is formed by the viral‑coded CMP/CTP deaminase/
kinase system before being subsequently incorporated into DNA by a DNA polymerase that is 
specific of the virus (reviewed in refs. 25, 26). To escape the DNA repair system of the cell host 
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264 DNA and RNA Modification Enzymes 

(here B. Subtilis) that normally eliminates uracil residues from DNA by uracil‑DNA glycosylase 
(UNGase), the bacteriovirus PB2 induces a viral‑encoded specific host UNGase inhibitor and 
a specific dTMPase to eliminate the competing dTMP produced by the host cell (25 and refer‑
ences therein). These examples illustrate that simply using another DNA precursor (here dUTP or 
hm5dUTP—box D in Fig. 2) implies the setting up of a coordinate network of different enzymatic 
activities that obviously cost a lot of energy and tricky tinkering during evolution of the cell or 
the virus. It is worth mentioning that a glucosylated derivative of the same hm5dU as mentioned 
above (designated deoxynucleoside dJ, box E in Fig. 2) is scarcely present in DNA (a few % of 
the total thymidine) of all unicellular flagellated protozoa of the order of the Kinetoplastida 
and in the closely related unicellular Euglena gracilis. However, at variance with the case of the 
bacterioviruses, both the enzymatic hydroxylation of thymidine and the enzymatic transfer of the 
glycosyl group to hm5dU are formed after the synthesis of the DNA (post‑replicative events—see 
chapter by Sabatini et al).

The presence in viral DNA of modified nucleotides and/or genes coding for DNA or RNA 
modification may be ubiquitous. Unfortunately, a systematic analysis of huge genomic polymers 
to detect the presence of only trace amounts of modified nucleotides is technically extremely 
difficult and probably for that reason has been largely neglected during these last two or three 
decades. Also, in the case of RNA viruses, such as the plant TMV, TYMV and BMV, the presence 
of modified nucleosides has long been suspected but not properly investigated. When fragments 
of such plant genomic RNAs, encompassing characteristic tRNA‑like structures, were incubated 
with cell extracts or with purified recombinant tRNA modification enzymes, m5C, m5U and 
pseudouridine were demonstrated to occur.27‑30 Moreover, since RNA virus genomes contain fairly 
long stretches of double‑stranded RNA, they are also targets of mammalian enzymes of the family 
ADAR (Adenosine DeAminases acting on RNA) that catalyzes A‑to‑I editing, as demonstrated 
both in vivo and in vitro with various animal RNA viruses (see refs. 31, 32 and chapter by Heale 
and O’Connell).

Thus our knowledge about the presence of very diverse enzymatically modified nucleotides in 
viral genomes (DNA and RNA) is probably only the tip of the iceberg. Although there are pres‑
ently only very few examples of modifications in RNA genomes, there is no good reason for the 
‘self‑defence’ strategy of genome modification to be an exclusive property of DNA viruses and 
of modern times.

Versatility of the Modification Apparatus
In this section we examine the origin of the ‘prereplicative’ modifying enzymes ribonuleotide 

reductases (RNR) and thymidylate synthases (TdS) and of a few ‘post‑replicative’ modifying en‑
zymes acting on DNA that belong to the same family as the ones catalyzing the modification of 
RNA. These modern enzymes might have emerged at the same period in the late RNA/Proteins 
world and possibly still contain cryptic imprints of the period when DNA genomes emerged and 
finally replaced RNA genomes in the cellular world.

Ribonucleotide Reductase (RNR)
Ribonucleotide reductases (RNR) are obvious relics of the RNA/Protein world since, produc‑

ing DNA precursors from RNA precursors, their substrates were present before the emergence of 
DNA. There presently exist three separate classes of RNA (I, II, III; box A in Fig. 3) with widely 
divergent amino acid sequences, distinct quaternary structures and different mechanisms (including 
different cofactors) for the generation of the free radical required for catalysis.33‑35 RNR’s of class 
I are dimeric and require oxygen for the generation of a stable tyrosyl radical by a Fe‑O‑Fe center. 
The electrons required for the reaction are provided from redox‑active cysteins of small proteins, 
such as thioredoxin or glutaredoxin. They probably originated quite late in evolution since they 
require oxygen for their catalytic function. In contrast class II RNR’s are indifferent to oxygen, 
whereas class III RNR’s are anaerobic enzymes that are inactivated by oxygen. Class II RNR’s, 
which are present in both aerobic and anaerobic organisms (either Archaea and Bacteria) contain 
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265The interplay between RNA and DNA modifications

a single subunit and are isolated either as monomers or as dimers. They generate their tyrosyl radi‑
cal with the aid of adenosyl‑cobalamin. Class III RNR’s are found in both strict anaerobic and 
facultative anaerobic organisms (either Archaea or Bacteria). They are formed by the association 
of two dimeric proteins; one of them contains a redox‑active (4Fe‑4S) center, which together with 
S‑adenosyl‑l‑methionine and reduced flavodoxin generate a stable but oxygen‑sensitive glycyl 
radical. Several bacteria and archaea harbor more than one class of RNR’s and many DNA viruses 
encode they own RNR’s.

Although very divergent, Class II and III RNR’s exhibit enough sequence similarities to be 
aligned for phylogenetic analysis. Class I RNR’s appear to be also evolutionary related to the two 
others, but similarties can only be detected at the structural and mechanistic levels. However, the 
three classes of RNR’s are built around a homologous protein fold and exhibit striking similarities 
in the catalytic mechanisms involved in the reduction of ribose.33 It has been therefore suggested 

Figure 3. Detailed chemical transformation of bases within nucleotide monomers (prereplica‑
tive process—box A) or RNA/DNA polymer (boxes B, C, D, E). The enzymes catalyzing these 
reactions are indicated by their conventional symbols in bold and their polymer substrates 
(DNA and/or RNA) are indicated in dashed boxes. ‘ds’ means double‑stranded, ‘ss’ means 
single‑stranded, ‘t’ means transfer. All other explanations are in the text.

©
20

09
 C

op
yr

ig
ht

 L
an

de
s 

B
io

sc
ie

nc
e.

 N
ot

 fo
r 

D
is

tr
ib

ut
io

n.



266 DNA and RNA Modification Enzymes 

that the three classes of RNR’s arose by divergent evolution from a common ancestral protein that 
existed before the transition of the RNA to DNA world. However, it is unclear if this protein already 
exhibited RNR activity. Indeed, the common fold of the various RNR’s is also present in pyruvate 
formate lyase, an anaerobic enzyme of intermediary metabolism that appears also very ancient. It 
might well be that class III RNR’s are the ancestral enzymes, partly because it is more related to 
pyruvate formate lyase than the two other classes and because it also uses formate, the product of the 
pyruvate formate lyase reaction, for the reduction of ribonucleotides. If class III RNR’s originated 
first, then RNR’s of class II and class I arose later, the later only after accumulation of atmospheric 
oxygen. Alternatively, the three classes of RNR’s might have emerged independently from a protein 
without RNR activity resembling pyruvate formate lyases (discussed in ref. 9).

Thymidylate Synthases (ThyA, ThyX)
Thymidylate synthases (box A in Fig. 3) catalyze the formation of ribothymine from the 

5′‑deoxyuridine monophosphate (dUMP), which itself originates from the deamination of 
5′‑deoxycytidine monophosphate (dCMP, box D in Fig. 1 and box C in Fig. 2). These enzymes 
(methyltransferases and deaminases) are obviously modifying enzymes of DNA metabolism 
acting at the precursor level. In the case of thymidylate synthases, two different, phylogenetically 
unrelated and mutually exclusive types of enzymes have been discovered in modern organisms 
(conversion type of evolution). In one case, thymidylate synthase A (ThyA) uses methylene tetra‑
hydrofolate as carbon source and an external reducing agent to form thymidylate DNA precursor 
and dihydrofolate, while in the second case, ThyX is a flavoprotein (FADH2‑containing enzyme) 
using the same methylene tetrahydrofolate to directly form thymidylate and tetrahydrofolate (see 
chapter by Myllykallio et al).

Interestingly, a single change of a conserved Asn to Asp in the active site of ThyA of Escherichia 
coli or Lactobacillus casei allowed these methylases to methylate also dCMP in addition of the 
normal dUMP substrate.36,37 Furthermore, when this mutation was coupled with another mutation 
in the same active site of ThyA (a conserved His), the enzyme lost all its capability to methylate 
the C5 atom of dUMP and selectively methylated only dCMP into m5dCMP.38 These experi‑
ments demonstrate the easiness of this particular C5‑methylase to shift specificity for one type of 
pyrimidine to another, a situation that might have occurred during cell evolution.

DNA Methyltransferase (Dnmt2)
The AdoMet‑dependent DNA methyltransferases, Dnmts (for DNA methyltransferases) 

are widely distributed in mammals and vertebrates. They catalyze the site‑specific formation of 
5‑methyldeoxycytosine (m5dC) mostly in dCpdG dideoxynucleotides of double‑stranded DNA 
substrates (Fig. 3, box B). They can be divided into three major classes based on substrate specific‑
ity: Dnmt1, Dnmt2 and Dnmt3; the latter itself is subdivided into three subfamilies: 3a, 3b and 
3L (see chapters by Cheng and Blumenthal and by Coffin et al in this volume).

Mammalian Dnmt2 family is relatively small in size (391 amino acids as compared to 850‑910 
for Dnmt3ab and 1616 for Dnmt1). It is also the most conserved and the best representative of the 
original protein from which all other Dnmt enzymes probably derived (reviewed in 39). Ironically, 
at variance with the other Dnmt enzymes for which the ability for the formation of 5‑methylde‑
oxycytosine (m5dC) at specific sites in double‑stranded DNA has been clearly demonstrated, 
the function of Dnmt2 long remained enigmatic due to its poor activity with double‑stranded 
DNA. Only recently, by examining Dnmt2 knockout mutants in diverse eukaryotic cells, it 
was discovered that the main function of this putative DNA‑specific enzyme is rather to be a 
tRNA modifying enzyme that catalyzes the specific methylation of a ribocytosine located in the 
CpG diribonucleotides of the anticodon branch (position C38G39) of mammalian tRNA‑Asp.40 
Comparison of crystal structures of human Dnmt2 and the genuine bacterial DNA:m5C forming 
methyltransferase M.HhaI shows that they are structurally very similar over the large domain and 
that all the conserved Mtase motifs needed for the catalytic function of the enzyme are present 
in a well‑organized active site with every side chain in the correct orientation.41 One main differ‑
ence however between the evolutionarily divergent Dnmt1/3 and Dnmt2 protein family is the 
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267The interplay between RNA and DNA modifications

presence in the former of an additional N‑terminal extension that is systematically missing in the 
latter (see Fig. 2 in chapter by Cheng and Blumenthal). This N‑terminal part of Dnmt1, 3a and 
3b is important for targeting specifically the DNA substrate.42

Bioinformatics and biochemical analyses suggest that Dnmt2 evolved from a hypothetical very 
ancient RNA:(pyrimidine, C5) methyltransferase, which was also the ancestor for a majority, if 
not all, of the presently known DNA:(m5C‑restriction) methyltransferases, RNA: (m5C) methyl‑
transferases and even the RNA: (m5U) methyltransferases (43‑45; see also chapter by Czerwoniec 
et al in this volume). It remains to demonstrate whether the low activity for DNA substrates by 
Dnmt2 enzymes detectable in vitro is physiologically relevant, or if it represents an extreme case 
in which the enzyme is forced under nonphysiological conditions to perform a reaction that it 
will not perform in vivo. Nevertheless it illustrates how easily a particular enzyme may change its 
specificity from one type of nucleic acid substrate to another.

Interestingly, in the absence of S‑adenosyl‑l‑methionine in the in vitro reaction mixture, a DNA 
(cytosine, C5) methyltransferase can also become an efficient C‑to‑U deaminase (Fig. 4, box A). 
After a normal attack of the C6 atom of the cytidyl ring by a cysteine side chain as the active site 
of the enzyme, an anion is created allowing the C5 atom to be protonated. This is followed by the 
attack of a water molecule at C4 and subsequent hydrolytic deamination of the exocyclic amino 
group of the target cytosine to produce uracil.46 Again, this observation demonstrates the ease with 
which a methylase may ‘switch’ its reaction type and mechanism and has interesting implication 
for enzyme evolution (ref. 47, see also chapter by Parisien and Bhagwat in this volume).

dC‑to‑dU and rC‑to‑rU Deaminases (Apobec‑1)
In mammals, there exist a large family of dC‑to‑dU deaminases acting on DNA (see chapter by 

Smith). The first member of this family was originally identified as a rC‑to‑rU deaminase acting on 
Apolipoprotein B mRNA and, because it was found to be part of the Editing Catalytic subunit 1 of 
a multiprotein complex, it was designated Apobec‑1. Among the 12 members of the subsequently 
identified Apobec superfamily of deaminases (including the enzyme Aid, for Activation‑Induced 
Deaminase), Apobec‑1 is the only one that has been shown to work on both RNA (mRNA) and 
on single‑stranded DNA (Fig. 3, Box C). They all share a signature of amino acid sequence charac‑
teristics of a zinc‑dependent enzyme and, among those that have been crystallized, they also share 
characteristic three‑dimensional folds (see chapter by Wedekind and Beal). Phylogenetic modelling 
of this huge family of Apobec/Aid‑type of enzymes acting on nucleic acid polymers suggests they 
all have evolved from a primordial cytidine deaminase active on free (deoxy)ribonucleotides (d)
CMP and (d)CTP (the Cytidine deaminases—Cdd), a property that has been verified in vitro 
in the case of the catalytic subunit‑1 of Apobec‑148‑50 (Fig. 1, box D and Fig. 2, box C). The main 
differences between the present day enzymes working on DNA/RNA polymers and the phylo‑
genetically related enzymes Cdd acting exclusively on free nucleotides is the acquisition during 
evolution of additional modules on the N‑side of the catalytic core module (Fig. 4, box B) that 
allow the Apobec proteins to associate with several other proteins forming multiprotein complexes 
(‘editosomes’) and finally to bind to specific sites of DNA (also of RNA in the case of Apobec‑1). 
Apobec‑1 is therefore a true ‘dual’ enzyme able to work on both single‑stranded DNA and RNA 
and this has been verified in vitro and in vivo.51,52 This contemporary enzyme is probably the best 
example of a relic of a primordial ancient deaminase acting probably initially on free nucleotides 
or nucleosides (as in the RNA world, then later on RNA and/or DNA).

rA‑to‑rI Deaminase (tbAdat 2,3)
The ADAT and ADAR family of enzymes catalyze the site‑specific deamination of adenos‑

ine‑to‑inosine exclusively in RNA: double‑stranded RNA in the case of the eukaryotic ADAR 
family of enzymes and tRNA (anticodon loop) in the case of eukaryotic and bacterial ADAT 
(Fig. 3, box D—see chapters by Wedekind and Beal and by Haele and O’Connell). Phylogenetic 
analysis of this large family of A‑deaminases indicates that they belong to the same superfamily of 
Apobec C‑deaminases as mentioned above and therefore have evolved from the same primordial 
C‑deaminases active on free (deoxy)ribonucleotides (d)CMP and (d)CTP50,53,54 (Fig. 4, box B). 
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Here it was demonstrated that one member of this rA‑to‑rI tRNA deaminases (I stands for inosine), 
TbADAT 2,3 of trypanosomatids, can also perform dC‑to‑dU deamination in single‑stranded 
DNA in vitro, but not both reactions with either substrate.55 The ability of a single rA‑to‑rI 
deaminase to work on tRNA to perform a different deamination reaction in a different type of 
substrate (single stranded DNA) is of course unexpected but nevertheless is reasonable if we take 
into account the ‘history’ of the enzyme, that is its phylogenetic origin from a simple ancestral (d)
C‑to‑(d)U deaminase and not, as one would naively expect, from an ancient adenosine deaminase 
catalyzing the formation of inosine from adenosine (or hypoxantine from adenine—Fig. 4, box B). 
Evolutionarily, the observed flexibility may be a reflection of the eukaryotic enzyme’s need to acquire 
multi‑substrate specificity. Indeed, while the bacterial ADAT only deaminates a single substrate 
in vivo, the eukaryotic counterpart targets 7‑8 different substrates depending on the organism. 
This leads to the proposal that active site changes occur to evolution to facilitate recognition of 

Figure 4. Detailed chemical transformation of bases within RNA/DNA polymers (continued). 
In box A is the situation that occurs when DNA is incubated in vitro with a purified restriction 
endonuclease (for examples EcoRII, HhaI, HpaII, SssI , MspI, PspG1, see refs. 46, 47) in the 
presence or absence of S‑adenosyl‑l‑methionine. See also chapter by Parisien and Bhagwat in 
this volume. In box B, is a schematic view of relationships between the length of modification 
enzymes (including additional motifs besides the minimal core catalytic motif) and the type 
of monomers/polymers they modify (for more information see chapters by Wedekind and 
Beal, by Haele and O’Connell and by Smith). An identical situation is described for the Dnmt 
family of enzymes (see Fig. 2 in chapter by Cheng and Blumenthal and in chapter by Coffin 
et al in this volume). The motif indicated with zinc, is the catalytic deaminase motif that by 
itself can catalyze the deamination of the cytosine monomer (for details and references, see 
text). In the small box at the bottom right in panel B, is the reaction catalyzed by adenosine 
deaminase (Add, sometimes also referred as Ada), an enzyme that is evolutionarily unrelated 
to the catalytic domain of Cdd in C‑deaminases or in A‑deaminases.
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multiple substrates which in turn led to a repositioning of the RNA binding domain away from 
the active site, allowing the enzyme to catalyze more than one reaction.

As in the case of Dnmt2, it is not sure that TbADAT 2,3 displays activity on both tRNA 
(probably the major function) and single‑stranded DNA in vivo, but the possibility for a modern 
rA‑to‑rI deaminases to catalyze a (d)C‑to‑(d)U deaminase reaction in vitro, suggests that this 
activity might have been an ancient function of the ancestor of TbADAT 2,3.

DNA/RNA Oxydative Demethylases/Dealkylases (AlkB)
Accidental non enzymatic methylation (or alkylation) of a base in a nucleic acid (DNA or 

RNA), in addition to the normal enzymatic methylation processes, can pose serious problems 
for modern cells, especially in the case of DNA for which abnormal methylation/alkylation can 
be mutagenic. To overcome this problem, living cells have developed several repair mechanisms 
devoted to eliminate such damages (reviewed in 56). Among them is a family of template‑inde‑
pendent type of repair enzyme AlkB (Alk for alkylate) and FTO (Fat mass and Obesity‑associated 
gene product) able to remove the adduct of the cytosine base (usually a simple methyl group, but 
also more bulky alkyl groups) without removing the base itself as do most other repair enzymes 
of the group of template‑dependent DNA glycosylases (AlkA) or photolyases. At variance with 
AlkA enzymes, the AlkB enzymes belong to the 2‑oxoglutarate‑ and iron‑dependent oxygenase 
superfamily, producing hydroxymethyl intermediate products (for example hm3dC from m3dC), 
of which the methylenehydroxyl group is further eliminated in the form of formadehyde (Fig. 3, 
Box E). AlkB proteins were initially discovered in bacteria (E. coli) however have homologues in 
genomes of eukaryotes and of plant‑infecting RNA viruses, which leads to the hypothesis that 
these enzymes are also involved in RNA demethylation.57 This was thereafter demonstrated in the 
case of a human homologue hABH3,58 E. coli AlkB59 and more recently with several plant viral 
AlkB60 and one of the FTO‑associated gene product.61 Interestingly, when tested in vitro, E. coli 
AlkB demethylates single‑stranded DNA (from bacteriovirus M13mp18) with better efficieny 
than RNA (from bacteriovirus MS2), human ABH3 works equally well on DNA and RNA, 
while viral AlkB homologues clearly prefer RNA over DNA. In agreement with the biochemical 
data, it was demonstrated that expression of E. coli AlkB, hABH3 or plant viral AlkB in an E. 
coli alkB mutant reactivate single‑stranded RNA bacterioviruses pretreated with the methylating 
agent methylmethane‑sulfonate (see chapter by Falnes et al). This is another clear example of a 
contemporary enzyme able to work on both types of nucleic acids, although with a preference 
for DNA or RNA depending on the type of genome (DNA as in E. coli) or RNA, as in plant, on 
which the enzyme acts. Again, this illustrates well the versatility of the enzymes involved in the 
metabolism of DNA and RNA.

The Virogenesis Hypothesis for the Origin of DNA
Considering the universal and important role that nucleotide modification actually plays in 

the competition between cells and viruses (see above), it is tempting to speculate that a few of 
the corresponding modifying enzymes arose in the RNA/Proteins world, hence possibly lead‑
ing to the emergence of DNA itself. Indeed, one of us suggested that the first organism with an 
uracil‑containing genome (U‑DNA, Fig. 1, box B) was a virus that was selected because the modi‑
fications of its genome immunized it against the nucleases of the host.20 This could have occurred 
for each of the two stepwise transitions in the formation of U‑DNA and later of T‑DNA. If this 
hypothesis is correct, the RNA to DNA transition occurred indeed in the viral factory of a DNA 
virus, i.e., inside an infected cell. The suggestion that the transition from RNA to DNA genomes 
occurred first in the virosphere and that DNA was only later on transferred to cells is in line with 
the observation that modern viruses exhibit a greater variety of genome types and structure than 
modern cells, implying a greater tolerance to genome modification. Moreover, the extent of base 
modification and thus, the capacity to explore diversity of combinatory solutions is greater when 
it occurs at the prereplication level, as explained above in the case of bacterioviruses, compared 
to the relative scarcity of the modifications observed in DNA genomes when they occur at the 
postreplicative level.
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Thus, except for the need of selected inhibitor of UNGase for destruction of dTMP (as in the 
case of bacterioviruses PBS2, see above) that have evolved later, the deaminase specific for CMP 
or CTP and dCMP/dUMP hydroxy‑methyltransferases as it exists in certain present day viruses 
(box D in Fig. 1 and box C in Fig. 2) might correspond to relics of primordial enzymes that might 
have been used more systematically in early stages of cell evolution, during and/or after the RNA/
Proteins world but before the present day T‑DNA. This type of strategy is still used today by 
mammalian cells to generate antibody diversity (reviewed in  ref. 62 and chapter by Parisien and 
Bhagwat) and by viruses to escape self‑defence by host cells.31,32 Although it will never be possible 
to know what exactly happened, exploration of RNA and DNA biogenesis and maturation (es‑
pecially modifying enzymes) in our modern RNA world could help us to give some consistence 
to the virogenesis hypothesis for the origin of nucleotides or of base modifications.

It is worth remembering that reverse transcriptase, a typical viral enzyme, was an essential 
component of the early RNA‑to‑DNA transition. Many modern cells, especially in the domain 
Eukarya, still encode reverse transcriptases of viral origin and the RNA‑to‑DNA transition still 
occurs in modern organisms, a possible relic of the role that reverse transcriptase initially played in 
the origin of DNA.63 Likewise, cellular ribonucleotide reductases (RNR), thymidylate synthases 
(TdS) and possibly some modification/repair enzymes also could have derived from ancestral viral 
genes that were transferred at different times of life history into various cellular lineages.64 However, 
in this virogenesis hypothesis for the origin of DNA, the first appearance of RNR remains a problem 
because of the probable absence of a reverse transcriptase suitable to polymerize the products of 
their reactions. Before dNTP’s were produced, what was the role of ancestral RNR? One pos‑
sibility is that RNR originated first to inactivate ribozymes, that often rely on the 2’‑hydroxyl of 
the ribose to perform their catalytic task.65 This can again be rationalized in the framework of the 
conflict between viruses and host cells, each partner trying to inhibit ribozymes of their adversary. 
Another possibility could be that RNR was first used to deplete the NTP pool of the adversary. 
This is a real possibility if cell and/or viruses of that time were already able to confine their own 
NTP’s into separate pools. The possibility for a virus to make use later on of dNTP’s (originally 
by products of RNR anti‑ribozyme activity) to modify is genome would have been a tremendous 
and direct selective advantage for this virus.

The First Modifications, Back to the RNA World, Beyond and After
We still do not know how the first ribonucleotides were synthesized.19,20 The canonical bases 

or derivatives can be produced by prebiotic chemistry and phosphate could have been produced 
in a volcanic setting. However, although recent experiments suggest tricks to select ribose over 
the competing sugars in the first steps of life evolution,66,67 the preferential selective abiotic syn‑
thesis of ribose has not yet been achieved. Furthermore, we have no idea how to put the base, the 
ribose and the activated‑phosphoric acid together in vitro to get a bona fide ribonucleotides.20 
In fact, a form of early metabolism with a continuous energy source operating in “open vesicles” 
(an open thermodynamic system) was probably already in place when the first ribonucleotides 
started to accumulate and to be polymerized forming ever longer oligonucleotides. Such primitive 
autocatalytic cellular systems, that probably already contained catalytic peptides, peptidyl‑nucleic 
acids and simple lipids (for reviews, see refs. 20 and 68), were probably able to produce a large 
number of derivatives/variants of the four canonical ribonucleotides. Later on, a few ‘modified’ 
RNA biomolecules were possibly selected19 (symbolized by ‘Z?’ in Fig. 1, box A), together with 
the canonical biomolecules, to built up the primordial functional ribozyme.

The first modifications might have been simple methylated bases or even pseudouridine, an 
isomer of uridine. Later on, ribozymes capable of catalyzing other types of modified nucleosides 
might have evolved, possibly in conjunction with selected polypeptides (acting as chaperones) and/
or cofactors, such as S‑adenosyl‑methionine, thiamine pyrophosphate, flavin nucleotide, cobalamin 
(as in present‑day riboswitches (reviewed in ref. 69). Very early on, the ancestors of modern organ‑
isms probably started to preferentially incorporate modified nucleotides at selected positions, first 
in RNA by posttranscriptional processes and later in DNA by pre and postreplicative processes.
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The very first early such ‘decorations’ of the nucleic acids should have corresponded to simple 
chemical modifications at selected positions of newly synthesized nucleic acids, which in turn 
might probably have had beneficial incidences on the structure and/or the function of the poly‑
mer itself and consequently become selected during evolution. Simple chemical reactions, such 
as methylation of an exocyclic nitrogen atom of adenine, cytosine or guanine and acceleration 
of naturally occurring hydrolytic deamination of a cytosine or an adenosine in RNA might have 
been easy to create with primitive catalysts. In the case of methylation, a sort of ‘riboswitch’ with 
a precursor of S‑adenosyl‑methionine (see for example ref. 70) and in the case of deaminase, a 
zinc ion trapped by a cluster of appropriate counterions allowing the water molecule to access and 
attack the amine group of the cytidine or adenine (see chapter by Wedekind and Beal) should not 
have been too difficult to perform.

It is worth mentioning that the minimum number of amino acids of a polypeptide that can 
fold like in a protein is around 10 amino acids (1‑2 kDa).71 Also, based on the use of only one of 
the most common cofactors (besides ATP) i.e., S‑adenosyl‑l‑methionine, a large array of different 
reactions can be generated, not only simple methylation of RNAs, but also reactions involving 
transfer of a ribosyl‑group, an aminoalkyl group and of a 5′‑deoxyadenosyl radicals on selected bases 
of RNA, as well as many other biomolecules (nicely reviewed in refs. 72‑74), thus demonstrating 
the huge potentialities of the living cells to create ‘bio’‑catalysts.

As a rule, the more cells became complex during evolution, the repertoire of enzymes acting 
on their nucleic acids diversified becames more diversified. From systematic analyses of amino 
acid sequences, as well as of 3D‑structures obtained from X‑ray crystallography or NMR studies, 
we know more and more about enzyme architectures. It clearly appears that these biocatalysts are 
generally composed of small modules with distinct characteristic motifs that were initially encoded 
and assembled at the genome level (ref. 45 and chapter by Czerwoniec et al in this volume). Also, 
‘analogous’ enzymes catalyzing the same reactions can emerge (independent invention) during 
evolution.75,76 Along millions of years of cell evolution such a vertical type of evolution progres‑
sively generated the vast majority of these modification enzymes as we know to date. Exchanging 
genetic materials by lateral gene transfer between organisms and viruses thriving within the same 
ecological niches (horizontal type of evolution or LGT) is another important way of diversifying 
the panoply of biocatalysts and modification enzymes in particular, obviously faster than by verti‑
cal heritage.77‑79 This process was possibly much more frequent in the ‘very early days’ of cellular 
evolution, when primitive cells had not yet learnt how to defend themselves against illegitimate 
interspecies DNA/RNA recombination (see above).

Conclusion and Future Prospects
As made explicit in the Introduction and in many sections in this chapter, modern processes 

are historical products and enzyme versatility (the possibility to change of substrates) has been 
an important factor that makes this history possible. While RNA dominated ancestral cellular 
metabolic systems (in very different contexts and environments), the present‑day biological systems 
are now dominated by both RNA and Proteins (at least for all the metabolic and energetic sup‑
plies of the cell). In the modern cellular world, the storage of genetic information has been mainly 
delegated to genomic DNA. However, interdependence between the two types of nucleic acids 
remains important as attested by the large number of metabolic processes at the DNA level that 
still remain under the control of RNA (for more information consult refs. 80, 81).

The majority of the present day biosynthetic and processing enzymes acting on RNA and on 
DNA appear to belong to two different ‘worlds’, exactly as the scientists working on DNA modifi‑
cation enzymes belong to distinctive castes having their own workshops and even their specialized 
Journals such as “Genome Research” and “DNA”, or “RNA” and “RNA Biology”. This is quite an 
unfortunate situation, indeed although most of the modification/editing enzymes studied so far 
are claimed to be specific for either DNA (usually double‑stranded DNA but also single‑stranded 
DNA for the repair enzymes) or RNA (single‑stranded RNA, double‑stranded RNA or even 
compact‑3D architectural RNA or RNA already associated with proteins), it is not sure that the 
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appropriate experiments testing both types of substrates have been carefully performed (if tested). 
Not too many biochemists systematically test in parallel the two types of substrates and in the 
few cases when this was done, the results have been surprising (see above). It is therefore possible 
that more of the many present‑day enzymes have true ‘dual’ specificity for both types of nucleic 
acids, or apparent ‘dual’ specificity enzymes. This might be the case for enzymes that have shifted 
specificity from one type of nucleic acid to another during evolution but still harbour to date the 
‘memory’ of their ancient activity that might be revealed under special conditions in vitro. More 
surprise thus may come from more systematic detection of modifications in DNA as well as in 
noncoding RNAs and from an open‑minded study of the enzymes involved in these processes 
within an evolutionary perspective.
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