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A B S T R A C T

Deaminases, ubiquitous enzymes found in all living organisms from bacteria to humans, serve diverse and crucial
functions. Notably, purine and pyrimidine deaminases, while biologically essential for regulating nucleotide
pools, exhibit exceptional versatility in biotechnology. This review systematically consolidates current knowl-
edge on deaminases, showcasing their potential uses and relevance in the field of biotechnology. Thus, their
transformative impact on pharmaceutical manufacturing is highlighted as catalysts for the synthesis of nucleic
acid derivatives. Additionally, the role of deaminases in food bioprocessing and production is also explored,
particularly in purine content reduction and caffeine production, showcasing their versatility in this field. The
review also delves into most promising biomedical applications including deaminase-based GDEPT and genome
and transcriptome editing by deaminase-based systems. All in all, illustrated with practical examples, we un-
derscore the role of purine and pyrimidine deaminases in advancing sustainable and efficient biotechnological
practices. Finally, the review highlights future challenges and prospects in deaminase-based biotechnological
processes, encompassing both industrial and medical perspectives.

1. Introduction

Enzyme-based processes have become crucial in various research
fields, providing a compelling alternative to traditional, complex, and
environmentally harmful chemical methods. Among these, salvage en-
zymes are a natural source of promising catalysts for synthesizing
nucleic acid derivatives (NADs) through both mono- and multi-
enzymatic approaches. During the last decades, various enzymes have
been successfully utilized for NAD synthesis, including nucleoside
phosphorylases (NPs) (Kamel et al., 2018; Rinaldi et al., 2020), 2′-
deoxyribosyltransferases (NDTs) (Acosta et al., 2018; Del Arco et al.,
2019a), phosphoribosyltransferases (Acosta et al., 2021; Cruz et al.,
2022; Del Arco et al., 2019b), nucleoside kinases (NKs) (Frisch et al.,
2021; Mikhailopulo and Miroshnikov, 2011), and deaminases (DAs)
(Lewkowicz and Iribarren, 2017; Li et al., 2019; Slagman and Fessner,
2021), among others (Del Arco et al., 2021; Fernández-Lucas and
Camarasa, 2019; Lapponi et al., 2016; Simić et al., 2021). In this context,
deaminases (DAs) stand out as versatile biocatalysts, finding significant
applications for the synthesis of high-value-added compounds for the
pharmaceutical and food industries, and as precision tools for cancer

treatment and genome and transcriptome editing.
Purine and pyrimidine DAs catalyze metal-assisted hydrolytic

deamination of nucleobases, nucleosides, and nucleotides. These nitro-
gen catabolic enzymes catalyze essential steps in purine and pyrimidine
salvage pathways, but also contribute to regulating the concentration of
the purine and pyrimidine pool in living organisms (Del Arco and
Fernández-Lucas, 2018; El Kouni, 2003; Gaded and Anand, 2018).
Beyond this, these enzymes are integral participants in fundamental
cellular processes, including dendritic ramification, as well as differen-
tiation and maturation of the lymphoid system, among others.
Depending on the nature of the target molecules, we can distinguish
between nucleobase, nucleoside, nucleotide, or even, nucleic acid DAs.
The present review aims to show the practical applications of DAs as
catalysts for the synthesis of nucleic acid derivatives and food bio-
processing, while also functioning as valuable tools for the development
of innovative therapeutic strategies. To this end, firstly a brief descrip-
tion of general concepts about reaction mechanisms and classification of
DAs will be presented, to ensure a proper framework for better
comprehension. Furthermore, we disclose the content in two separate
sections related to the nature of the nitrogenated nucleobase, including
practical examples of the diverse biotechnological uses of DAs.
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Abbreviations

Nucleic acid derivatives
Ade adenine
(d)Ado (2′-deoxy)adenosine
AFLDA 6-aminodeoxyfutalosine
AIMers chemically modified oligonucleotides
ASOs antisense oligonucleotides
ara A (vidarabine) arabinosil adenine
Ara C (cytarabine) arabinosil cytosine
Ara G arabinosil guanine
Ara U arabinosil uracil
arRNAs ADAR recruiting gRNAs
BG O6-benzylguanine
circ-arRNAs closed circular arRNAs
(d)CMP (2′-deoxy)cytidine-5′-monophosphate
CNAs click nucleic acids
crRNAs CRISPR RNAs
(d)CTP (2′-deoxy)cytidine-5′-triphosphate
Cyt cytosine
(d)Cyd (2′-deoxy)cytidine
DAP 2,6-diaminopurine
DAPR 2,6-diaminopurine riboside
ddAdo dideoxyadenosine
ddIno (didanosine) 2′,3′-dideoxyinosine
DiMetXan dimethylxanthine
dsDNA double-stranded DNA
dsRBD double-stranded RNA binding domain
dsRNA double-stranded RNA
DOX doxorubicin
EONs editing oligonucleotides
GCV ganciclovir
gemcitabine 2,2-difluoro-2′-deoxycytidine
GMP guanosine monophosphate
gRNA guide RNA
Gua guanine
(d)Guo (2′-deoxy)guanosine
Hyp hypoxanthine
IMP inosine monophosphate
(d)Ino (2′-deoxy)inosine
MetXan methylxanthine
MetXao methylxanthosine
MTA 5′-methylthioadenosine
NADs nucleic acid derivatives
NAs nucleoside analogues
(d)NTP (2′-deoxy)nucleotide
pre-mRNA precursor mRNA
pur purine
pyr pyrimidine
SAM S-adenosyl-L-methionine
SAH S-adenosyl-L-homocysteine
sgRNA single guide RNA
ssDNA single-stranded DNA
ssRNA single-stranded RNA
TriMetXan trimethylxanthine
(d)TTP (2′-deoxy)thymidine-5′-triphosphate
(d)UMP (2′-deoxy)uridine-5′-monophosphate
Ura uracil
(d)Urd (2′-deoxy)uridine
(d)UTP (2′-deoxy)uridine-5′-triphosphate
tRNA transfer RNA
Xan xanthine
(d)Xao (2′-deoxy)xanthosine
Xao xanthosine
3TC (lamivudine) (–) 2′,3′-dideoxy-3′-thiacytidine

5-azaCyd 5-aza-cytidine
5-FCyt 5-fluorocytosine
5-fdCyd 2′-deoxy-5-(formyl)cytidine
5-fdUrd 2′-deoxy-5-(formyl)uridine
5-FUMP 5-fluorouridine monophosphate
5-FUra 5-fluorouracil
5-hmCyt 5-hydroxymethylcytosine
5-hmdCyd 2′-deoxy-5-(hydroxymethyl)cytidine
5-MetCyt 5-methylcytosine
5-hmdUrd 2′-deoxy-5-(hydroxymethyl)uridine
5′-ClAdo 5′-chloroadenosine

Enzyme abbreviations
ABEs adenosine base editor
ACBE Ade-to-Cyt base editor
ADAR duplexed RNA adenosine deaminase
ADARDD ADAR deaminase domain
ADAT eukaryotic tRNA-specific adenosine deaminase
AdeDA Adenine deaminase
AdoDA adenosine deaminase
AID activation-induced deaminase
AMPDA adenosine-5′-monophosphate deaminase
APOBEC apolipoprotein B mRNA editing enzyme, catalytic

polypeptide-like
ATPDA adenosine-5′-triphosphate deaminase
cAMPDA cyclic adenosine-5′-monophosphate deaminase
CydDA cytidine deaminase
CytDA cytosine deaminase
DAs deaminases
dCMPDA 2′-deoxycytidine-5′-monophosphate deaminase
dCTPDA deoxycytidine triphosphate deaminase
dUTPase 2′-deoxyuridine-5′-triphosphate nucleotidohydrolase
GuaDA guanine deaminase
GuoDA guanosine deaminase
IMPDH inosine-5′-monophosphate dehydrogenase
6-MetAdeDA 6-methyladenine deaminase
MTADA S-methyl-5’-thioadenosine deaminase
NDTs 2′-deoxyribosyltransferases
NKs nucleoside kinases
NPs nucleoside phosphorylases
8-oxoGuaDA 8-oxoguanine deaminase
PNP purine nucleoside phosphorylase
SAHDA S-adenosyl-L-homocysteine deaminase
SAM2 methionine adenosyltransferase (S-adenosylmethionine

synthetase)
TadA procaryotic tRNA-specific adenosine deaminase
TCS1 tea caffeine synthase
TK thymidine kinase
UDG uracil DNA glycosylase
UO urate oxidase
UP uridine phosphorylase
UPRT uracil phosphoribosyl transferase
XanA xanthine dioxygenase
XOD xanthine oxidase

Other abbreviations
AAV adeno associated virus
ACE-Seq APOBEC-Coupled Epigenetic Sequencing
AHS amidohydrolase superfamily
AMLV amphotropic murine leukemia virus
BEs base editors
BER base-excision repair
CBEs cytosine base editor
CDA cytidine deaminase-like superfamily
CIRTS CRISPR-Cas-Inspired RNA Targeting System
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2. Purine and pyrimidine DAs

2.1. General concepts, structure, and mechanism

From a functional perspective, purine and pyrimidine DAs (like other
deaminases) belong to the amidohydrolase class (E.C. 3.5) which com-
prises a broad spectrum of enzymes that catalyze the hydrolysis of
different substrates bearing amide or ester groups at carbon and phos-
phorus centers (Gaded and Anand, 2018; Iyer et al., 2011; Seibert and
Raushel, 2005). More specifically, they catalyze the deamination of
cyclic amidines (E.C. 3.5.4.).

Based on their amino acid similarity and protein fold, purine and
pyrimidine DAs are unusual protein families included in cytidine
deaminase-like superfamily (CDA, Pfam entry CL0109, 33 members),
and in amidohydrolase superfamily (AHS, Pfam entry CL0034, 17
members). Despite the deamination reaction in both superfamilies
occurring through a metal cation, profuse structural and sequence dif-
ferences have been reported among CDA and AHS DAs (Gaded and
Anand, 2018; Iyer et al., 2011; Seibert and Raushel, 2005) (Tables 1 and
2).

Up to date, all determined structures of DAs belonging to the AHS
superfamily share a common distorted (β/α)8-barrel (triosephosphate
isomerase, TIM barrel) fold (Gaded and Anand, 2018) (Fig. 1A). Resi-
dues responsible for metal recognition are also conserved among AHS
DAs and generally located at the C-terminal ends of β1, β4–6, and β8
strands (Goble et al., 2011). In this respect, the metal ion is coordinated
by an aspartate residue, three histidine residues, and a water molecule.
As a point of interest, AHS DAs possess a mononuclear or binuclear
metal center responsible for the activation of the nucleophilic water
molecule (Gaded and Anand, 2018) (Fig. 1B). Regarding the active site,
protons from the metal-bound water molecule are transferred to the
reaction products throughout three conserved residues: a glutamate
(HxxE motif), a histidine and an aspartate residue (Gaded and Anand,
2018; Kamat et al., 2011a) (Fig. 1C) (Fig. 2). In this sense, generally
speaking, the reaction mechanism for deaminases of the AHS super-
family follows a highly conserved sequence. Activation of the water
molecule occurs when the zinc ion at the active site coordinates with a
water molecule. Through interactions with conserved residues, partic-
ularly the glutamate residue, the water molecule is deprotonated,
generating a hydroxide ion. Nucleophilic attack follows, wherein the
metal-bound hydroxide acts as a nucleophile and attacks the substrate’s
carbon, typically at a nitrogen‑carbon bond, forming a tetrahedral in-
termediate. Protonation of the leaving group is facilitated by the
conserved aspartate residue, which helps in the proton transfer to the
departing amino group, leading to the cleavage of the carbon‑nitrogen
bond. Finally, this reaction results in the formation of the deaminated

product and the release of ammonia (Manta et al., 2014).
According to the NCBI database of Clusters of Orthologous Groups

(COGs), which arranges ortholog proteins coded by whole genomes
within the same cluster (Tatusov et al., 2001), AHS DAs could be
phylogenetically classified in three distinct clusters: cog0402, cog1001,
and cog1816 (Goble et al., 2011). DAs acting on cytosine, guanine, S-
adenosylhomocysteine, N-formimino-L-glutamate, S-methyl-5′-thio-
adenosine, and 8-oxoguanine belong to cog0402 (Hall et al., 2011). The
binuclear metal center deaminase (AdeDA) and N-6-methyladenine
deaminase (6-MetAdeDA) are clustered within cog1001 (Kamat et al.,
2011a). Finally, cog1816 groups together all bacterial enzymes that
catalyze adenosine deamination (Goble et al., 2011).

On the other hand, according to the COGs database, CDA superfamily
members fall into cog0590. All these CDA DAs share a compact core
displaying a conserved αβα layered fold (Gaded and Anand, 2018)
(Fig. 3A). This deaminase fold is formed by a four-stranded β-sheet,
arranged in β2, β1, β3, and β4 order, with β1 running antiparallel to the
rest of the strands. The α1 helix is positioned before the hairpin formed
by β1and β2 strands. The second α2 helix is located right after α1, and
the remaining β3 and β4 strands are separated by the α3 helix. In some
cases, an additional fifth β strand (β5) could be present running either
parallel or antiparallel to β4 (Iyer et al., 2011). Depending on the
presence of an extra α helix (α4) in their overall fold, two main sub-
groups within the CDA superfamily could be distinguished. When α4
helix is present β4 and β5 strands stack parallel to each other, while α4
absence leads to the antiparallel stacking (Iyer et al., 2011). Addition-
ally, CDA superfamily comprises both mononucleotide and NA DAs
(Gaded and Anand, 2018). Mononucleotide DAs include blasticidin,
cytidine, cytosine, deoxycytidylate (dCMP), guanine, and riboflavin
deaminase, which play a key role in nucleotide metabolism. NA DAs,
however, catalyze the in situ deamination of the nitrogenous bases
present in DNA and RNA, so they are responsible for gene diversification
and antiviral defense (Iyer et al., 2011). The deamination reaction
catalyzed by CDA DAs can only occur assisted by a single zinc cation.
The metal binding site consists of conserved residues represented in
signatures HXE and PCXXC (a hallmark of this superfamily) (Mistry
et al., 2021; Reizer et al., 1994). Among them, the zinc cation directly
interacts with cysteine and histidine residues, whereas the glutamate
residue acts as a proton shuttle during reaction (Ko et al., 2003; Nav-
aratnam and Sarwar, 2006) (Fig. 3B) (Fig. 4). During the catalytic cycle,
the zinc-bound water molecule is deprotonated to form a hydroxide ion,
which acts as a nucleophile and attacks the substrate, forming a tetra-
hedral intermediate. In the reaction, the proton is transferred from the
metal-bound hydroxide to the substrate, often through hydrogen
bonding with the mentioned conserved active site residues (cysteine,
histidine and glutamate residues). Key residues, such as the glutamate

COGs cluster of orthologous groups
DSBs double-stranded DNA breaks
eGFP enhanced-fluorescent protein
EPT enzyme prodrug therapy
FKBP3 FK506-binding protein 3
FRB FKBP-rapamycin binding
GALV gibbon ape leukemia virus
GDEPT gene directed enzyme prodrug therapy
HD heterodimeric
HDR homology-directed repair
LDL low-density lipoprotein
LEAPER Leveraging Endogenous ADAR for Programmable Editing

of RNA
LPEI polyethylenimine
MCP MS2 bacteriophage coat protein
MNPHT magnetic nanoparticle hyperthermia
MSCs human mesenchymal stem/stromal cells

NES nuclear export signal
NLS Nuclear localization sequence
PAM protospacer adjacent motif
PAMAM polyamidoamine
PCI photochemical internalization
PEG-PLGA polyethyleneglycol-poly(lactic-co-glycolic acid)
REPAIR RNA Editing for Programmable A to I Replacement
RESTORE Recruiting Endogenous ADAR to Specific Transcripts for

oligonucleotide-mediated RNA Editing
REWIRE RNA editing with individual RNA-binding enzyme
RRVs retroviral replicating vectors
RT Room temperature
SNP single nucleotide polymorphism
SV40 Simian virus 40
STAT1 signal transducer and activator of transcription 1
TaRGET tiny nuclease RNA-based genome editing technology
UGI DNA glycosylase inhibitor
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residue, help stabilize the transition state and facilitate proton transfer,
while a conserved aspartate residue assists in the cleavage of the
nitrogen‑carbon bond, leading to the formation of the deaminated
product and the release of ammonia. The protonation state of the py-
rimidine ring nitrogen also influences the nucleophilic attack, enhancing
the reaction’s efficiency (Xu and Guo, 2004). CDA DAs have been re-
ported very specific towards their respective substrates (Bitra et al.,
2013a, 2013b; Gaded and Anand, 2018). However, some DAs have ac-
quired a certain degree of promiscuity through the modification of some
essential structural features close to their active sites (Iyer et al., 2011;
Bitra et al., 2013a, 2013b).

2.2. Purine DAs

As mentioned earlier, purine DAs have the ability to act on diverse
purine substrates. Despite all targeted substrates containing a purine
ring, we can distinguish between, nucleobase, nucleoside, nucleotide of
nucleic acid DAs based on the structure of the molecules they target.
Even though all purine DAs display a remarkable interest, we will focus
our interest on those that can be applied as practical biocatalysts in the
food and pharma industry.

2.2.1. Purine nucleobase DAs
Depending on the substituents of purine ring, nucleobase DAs can be

classified as 6-aminopurine and 6-oxopurine DAs (Table 1). Adenine DA
(AdeDA) and guanine DA (GuaDA) are the representative members of
these subfamilies (Fig. 5). However, several examples of other unusual
6-aminopurine and 6-oxopurine DAs have been recently reported,
namely 8-oxoguanine DA (8-oxoGuaDA) (Hall et al., 2010) or 6-methyl-
adenine DA (6-MetAdeDA) (Kamat et al., 2011b).

2.2.1.1. Adenine DAs
2.2.1.1.1. General comments. AdeDA (EC 3.5.4.2), also known as

adenine amidohydrolase, is responsible for the hydrolytic deamination
of adenine (Ade) (1) to hypoxanthine (Hyp) (2), releasing ammonia
(Goble et al., 2011; Kamat et al., 2011a) (Fig. 5), in presence of a
divalent metal cation (M2+) AdeDA belongs to the AHS superfamily and
is conserved in prokaryotes and lower eukaryotes (Pospísilová et al.,
2008). One of the main roles of this enzyme is the deamination of Ade to
Hyp in the first step of the purine salvage pathway (Pospísilová et al.,
2008). AdeDA is also involved in the purine degradation pathway, in
which after adenine deamination by AdeDA, hypoxanthine is trans-
formed to uric acid by xanthine oxidase (XOD) through a xanthine

Table 1
Main characteristics of the purine deaminases discussed in the manuscript, including a representative structure from the PDB for each enzyme and their most relevant
biotechnological applications.

Enzyme EC number Superfamily COG number Target substrate PDB id Biotechnological
applications

Adenine deaminase
(AdeDA)

EC 3.5.4.2 AHS cog1001
(binuclear metal
center)
cog1816
(mononuclear
metal center)

Adenine 3NQB
(binuclear metal
center)
3PAO
(mononuclear
metal center)

• Lowering the purine
content in food

Guanine deaminase
(GuaDA)

EC 3.5.4.3 AHS (mammalian,
insect, fungal, and
some bacterial)
CDA (plant, archaeal,
and some bacterial)

cog0402 (AHS)
cog0590 (CDA)

Guanine
Ammeline

6OHA (AHS)
4LC5 (CDA)

• Lowering the purine
content in food

• Increasing caffeine
production

Adenosine deaminase
(AdoDA)

E.C. 3.5.4.4 AHS cog1816 Adenosine
N6-methyladenosine

1A4L • Production of
nucleoside derivatives

• Therapeutic target for
inhibitor design

• Markers for the
diagnosis of different
illnesses

Guanosine deaminase
(GuoDA)

EC 3.5.4.15 CDA cog0590 Guanosine 7DBF • Markers for the
diagnosis of different
illnesses

S-adenosylhomocysteine
deaminase
(SAHDA)

EC 3.5.4.28 AHS cog0402 S-adenosylhomocysteine 2PLM • Potential for the
regulation of gene
expression

S-methyl-5′-thioadenosine
deaminase
(MTADA)

EC 3.5.4.31 AHS cog0402 S-methyl-5′-thioadenosine 4F0R • Potential therapeutic
target for bacterial
infections

Adenosine-5′-
monophosphate deaminase
(AMPDA)

EC 3.5.4.6 AHS cog1816 Adenosine-5′-
monophosphate

2A3L • Production of
nucleoside derivatives

• Enhancement of
umami flavor in food
production

• Improved plant growth
and stress resistance

• Enhancement of
biomass and lipid
production

Adenosine deaminases that
act on dsRNA
(ADAR)

EC:3.5.4.37 CDA cog0590 dsRNA 7ZLQ (ADAR1)
8E0F (ADAR2)

• Base editors for RNA
editing

Adenosine deaminases that
act on tRNA
(ADAT, in higher
eukaryotes)
(Tad, in yeast)
(TadA in prokaryotes)

EC:3.5.4.34
(ADAT1; Tad1)
EC:3.5.4.33
(ADAT2; Tad2;
TadA)

CDA cog0590 A37 in tRNAAla (ADAT1;
Tad1)
A34 in tRNA (ADAT2/
ADAT3; Tad2/Tad3)
A34 in tRNAArg2 (TadA,
prokaryotes)

3DH1 (ADAT2)
7BV5 (Tad2/Tad3)
1Z3A (TadA)

• Base editors for
genomic editing
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intermediate (Del Arco and Fernández-Lucas, 2018; El Kouni, 2003;
Gaded and Anand, 2018; Oestreicher, 2003; Oestricher et al., 2008).

Similar to other AHS, two distinct types of AdeDAs (mono or binu-
clear metal center AdeDAs) can be identified based on the presence of
either a single or two M2+ in the active site. The binuclear metal center
AdeDAs, unlike their mononuclear counterparts in the AHS superfamily,
exhibit a unique requirement for two divalent cations to achieve optimal
catalytic activity (Seibert and Raushel, 2005; Kamat et al., 2011b).
Another difference between both types of AdeDAs lies in the molecular
weight, since binuclear AdeDA has a molecular weight of around 65
kDa, whereas the molecular weight of mononuclear AdeDA is approxi-
mately 35 kDa (Kamat and Raushel, 2011). It is also worth noting that
the binuclear metal center is especially sensitive to iron, significantly
affecting the catalytic activity (Goble et al., 2011). Consequently, before
protein expression, the sequestration of iron by a metal chelator and
supplementation of the growth medium with Mn2+ are essential steps to
enhance the production of a more active enzyme (Kamat et al., 2011b).
The reason behind the presence of mononuclear AdeDA in certain bac-
terial species, while others from the same class possess the binuclear
form, remains unclear to date.

2.2.1.1.2. Biotechnological applications. Among the different
biotechnological applications of AdeDA, its use in food bioprocessing
has garnered significant attention. Although it is not as widely used as
other enzymes, AdeDA offers a more efficient and environmentally
friendly alternative to conventional food processing methods. Currently,
deaminase-based bioprocessing methods are mostly focused on lowering
the purine content in food.

Purines derived from exogenous sources and cell turnover are
degraded to uric acid, which is subsequently excreted through the kid-
neys. However, in certain individuals with impaired renal function and a
purine-rich diet, uric acid levels can rise, leading to hyperuricemia
(Kutzing and Firestein, 2008; Saag and Choi, 2006; Tausche et al.,
2010). This condition affects approximately 1–2 % of the population in
developed countries and is a risk factor for hypertension, different car-
diovascular and metabolic disorders (Richette and Bardin, 2010) and
gout (Terkeltaub, 2010). In conventional clinical practice, gout treat-
ment typically involves non-steroidal anti-inflammatory drugs during
attacks and medications to lower urate levels during symptom-free in-
tervals (Burns and Wortmann, 2011; Eggebeen, 2007; Schlesinger et al.,
2009). Additionally, adhering to a purine-restricted diet is essential
(Choi and Curhan, 2004; Choi et al., 2004), though many patients
encounter difficulties in implementing these dietary modifications due
to the exclusion of a wide array of purine-rich foods and beverages.

To address these challenges, the application of deaminases, such as
AdeDA, offers a promising solution for the production of low-purine
foods. AdeDA functions as part of a broader enzymatic systems that
combine deaminases with other purine-degrading enzymes, including
phosphorylases and oxidoreductases. The deamination process cata-
lyzed by AdeDA modifies purines, making them more susceptible to
further degradation by these enzymes. As a result, these systems effec-
tively reduce the overall purine content in food products by breaking
down purines into less harmful compounds. This enzymatic approach
supports the development of methods for producing low-purine foods,
thereby expanding dietary options and improving adherence to purine-

Table 2
Main characteristics of the pyrimidine deaminases discussed in the manuscript, including a representative structure from the PDB for each enzyme and their most
relevant biotechnological applications.

Enzyme EC number Superfamily COG
number

Target substrate PDB Biotechnological applications

Cytosine deaminase
(CytDA)

EC 3.5.4.1 AHS
(bacterial)
CDA (fungal)

cog0402
(AHS)
cog0590
(CDA)

Cytosine
Isocytosine (AHS)
Isoguanine (AHS)
5-Methylcytosine
(CDA)

3O7U (AHS)
1UAQ (CDA)

• Potential therapeutic target for
microbial infections

• Negative selection marker in transgenic
plants

• Prodrug-mediated cancer therapy
Cytidine deaminase
(CydDA)

EC 3.5.4.5 CDA cog0590 Cytidine 1MQ0 • Therapeutic target for cancer treatment
• Therapeutic target for the treatment of

tropical diseases
• Gene therapy for the protection of

healthy tissue from the toxicity of
anticancer chemotherapy

• Prodrug-mediated cancer therapy
• Production of nucleoside derivatives
• Optimization of pyrimidine

biosynthesis in bacteria
Deoxycytidine monophosphate
deaminase
(dCMPDA)

EC 3.5.4.12 CDA cog0590 2′-deoxycytidine-5′-
monophosphate

2W4L • Marker for diagnosing of various
disease

Deoxycytidine triphosphate
deaminase
(dCTPDA)

EC 3.5.4.13 CDA cog0590 2′-deoxycytidine-5′-
triphosphate

1XS1 • No specific technological or biomedical
applications

Apolipoprotein B mRNA editing
enzyme, catalytic polypeptide-
like
(APOBEC)

EC 3.5.4.36
(APOBEC1;
APOBEC2)
EC 3.5.4.38
(AID; APOBEC3A-
H)

CDA cog0590 ssRNA (APOBEC1)
ssDNA (AID;
APOBEC2;
APOBEC3A-H)

5JJ4 (AID)
6X91
(APOBEC1)
2NYT
(APOBEC2)
5KEG
(APOBEC3A)
5CQH
(APOBEC3B)
3VOW
(APOBEC3C)
5HX4
(APOBEC3F)
4ROW
(APOBEC3G)
5W45
(APOBEC3H)

• Epigenetic sequencing
• Base editors for genomic editing
• Base editors for multi-nucleotide

deletions
• Base editors for random base editing
• Base editors for RNA editing
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restricted diets for patients with gout.
In a practical example, a transgenic yeast Arxula adeninivorans strain

was engineered to overexpress AdeDA (together with GuaDA), as a
component of an enzymatic system comprising other purine-degrading

enzymes, with the goal of lowering purine content in food (Jankowska
et al., 2015; Trautwein-Schult et al., 2014). In a subsequent step of the
experimental procedure, those recombinant DAs (either as single en-
zymes or enzyme blends) were tested as catalysts for purine reduction in

Fig. 1. Overall structure and active site residues of mononuclear adenine deaminase from P. aeruginosa (PaAdeDA) (Goble et al., 2011). A) Overall structure of the
monomer (apo form, PDB id: 3OU8) is represented as a cartoon showing the distorted (α/β)8 barrel core. B) Metal coordination center showing the residues and the
water molecule responsible for the binding of the zinc cation. C) Active site center showing the residues and the water molecule responsible for the hydrogen bond
network with adenine (adenine-bound PaAdeDA, PDB id: 3PAO). Residues are represented in sticks (colored by atom type, carbon atoms in green), adenine is
represented in sticks (colored by atom type, carbon atoms in light gray), the zinc cation is represented as a gray sphere, and water molecules are represented as red
spheres. Interactions between residues and the zinc cation are represented as gray dotted lines. Hydrogen bonds among residues and adenine are represented as gray
dotted lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Reaction mechanism of hydrolytic deamination of adenine (1) to hypoxanthine (2) catalyzed by PaAdeDA (Goble et al., 2011).
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food matrices. In a first approach by Jankowska and coworkers, re-
combinant AdeDA was successfully employed as a catalyst for purine
content reduction in the beef extract (Jankowska et al., 2013). Incuba-
tion with AdeDA led to a substantial drop in the Ade content in beef
broth samples, while the remaining purine levels stayed constant. Later
on, the same authors developed a four-enzyme system -AdeDA, GuaDA,
XOD, and urate oxidase (UO)- for the conversion of purines in food to a
water-soluble 5-hydroxyisourate (Jankowska et al., 2015). After con-
firming reduction of the purine concentration in beef broth and yeast
extract, a rolled fillet of ham was incubated with the enzyme mixture,
resulting in a substantial reduction in levels of Ade (1), Gua (5), urate,

and Xan (6).
In another recent example, the potential of AdeDA (together with

GuaDA) from K. lactis (KlAdeDA and KlGuaDA, respectively) was eval-
uated in combination with K. lactis purine nucleoside phosphorylase
KlPNP), xanthine dioxygenase (KlXanA), and commercial Candida utilis
UO to produce low-purine-content beverages (Mahor and Prasad, 2018).
Since different purine sources are present in beer samples, both enzymes
were combined with K. lactis purine nucleoside phosphorylase KlPNP),
xanthine dioxygenase (KlXanA), and commercial Candida utilis UO, to
collectively reduce the overall purine content in beer. As expected, the
experimental findings demonstrated a decrease in the overall purine

Fig. 3. Overall structure and active site residues of mononuclear yeast cytosine deaminase (CytDA) (Ko et al., 2003). A) Overall structure of the monomer (PDB id:
1UAQ) is represented as a cartoon. B) Active site center showing the residues responsible for hydrogen bond network with dihydropyrimidine-2,4(1H,3H)-dione,
including metal coordination center showing the residues responsible for the binding of the zinc cation (PDB id: 1UAQ). Residues are represented in sticks
(colored by atom type, carbon atoms in green), dihydropyrimidine-2,4(1H,3H)-dione is represented in sticks (colored by atom type, carbon atoms in light gray), and
the zinc cation is represented as a gray sphere. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 4. Reaction mechanism of hydrolytic deamination of cytosine (3) to uracil (4) catalyzed by yeast CytDA (Ko et al., 2003).
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content of beer (Mahor and Prasad, 2018).

2.2.1.2. Guanine DAs
2.2.1.2.1. General concepts. GuaDA (EC 3.5.4.3), also known as

guanase or guanine aminohydrolase, catalyzes the hydrolytic deami-
nation of Gua (5) into Xan (6), releasing ammonia (Fig. 5) (El Kouni,
2003; Gaded and Anand, 2018). GuaDA is a zinc-dependent enzyme
found in all lower and higher organisms. It plays a key role in the purine
salvage pathway, regulating the guanine levels within the intracellular
guanylic pool (Shek et al., 2019). In contrast to prokaryotes and lower
eukaryotes, GuaDA expression in higher eukaryotes is tissue-specific and
varies during different developmental stages of the organism (Paletzki,
2002). Many studies have demonstrated that GuaDA regulates dendritic
ramification in mammals, being a key factor in the development of
neuronal morphology (Charych et al., 2006; Chen and Firestein, 2007).
In addition, Seffernick and coworkers established that GuaDA is also
responsible for the deamination of ammeline (an intermediate in the
melamine pathway) to ammelide (Seffernick et al., 2010). Notably,
GuaDA is the only endogenous enzyme in eukaryotes capable of
ammeline deamination.

Two types of GuaDA enzymes have evolved separately, and thus they
are classified within the AHS or CDA superfamily (Holm and Sander,
1997; Liaw et al., 2004). According to COGs database, plant, archaeal,
and some bacterial GuaDAs belong to the CDA superfamily (Fernández
et al., 2010; Ko et al., 2003) and these are clustered within cog0590
(Gaded and Anand, 2018). Meanwhile, mammalian, insect, fungal, and
other bacterial GuaDAs are clustered within AHS superfamily (Ko et al.,
2003; Liaw et al., 2004), falling within cog0402 (Shek et al., 2019).
Despite lacking structural similarities, GuaDAs from both superfamilies
require the presence of a M2+ for the deamination reaction (Shek et al.,
2019).

2.2.1.2.2. Biotechnological applications. Regarding biotechnological
applications, similar to AdeDA, GuaDA has been utilized as a component
of enzymatic systems for lowering the purine content in food and bev-
erages. As mentioned above, a four-enzyme cocktail containing GuaDA,
AdeDA, XOD, and UO was successfully employed to achieve complete
reduction of the purine content in beef samples (Jankowska et al., 2015;
Trautwein-Schult et al., 2014). As also mentioned for AdeDA, further
practical examples include the use of GuaDA from K. lactis together with
other purine degrading enzymes (KlPNP, KlXanA and commercial
Candida utilis UO) for decreasing purine levels in beer (Mahor and Pra-
sad, 2018). Apart from lowering the purine content in food and bever-
ages, GuaDA can be also utilized for the production of caffeine (15) (Li
et al., 2017a; Pan et al., 2019), providing a more environmentally
friendly alternative to traditional chemical manufacturing procedures
(Wang et al., 2008).

The primary caffeine synthetic pathway in tea plants involves several
steps. First, Xao (13) undergoes methylation to form 7-MetXao (16),
which is then hydrolyzed to 7-MetXan (17). Subsequently, it is meth-
ylated to reach theobromine (18) and caffeine (15) (Denoeud et al.,

2014; Pan et al., 2019). However, different pathways for caffeine
biosynthesis have been described for some microbes, wherein a
methylation order differs from that observed in caffeine biosynthesis in
plants (Pan et al., 2019) (Fig. 6).

Nowadays, genetic and metabolic engineering techniques have
significantly improved microbial platforms for the industrial production
of plant-derived bioactive compounds (Sun et al., 2015). For instance, an
increase in the caffeine level in pu-erh tea was reported when Saccha-
romyces cerevisiae GuaDA overexpression was induced in recombinant
E. coli and Corynebacterium glutamicum during pile-fermentation (Pan
et al., 2019).

Another interesting example involves the metabolic engineering of
E. coli BL21 for de novo caffeine production from low-cost food sources
(Li et al., 2017a). Since E. coli does not naturally synthesize this meth-
ylxanthine compound, a novel guanine-to-caffeine biosynthetic
pathway was developed within the organism (Fig. 6). To this end, the
codon-optimized Camellia sinensis TCS1 gene was introduced into E. coli.
The recombinant EcTCS1 enzyme catalyzes the methylation of Xan (6)
to produce 3-MetXan (19), followed by the conversion of 3-MetXan (19)
to 1,3-DiMetXan (20). Finally, EcTCS1 converts 1,3-DiMetXan (20) to
caffeine (15).

Furthermore, in consideration of future industrial implementation, a
series of genetic modifications were conducted to optimize the bio-
production of Xan (6) in E. coli. Initially, the cs1 gene was cloned into T7
promoter containing pRSF-Duet-1 vector (pRSF-eCS1) to get a higher-
level expression of the target enzyme. Subsequently, to further
enhance S-adenosyl-L-methionine (SAM) (21) production, the coding
sequences (sma2 and vgb genes) for S. cerevisiae SAM2 and Vitreoscilla
hemoglobin (VHb), were also cloned in the vector pRSF-eCS1 (namely
pRSF-eCS1-SMA2-vgb, according to the authors’ nomenclature). This
strategy aimed to increase SAM levels by leveraging the synergistic ef-
fects of these genes. Finally, a codon-optimized version of the
S. cerevisiae GuaDA gene (ScGuaDA) was further cloned into pRSF-eCS1-
SMA2-vgb plasmid (pRSF-eCS1-SAM2-vgb-eGUD1), and E. coli compe-
tent cells were transformed with the final construct (Fig. 6). Through
this metabolic engineering approach, the authors enabled TCS1
expression and enhanced Xan (6) and SAM (21) biosynthesis in E. coli,
resulting in a significant increase in caffeine (15) production (Li et al.,
2017a).

2.2.2. Purine nucleoside DAs
Purine nucleoside DAs, like purine nucleobase DAs, are primarily

categorized based on their specificity towards 6-aminopurine and 6-oxo-
purine nucleosides (Table 1). In this regard, two distinct purine nucle-
oside DAs, adenosine DA (AdoDA) and guanosine DA (GuoDA), can be
identified (Fig. 5). Although purine nucleoside DAs typically act on ribo-
and 2′-deoxyribonucleosides, several instances of DA activity on other
purine nucleosides have been documented. For instance, the deamina-
tion of 5′-deoxyadenosine (5′-dAdo) has been reported (Miller et al.,
2013), as well as the deamination of S-methyl-5′-thioadenosine (MTA)
(Hermann et al., 2007; Hitchcock et al., 2013), S-adenosylhomocysteine

Fig. 5. Enzymatic deamination of purine nucleobases and nucleosides catalyzed by purine DAs.
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(SAH) (Zulty and Speedie, 1989; Hermann et al., 2007; Hitchcock et al.,
2013; Miller andMaier, 2013), 6-aminodeoxyfutalosine (AFLDA) (Goble
et al., 2013), and, more recently, N6-methyladenosine (Jiang et al.,
2021).

2.2.2.1. Adenosine DAs
2.2.2.1.1. General concepts. AdoDA (E.C. 3.5.4.4), also called

adenosine aminohydrolase, catalyzes the water-mediated deamination
of Ado (7) and dAdo (8) to Ino (9) and dIno (10), respectively (Gracia
et al., 2012) (Fig. 5). AdoDAs are essential enzymes in the purine salvage
network across living organisms, from mammals to bacteria. Both bac-
terial and mammalian AdoDAs are members of the AHS superfamily.
Collectively, AdoDA are grouped within cog1816, a feature indicative of
their common orthology (Miller and Maier, 2013). They also share a
mononuclear Zn2+ center and display significant sequence similarity to
one another (Seibert and Raushel, 2005; Miller et al., 2013). However,
Jiang et al. (2021) recently described an AdoDA from Bacillus subtilis,
which exhibits a novel activity against N6-methyladenosine and pos-
sesses a binuclear metal center.

Interestingly, two AdoDA isoforms have been identified: AdoDA1
and AdoDA2. The primary differences between the two AdoDA isoforms
lie in the lower expression level (Atta et al., 2015) and substrate activity
(Zhou et al., 2014) of AdoDA2 compared to AdoDA1. Additionally,
AdoDA1 is expressed as an intracellular monomer enzyme with a mo-
lecular weight of 41 KDa, while AdoDA2 is specifically secreted as a
homodimer with a molecular weight of 110 KDa (Skaldin et al., 2018;
Gupta and Nair, 2006). AdoDA1 is considered ancient and plays a key
role in maintaining cellular adenosine homeostasis (Skaldin et al.,
2018). In addition, mammalian AdoDA1 is involved in the differentia-
tion and maturation of the lymphoid system (Cristalli et al., 2001),
therefore a disequilibrium in its activity can lead to severe combined
immunodeficiency disease (Aldrich et al., 2000), or Diamond-Blackfan
anemia (Hubert and Sutton, 2017). Conversely, AdoDA2 is considered
a growth factor for the development and differentiation of endothelium
cells and leukocytes in model organisms. Again, a disequilibrium in
AdoDA2 activity can result in vasculopathy and immunological
dysfunction (Dolezal et al., 2005; Zhou et al., 2014). Recently, Skaldin
et al. (2018) linked AdoDA2 to cell signaling, particularly in organisms
that rely on cell-cell communication, as well as quorum sensing in
prokaryotic cells. Additionally, 2′-dAdo is a cytotoxic metabolite that
promotes apoptosis, which also reinforces the essential role of AdoDAs
for the survival of surrounding cells (Garcia-Gil et al., 2015a, 2015b;
Giannecchini et al., 2003).

2.2.2.1.2. Biotechnological applications. Due to its broad substrate
specificity, AdoDAs have been widely employed as catalysts for the
synthesis of a wide range of nucleoside and nucleoside derivatives of
pharmaceutical interest (Gupta and Nair, 2006; Trelles et al., 2018)
(Fig. 7). It is well known that AdoDAs can deaminate 6-substituted and
2,6-substituted purine ribosides (Chassy and Suhadolnik, 1967). In this
context, Nair et al. (2003) reported the dichlorination activity of Ado-
DAs over different substituted 6-chloropurine nucleosides with func-
tionalized substitution at the 2-position. Interestingly, the broad-
spectrum RNA antiviral 2-vinylinosine-5′-monophosphate (21) was
synthesized by a chemo-enzymatic approach including AdoDAs, result-
ing in higher yield than the chemical approach (Pal et al., 2002; Nair
et al., 1987). Similarly, Gupta and coworkers were able to increase up to
3.5-fold the production yield of 2-acetonylinosine (22) by employing
AdoDA, while also reducing the reaction times compared to chemical
synthesis. Another notable example of an AdoDA-catalyzed reaction is
the synthesis of 2-aza nucleosides, such as 2-aza-2′-dIno (23) derived
from 2-aza-2′-dAdo (Sugiyama et al., 2000).

Oxanosine and 2′-deoxyoxanosine are products of nucleoside nitro-
sation activity, which is involved in genotoxicity events (Lonkar and
Dedon, 2011), and consequently serve as toxicological markers.
Majumdar et al. (2005) demonstrated that AdoDA can transform

oxanosine and 2′-deoxyoxanosine into 1-β-(D-ribo-furanosyl)-5-ureido-
1H-imidazole-4-carboxylic acid (24) and 1-β-(D-2′-deoxyribofuranosyl)-
5-ureido-1H-imidazole-4-carboxylic acid, respectively (25). The lactone
hydrolysis of oxanosine and 2′-deoxyoxanosine can be readily measured
spectrophotometrically at 300 nm within the canonical nucleoside pool,
making it suitable as a biological sensor.

Furthermore, due to the biological implications of AdoDA in meta-
bolic drug inactivation (Rabie, 2022), inflammation (Bagheri et al.,
2019), and infectious disease processes, researchers have been focusing
their efforts on the development of AdoDA inhibitors. For this purpose,
Sinkeldam et al. (2013) developed a high-throughput screening meth-
odology based on fluorophore production. In this regard, AdoDA cata-
lyzed the conversion of 1-(4-Aminothieno[3,4-d]pyrimidin-7-yl)-1,4-
anhydropentitol to 1,4-Anhydro-1-(4-oxo-1,4-dihydrothieno[3,4-d]pyr-
imidin-7-yl)pentitol (26) which absorption/emission patrons are 339
nm and 410 nm, and 315 nm and 391 nm respectively. Regarding C-
nucleoside fluorophore, Rovira et al. (2017) demonstrated the ability of
AdoDA to convert different isomorphic and isofunctional adenosine
analogs to other emissive purine-based nucleoside analogs with high
rate and selectivity.

On the other hand, AdoDAs can also act on ribose-modified adeno-
sine analogs. Early works demonstrated the significance of 5′-OH group
in deamination reaction catalyzed by AdoDA (Maury et al., 1991).
However, there are some exceptions to this general rule (Ciuffreda et al.,
2002a). For instance, 5′-deoxy-5′-amino-2′,3′-O-isopropylidene adeno-
sine was selectivity converted into the corresponding 6-oxopurine
nucleoside, 5′-deoxy-5′-amino-2′,3′-O-isopropylidene inosine (27) by
AdoDA from calf intestinal mucosa (calfAdoDA) at 98 % yield in just
360 min (1/24 time less than adenosine conversion) (Ciuffreda et al.,
2002b). Also, calfAdoDA catalyzed the deamination of 5′-dAdo (26 %
yield of isolated product) 5′-ClAdo (25 % yield of isolated product), and
5′-O-acetyladenosine (25 % yield of isolated product) into the corre-
sponding 6-oxo derivatives (28–30) after 24 h (Ciuffreda et al., 2003).
Recently, it has been reported several AdoDAs with unusually high ac-
tivity on different modified 5′-nucleosides. Interestingly, these AdoDAs
exhibit higher catalytic efficiencies than that shown for Ado. For
instance, AdoDA from Thermotoga maritima showed greater catalytic
efficiency for SAH (5.8⋅104 M− 1 s− 1) and MTA (1.4⋅105 M− 1 s− 1)
compared to Ado (9.2⋅103 M− 1 s− 1) (Hermann et al., 2007). Likewise,
AdoDA from Methanocaldococcus jannaschii catalyzes 5′-dAdo (9.1⋅109

M− 1 s− 1), SAH (4.4⋅106 M− 1 s− 1), and MTA (1.1⋅106) with more effi-
ciency than Ado (7.5⋅105 M− 1 s− 1) (Miller et al., 2013). Finally, a similar
tendency is observed for AdoDA from Pseudomonas aeruginosa and
Plasmodium falciparum. They catalyzed the deamination of MTA
(1.6⋅107 M− 1 s− 1 and 9.0⋅104 M− 1 s− 1, respectively) more efficiently
than Ado (3.7⋅105 and 6.2⋅104M− 1 s− 1, respectively) (Guan et al., 2012).

Furthermore, AdoDA catalyzed the deamination process across a
wide range of purine nucleosides bearing substitutions at positions 2′, 3′,
and/or 4′, unfortunately, neither wild-type nor engineered AdoDA have
shown activity on 1′-modified nucleosides. Cappellacci et al. (2002)
determined that 1′-methyladenosine is not a substrate or inhibitor for
AdoDA (Cappellacci et al., 2002; Vistoli et al., 2009). Regarding
deamination on 2′-modified nucleosides, Taj et al. (2008), developed a
chemo-enzymatic approach for the production of 2′-O-methox-
yethylguanosine (31), an important building block for the synthesis of
chemotherapeutic oligonucleotides, starting from DAPR. In this
approach, AdoDA catalyzed the enzymatic deamination of a mixture of
2′ and 3′ alkylated DAPR products to selectively afford the desired 2′-O-
methoxyethylguanosine without resorting to chromatography for puri-
fication. The deamination reaction is completed after 70 h with less than
1 % of the 3′ alkylated byproduct, which could be easily removed during
the next isobutyrylation step. This methodology was successfully
applied to the kilogram scale, demonstrating its applicability for large-
scale production.

In another practical example, Tritsch et al. (2000) tested different 3′-
C-ethynyl-, 3′-C-ethenyl-, 3′-C-ethyl-(deoxy)nucleosides to study the
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effect of the carbon hybridization (Csp, Csp2 and Csp3) on AdoDA activity.
As a result, different 3′-β-branched (deoxy)inosine derivatives were
synthesized for the first time (32–35).

More recently, Díaz-Rodríguez et al. (2009), reported the chemo-
enzymatic synthesis of different conformationally restricted bicyclic
hexahydroisobenzofuran nucleoside analogs with potential anti-HIV
activity from D-mannitol. Interestingly, AdoDa catalyzed the final step
of this synthetic process (50 % yield; 1 % ADA, phosphate buffer pH= 7,
3 % DMSO, 35 ◦C, 72 h), leading to the synthesis of the bicyclic inosine
analog (36).

Didanosine (ddIno) (37) is a highly potent antiviral agent widely
used for the treatment of HIV and Hepatitis B Virus infections. Conse-
quently, different strategies have been developed for the synthesis of
ddIno starting from ddAdo, using either whole cells carrying the AdoDA
enzyme (73 % yield, 2 h) (Médici et al., 2008) or isolated AdoDA (87 %
yield, 1.75 h) (Beach et al., 1991). It is worth noting that the use of
whole-cells containing AdoDA enzyme as catalysts for the synthesis of
nucleoside analogs offers several advantages over purified AdoDA
enzyme. Notably, there is no need to purify the enzyme in whole-cell
systems, and they also maintain activity at higher temperatures (60
◦C) compared to the pure enzyme (50 ◦C). However, purified enzymes
generally display higher overall activity than whole cells (Li et al.,
2010). In efforts to get more cost-effective processes, both systems have
been optimized to utilize less expensive starting nucleosides. On the one
hand, A. oxydanswas used in combination with other microorganisms in
two-step processes (involving transglycosylation and deamination

activity) to synthesize various 6-oxopurine nucleosides (Médici et al.,
2008). On the other hand, a chemo-enzymatic synthesis of ddIno was
developed, involving enzyme-mediated deamination of dAdo, followed
by specific 5′ acylation catalyzed by Candida antarctica lipase, and sub-
sequent chemical deoxygenation and 5′-deprotection step (Ciuffreda
et al., 1999). More recently, calf AdoDA was used to transform ddA into
ddI (100 mM phosphate buffer pH 7, 3 % DMSO, 95 %, 3 h) (Martín-
Nieves et al., 2022).

AdoDA was also shown to be active against 8-substituted 2′,3′-
dideoxy-6-aminopurine nucleosides, which show more antiviral activity
and stability than 8-unsubstituted derivatives. For example, 8-amino, 8-
hydroxy, and allopurinol 2′,3′-dideoxynucleoside analogs can be con-
verted into corresponding oxo 2′,3′-dideoxynucleosides (38) (74 %, 4 h),
(39) (79 %, 12 h), (40) (84 %, 2 h) (Buenger and Nair, 1990; Seela and
Kaiser, 1988).

In another interesting example, Marquez et al. (1990) studied the
conversion of 2′,3′-dideoxy-2′-ara-fluoroadenosine to the corresponding
inosine derivative (41) by AdoDA, resulting in a 77 % yield after over-
night incubation at room temperature (RT). However, in this case, a
chemical synthesis with sodium nitrite in acetic acid allowed a higher
yield (95 %, 20 h). Furthermore, to achieve more lipophilic anti-HIV-
prodrugs (for the targeted delivery in central nervous system), a series
of 6-substituted 2′,3′-dideoxy-2′-ara-fluoropurine nucleosides were
tested as alternative substrates for human AdoDA. Experimental findings
revealed that 6-fluoro nucleosides were shown to be the most active
substrates (233 %, normalized from F-ddA; IC50 < 5 μM) followed, by

Fig. 6. Different metabolic networks for caffeine synthesis. (→) Plant de novo caffeine biosynthetic pathway in tea plants. (→) Engineered metabolic network for
caffeine production from glucose in E. coli. GuoDA: guanosine deaminase; PNP: nucleoside phosphorylase; NH: nucleoside hydrolase; XMT: xanthosine methyl-
transferase; MXMT: methylxanthine N-methyltransferase; DXMT: 3,7-dimethylxanthine N-methyltransferase; SAM2: S-Adenosylmethionine synthetase; tea caffeine
synthase, TCS1;
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far, by 6-chloro and 6-iodo derivatives (1.6 %; IC50 = 5.9 μM and 1.5 %;
IC50 = 6.5 μM, respectively) (Driscoll et al., 1996; Ford et al., 1995).

Kohgo et al. (2004) developed an efficient chemoenzymatic synthesis
of 4′-C-ethynyl-2′-deoxy purine nucleosides (42–43) with anti-HIV ac-
tivity, using dAdo and DAP 2′-deoxyriboside as the starting materials.
Compared to the conventional chemical methodologies of condensation
of sugars with nucleobases, this methodology enhanced up to 3.4–17-
fold the total yields. More recently, calf spleen AdoDA was found to be
capable of transforming another set of different 4′-substituted nucleoside
substrates into their corresponding guanosine analogs at high yields
(exceeding 70 %, Tris-HCl buffer pH 7.5, 2–20 h, 40 ◦C) (Kohgo et al.,
2018).

Delving into the endocyclic sugar moiety of Ado, Brakta et al. (2002)
showed sugar moiety plays a crucial role in substrate binding to AdoDA.
They demonstrated that appropriate substitution of a hydroxymethyl
group and an adenine base on a benzene ring (ortho- or meta-) with an
N9-C5’ distance similar to that of adenosine, can mimic the structure of

adenosine and, therefore, allows an efficient binding to AdoDA. These
compounds have antiviral and antitumoral potential activity as aromatic
neplanocin-A analogs (Kode and Phadtare, 2011).

Oxetanocin A (OXT-A), also known as 9-(2′-deoxy-2′-hydroxymethyl-
P-D-erythro-oxetanosyl)adenine (44), is a naturally occurring 4-member
ring sugar moiety isolated from Bacillus megaterium with antibiotic ac-
tivity. Additionally, related 6-oxopurine derivatives such as OXT-H
(cyclobutyl hypoxanthine) (45), OXT-X (cyclobutyl xanthine) (46),
and OXT-G (cyclobutyl guanine) (47) have antiviral activity. In addi-
tion, OXT-G, also called Lobucavir (BMS-180194), has been used for the
treatment of herpes virus and hepatitis B infections. These all-related
compounds were easily synthesized from OXT-A by enzyme-mediated
deamination with AdoDA or E. coli 120,551 whole-cells (100 % yield)
followed by OXT-H oxidation carried out by Nocardia interforma whole-
cells (100 % yield) to reach OXT-X (46). Then 46 was chemically con-
verted (3 steps, 45 % yield) to 2-amino-OXT-A and finally deaminated
again by AdoDA to produce OXT-G (47) (100 % yield) (Shimada et al.,

Fig. 7. Chemical structure different 6-oxo and 6-amino purine nucleoside derivatives.
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1987) (Fig. 8). Furthermore, Bristol-Myers Squibb prodrug Lobucavir l-
Valine (BMS 233866) can be obtained through OXT-G transesterification
using ChiroCLECTM BL (cross-linked enzyme crystals; 61 % yield).
Alternatively, a more selective approach was achieved by using immo-
bilized lipase from Pseudomonas cepacia (Amano PS-30), resulting in an
84 % yield) (Hanson et al., 2000; Simić et al., 2021).

Acyclonucleosides often show highly antiviral activity, such as
acyclovir (48) or ganciclovir (49). These 6-oxopurine analogs can be
synthesized through a chemoenzymatic approach from different 2,6
substituted acyclonucleosides (including 2-amino-6-chloro- or 2,6-dia-
mino-9-[(2-hydroxyethoxy)methyl]purines), by employing AdoDAs in
phosphate buffer at 25 ◦C with a 100 % conversion rate (Ogilvie et al.,
1984; Robins and Hatfield, 1982). Another complete hydrolytic
defluorination for acyclovir (48) and ganciclovir (49) synthesis was
achieved from 6-fluoropurine acyclonucleosides in presence of calf
AdoDA excess and phosphate buffer solution at pH 7.5, carried out at RT
overnight (Kim et al., 1994a).

In a similar way, the stereoselectivity of AdoDA allowed the reso-
lution of a racemic mixture of synthetic carbocyclic nucleosides. Secrist
et al. (1987) specifically deaminated (− )-aristeromycin (50) to obtain
the corresponding hypoxanthine derivative (3 h, RT) from a mixture of
(±)-racemates, facilitating the pharmaceutical active (+)-isomer puri-
fication (Fig. 9). Likewise, AdoDA was employed to transform the
adenine moiety to access the (− )-enantiomer of carbovir, which is two-
fold more potent and selective inhibitor of HIV (Patel, 2008) (Fig. 9). In
this regard, GlaxoSmithKline synthesized this API through a chemo-
enzymatic route starting from (− )-aristeromycin (50), which is readily
available as a secondary metabolite of Streptomyces citricolor. After 8
reaction steps, different immobilized AdoDAs (calf AdoDA or Aspergillus
sp AdoDA) onto Eupergit-C support were employed in the bioconversion
of 2′,3′-didehydro-2′,3′-dideoxy-DAP nucleoside into (− )-carbovir (51)
for up to 10 cycles, without significant loss of activity. This bioprocess
was carried out in 70 L medium containing 20 g/L of substrate,
demonstrating the potential of AdoDA as a biocatalyst for large-scale
production of optically pure (− )-carbovir (51) (Carter et al., 1990;
Patel, 2008). Katagiri et al. (1998) studied the effect of pressure on
AdoDA activity over cyclaradine, an anti-HSV carbocyclic analog of ara-
A. The stereospecificity for enzymatic resolution of (+)-cyclaradine was
enhanced by increasing pressure. Additionally, it was observed that
(− )-cyclaradine was not deaminated by AdoDA, even under high
pressures.

Another interesting example of the catalytic application of AdoDA in
the resolution of racemic mixtures was developed by Megati et al.
(1992). The authors obtained optically pure (− )-adenallene from the
racemic (±)-adenallene (52). Interestingly, the deaminated product,
(+)-hypoxallene, was further converted to optically pure (+)-adenallene
using well-established methodologies.

Far from their applications in the synthesis of APIs, numerous ex-
amples highlighting the potential of AdoDAs as therapeutic targets in
many different diseases and malignancies can be found in the literature
(Bagheri et al., 2019; Huang et al., 2019a; Kutryb-Zajac et al., 2020;
Leone and Emens, 2018). Due to the major objective of this review is to
focus on their ability as practical catalysts rather than the study of po-
tential inhibitors, we do not deep into this field.

Nonetheless, it is noteworthy to mention that adenosine deaminase
deficiency (AdoDA deficiency) is a rare genetic disorder that leads to
severe combined immunodeficiency, a condition characterized by a
dysfunctional immune system. In this context, ADAs have commonly
used in the diagnosis and treatment of immunodeficiency disorders. For
instance, Hershfield et al. (1987) demonstrated AdoDA enzyme
replacement therapy using polyethylene glycol-modified AdoDA (PEG-
AdoDA) has shown promising results in restoring immune function in
ADA-deficient patients. More interestingly, gene therapy has emerged as
a promising approach for the treatment of AdoDA deficiency (Gaspar
and Kinnon, 2020; Secord and Hartog, 2022).

2.2.2.2. Guanosine DAs
2.2.2.2.1. General concepts and biotechnological applications. Gua-

nosine DAs (EC 3.5.4.15) specifically deaminate 6-oxopurine nucleo-
sides, such as Guo (11) and dGuo (12) to produce Xao (13) or dXao (14),
which are essential molecules in purine metabolism and nitrogen recy-
cling (Fig. 5). GuoDA belongs to the CDA superfamily and are clustered
within cog0590. These enzymes, involved in nucleobase salvage but also
in nucleotide degradation, are particularly important in plants where
the products from the degradation of purine nucleotides serve as
nutrient sources (Dahncke and Witte, 2013).

As shown above, GuaDAs are essential enzymes in the catabolism of
purines in animals, invertebrates, and microorganisms, converting
guanine to xanthine. However, in most of plants, there is an alternative
catabolic pathway that involves the presence of GuoDA (Dahncke and
Witte, 2013). This pathway is closely linked to the biosynthetic route of
purine alkaloids (caffeine and theobromine) in some plants, like coffee
and tea (Denoeud et al., 2014; Pan et al., 2019; Witte and Herde, 2020)
(Fig. 6).

Similar to AdoDAs, GuoDAs have been studied as markers for the
diagnosis of different illnesses. For example, Kalkan et al. (1999) studied
the levels of AdoDA and GuoDA activities in patients with different types
of viral hepatitis disease. Experimental results suggested that GuoDA
levels might serve as an indicator of liver condition in hepatitis diseases.
More recently, again, AdoDA and GuoDA activities have been used as
markers for the diagnosis of rheumatoid arthritis (Suleyman, 2012).

2.2.2.3. Other purine nucleoside DAs
2.2.2.3.1. General concepts and biotechnological applications.

Although AdoDA and GuoDA are the most representative members of
purine nucleoside DAs, another type of purine nucleoside DAs can be
found in nature, such as S-adenosylhomocysteine deaminase (SAHDA,
EC 3.5.4.28) or S-methyl-5′-thioadenosine deaminase (MTADA, EC
3.5.4.31). Both SAHDA and MTADA enzymes are classified as members
of the AHS superfamily and are clustered within cog0402.

On the one hand, SAHDA is an enzyme that plays a crucial role in the
metabolism of adenosylhomocysteine (SAH), a byproduct of S-adeno-
sylmethionine (SAM) methylation reactions. SAHDA catalyzes the con-
version of SAH to S-inosyl-L-homocysteine and ammonia, thereby
regulating the intracellular levels of SAH (Hermann et al., 2007;
Hitchcock et al., 2013). SAH is a strong inhibitor of DNA methyl-
transferases (James et al., 2002). Consequently, fluctuations in cellular
SAH levels can alter the extent of genomic DNA methylation, which in
turn influences the expression of numerous genes. Specifically, an in-
crease in SAH levels is associated with decreased DNA cytosine
methylation (Rocha et al., 2005), whereas a reduction in SAH leads to
enhanced DNA methylation (Gotarkar et al., 2021). Considering these
characteristics, it is plausible that modulating SAHDA activity could be
used to adjust SAH levels, thereby affecting DNA and histone methyl-
ation patterns. Such an approach could offer valuable insights into
epigenetic reprogramming and the regulation of gene expression.

On the other hand, MTADA catalyzes the deamination of MTA (a
byproduct of polyamine biosynthesis and methionine metabolism),
resulting in the production of 5-methylthioinosine (Hermann et al.,
2007; Hitchcock et al., 2013). In eukaryotes and archaea, the degrada-
tion of MTA is carried out by 5′-methylthioadenosine phosphorylase
(MTAP) in the presence of inorganic phosphate, leading to the genera-
tion of adenine and 5-methylthio-α-D-ribose 1-phosphate. However,
Guan et al. (2012) suggested a MTA → 5′-methylthioinosine (MTI) →
hypoxanthine pathway with no significant MTAP or 5′-methyl-
thioadenosine nucleosidase (MTAN) activity, which would implicate the
existence of an MTADA to convert MTA to MTI. Based on this evidence,
the authors hypothesized a possible role of MTADA in an alternative
quorum sensing pathway in Pseudomonas aeruginosa. The disruption of
MTADA activity in P. aeruginosa (and other organisms that utilize this
unusual pathway for MTA degradation) can potentially hinder the
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communication and virulence processes mediated by QS, providing a
new approach for combating bacterial infections.

2.2.3. Purine nucleotide DAs

2.2.3.1. General concepts and biotechnological applications. Despite
nucleoside-5′-mono-, − di, and triphosphates can be considered nucleo-
side derivatives, we have chosen to include purine DAs that act on nu-
cleotides in a separate category, namely purine nucleotide DAs.

Adenosine-5′-monophosphate DA (adenylate DA, AMPDA, EC
3.5.4.6) catalyzes the conversion of adenosine monophosphate, AMP
(58), to inosine monophosphate, IMP (59) and ammonia (Fig. 10)
(Table 1). AMPDA plays a vital role in nucleotide metabolism, main-
taining the balance of nucleotide pools which are critical for cellular
functions and overall metabolism.

Returning to the studies conducted by Ciuffreda et al. (2002a, 2002b,
2003), which primarily investigated the enzymatic deamination of 5′-
substituted derivatives by AdoDA, the authors simultaneously examined
the deaminase activity of AMPDA on a variety of different 5′-substituted
derivatives. Remarkably, despite ADA’s inability to convert some 5′-
substituted-2′,3′-O-isopropylidene adenosine derivatives such as acetate,
acetamido, and azido (53–55), the authors demonstrated that AMPDA
converts all of these compounds into their corresponding 5′-substituted
inosine derivatives during their biotransformation process (Ciuffreda
et al., 2002b). Furthermore, the same authors also demonstrated both
AMPDA and AdoDA enzymes exhibit the ability to catalyze the stereo-
selective hydrolytic deamination of (5′R,S)-methyl-2′,3′-isopropylidene
adenosine (56). However, it was observed that the 5′-butyl analog (57)
was exclusively converted by AMPDA, indicating the substrate speci-
ficity of AMPDA for this particular compound (Ciuffreda et al., 2004).

Notably, a novel use of AMPDA as a potential enhancer of umami
flavor has been recently proposed by Chew et al. (2017). The umami
flavor arises from the existence of glutamate and is significantly inten-
sified with the inclusion of nucleoside-5′-monophosphates, such as IMP
(59) and GMP (60) (Del Arco et al., 2017). Therefore, substantial
changes in glutamate, IMP and GMP levels could modify the umami

taste in food. In this work, the authors generated transgenic tomato
(Solanum lycopersicum) lines that overexpressed AMPDA. They found
that the increased expression of AMPDA resulted in elevated levels of
GMP in the nucleotide pool, while IMP did not accumulate to significant
levels (Fig. 10).

In a study by Kotchoni et al. (2016), a recombinant green alga
Chlamydomonas reinhardtii was engineered through the downregulation
of AMPDA expression. AMPDA is responsible for counteracting the
accumulation of AMP by removing it from the adenylate pool in
response to elevated ATP levels. This genetic manipulation resulted in
significant increases in the steady-state levels of intracellular ATP.
Notably, the observed ATP elevation led to remarkable enhancements in
biomass production (3-fold higher growth rate), cold tolerance, and oil
content (approximately 25 % higher lipid/oil). Based on these findings,
the authors put forward the hypothesis that these results could be
extrapolated to engineer plants with improved growth under cold stress
conditions, thus contributing to sustainable agriculture and plant-based
biofuel production. More recently, an experimental study conducted by
Zhang et al. (2019) demonstrated that manipulating the copy numbers
of three heterologous lycopene biosynthesis genes (crtE, crtB, and crtI),
along with overexpressing the gene encoding AMPDA, resulted in the
highest reported lycopene content (46–60 mg/g DCW) in Yarrowia
lipolytica.

Like AMPDA, adenosine-5′-diphosphate DA (ADPDA, EC 3.5.4.7) and
adenosine-5′-triphosphate DA (ATPDA, EC 3.5.4.18) catalyzes the hy-
drolytic deamination of ADP and ATP into corresponding 6-oxo de-
rivatives. Unfortunately, there is no available information regarding the
biotechnological application of these enzymes. A similar situation can be
observed for cyclic adenylate deaminase (cAMPDA, EC 3.5.4.46), a key
enzyme in cellular signaling by catalyzing the conversion of cyclic
adenosine monophosphate (cAMP) to 5’-AMP.

2.2.4. Other purine deaminases
DAs acting on free nucleobases, nucleosides, and nucleotides have

been the primary focus of this review. All these enzymes, whether from
the AHS or CDA superfamily, play a pivotal role in nucleotide

Fig. 8. Enzymatic and chemo-enzymatic synthesis of different oxetanocin analogues catalyzed by AdoDA.
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metabolism (Iyer et al., 2011). In addition, as mentioned earlier, these
enzymes have found extensive utility in various biotechnological ap-
plications. However, among the DAs catalyzing the hydrolytic deami-
nation of nucleic acids, those acting on polynucleotide molecules also
deserve special attention. These enzymes facilitate the in situ deamina-
tion of the nitrogenous bases present in RNA, thereby contributing to
gene diversification and antiviral defense mechanisms (Gaded and
Anand, 2018).

2.2.4.1. General comments. Among the post-transcriptional mecha-
nisms, RNA editing reactions (insertion, deletion, or base modification)
occur in many organisms and operate by different molecular mecha-
nisms (Gerber and Keller, 2001; Savva et al., 2012; Schaub and Keller,
2002). In this regard, the hydrolytic deamination of Ado-to-Ino (referred
to as A-to-I editing in the literature) at RNA level by RNA-dependent
AdoDAs is an example of RNA editing. According to the literature, two
types of AdoDAs acting on RNA have been reported, those acting on
duplexed RNA structures (commonly named ADARs), and tRNA-specific
AdoDAs (so-called ADATs) (Fig. 11) (Table 1).

2.2.4.1.1. AdoDAs acting on duplexed RNA structures. AdoDAs that
act on RNA (ADARs) catalyze the hydrolytic deamination of Ado-to-Ino
(referred to as “A” in Fig. 11) in double-stranded RNAs (dsRNA) (Bass,
2002) (Fig. 11A). Specifically, ADARs act on precursor mRNAs (pre-
mRNAs) and noncoding RNAs (microRNA and endogenous siRNA)
(Nishikura, 2010; Hundley and Bass, 2010; Warf et al., 2012). The
conversion of Ado-to-Ino results in alterations to the information enco-
ded in the primary sequence of the pre-mRNA, leading to changes in
codons within open reading frames and modifications in RNA splicing

patterns (Keegan et al., 2001). Moreover, since Ino is recognized as Guo
during translation (base pairing with cytidine), the introduction of Ado-
to-Ino changes by ADARs creates inosine-uridine mismatches, which in
turn affect the structure of the RNA molecule (Bass, 2002). These al-
terations could potentially disrupt any biological function reliant on
structure-specific interactions with RNA (Bass, 2002). Additionally,
ADAR enzymes also target viral RNAs, thereby contributing to defense
against viruses that possess double-stranded RNA stages in their life
cycle (Kumar and Carmichael, 1997).

First discovered in Xenopus laevis (Bass and Weintraub, 1987),
ADARs have evolved from the CDA superfamily and are present in most
metazoans, including mammals. It is worth noting that multiple ADAR
enzymes can coexist within the same organism, and such is the case for
vertebrates that possess three distinct ADARs: ADAR1 (Kim et al.,
1994b), ADAR2 (Melcher et al., 1996) and ADAR3 (Chen et al., 2000).
Contrary to ADAR1 and ADAR2, ADAR3 does not exhibit the ability to
deaminate any target site in RNA (Nishikura, 2016). Despite its lack of
catalytic activity, ADAR3 can bind both double-stranded RNA (dsRNA)
and single-stranded RNA (ssRNA), potentially exerting modulation on
the editing activity of other ADARs (Chen et al., 2000). ADAR1 and
ADAR2 in vertebrates display slightly different specificities regarding
the target adenosine within the dsRNA (Bass, 2002). In addition, while
ADAR1 is ubiquitously expressed in many tissues (Kim et al., 1994b),
ADAR2 is mainly, though not exclusively, expressed in the brain
(Melcher et al., 1996). Conversely, ADAR3 expression is limited to
certain regions of the brain (Chen et al., 2000).

Regardless of the species, all ADARs display great similarities in their
structures, with one to three dsRNA binding domains (dsRBDs) in the

Fig. 9. Enzymatic resolution of racemic mixtures of synthetic carbocyclic nucleosides catalyzed by AdoDA.
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vicinity of the N-terminal, and a highly conserved deaminase domain
near the C-terminal (Bass, 2002; Maas et al., 2003). As of the present
date, all reported ADARs exhibit notable structural similarities,
featuring one to three dsRBDs located near the amino-terminal region,
and a highly conserved deaminase domain situated close to the C-ter-
minal (Bass, 2002; Maas et al., 2003). In all cases, the dsRBD comprises
approximately 65 amino acids and adopts an α-β-β-β-α topology, while
the C-terminal deaminase domain constitutes the catalytic center of
ADARs (Nishikura, 2016).

The sequence analysis of this deaminase domain suggests a close
sequence relation to the CDA superfamily (Wang et al., 2017). More-
over, the active site of ADAR displays a geometry like that of members
within the CDA superfamily. In fact, much like CDA enzymes, the zinc
ion present in the active site is coordinated by one histidine and two
cysteine residues (Macbeth et al., 2005). Besides differing in the total
number of dsRBDs, the distance between these domains also varies
among different ADAR enzymes (Bass, 2002). Further structural differ-
ences have been observed among these enzymes, which are unique to
the type of ADAR. For example, ADAR1 possesses two additional Z-DNA-
binding domains (Zα and Zβ) located in a N-terminal extension (Herbert
et al., 1997), while an arginine-rich single-stranded RNA (ssRNA)-
binding domain (R domain) is present in ADAR3 (Chen et al., 2000).
These domains might play a role in positioning the enzyme close to
actively transcribed DNA (Herbert and Rich, 2001). However, a more

comprehensive investigation is needed to gain a deeper understanding
of the precise functions of these unique domains.

2.2.4.1.2. AdoDAs acting on tRNA. When talking about RNA editing,
it is important to note that ADARs are not the sole DAs responsible for
this function. Prokaryotic organisms, for instance, contain transfer RNA
(tRNA) adenosine deaminase (TadA) capable of editing specific tRNAs
(Wolf et al., 2002). In eukaryotes, orthologous enzymes of TadA are
classified as AdoDAs acting on tRNAs. These include ADAT in higher
eukaryotes and Tad in yeast (Keegan et al., 2004). ADAT and Tad en-
zymes share significant sequence similarity with ADARs, particularly in
terms of their catalytic domain, although they lack the dsRBDs. The
close resemblances between these enzymes suggest that ADARs may
have evolved from ADATs through the acquisition of one or more
dsRBDs (Savva et al., 2012). These similarities are also observed in
certain members of the CDA superfamily, which strongly suggests that
both ADAT, Tad and ADAR enzymes evolved from this superfamily
(Bass, 2002).

Depending on the specific ADAT (in higher eukaryotes) or Tad (in
yeast) Ado-to-Ino deamination occurs at distinct target sites within the
tRNA (Fig. 11B). For example, ADAT1 and Tad1 target Ado at position
37 (A37 in the literature) in eukaryotic tRNAAla, located adjacent to the
anticodon (Keegan et al., 2004). Meanwhile, in higher eukaryotes, the
ADAT2-ADAT3 heterodimeric complex deaminates Ado at position 34
(A34) of tRNA, which is the wobble position of the anticodon. In this

Fig. 10. Schematic representation depicting the biosynthetic pathway of AMP and GMP from IMP. ADSS: adenosylsuccinate synthetase; ADSL: adenosylsuccinate
lyase; AMPDA: adenylate DA.

J. Del Arco et al. Biotechnology Advances 77 (2024) 108473 

15 



complex, ADAT3 is essential for tRNA binding but is catalytically inac-
tive, leaving ADAT2 as the only active subunit of the heterodimer
(Keegan et al., 2004). In yeast species like Saccharomyces cerevisiae, the
homologous enzymes Tad2 and Tad3 perform a similar function, also
acting as a heterodimer to deaminate A34 (Keegan et al., 2004). In
contrast, in prokaryotes, the TadA enzyme, homologous to ADAT2,
forms homodimers to catalyze A34 deamination specifically in the
tRNAArg2 molecule, the only tRNA with this modification in prokaryotes
(Wolf et al., 2002).

2.2.4.2. Biotechnological applications. Adenosine deaminase-mediated
RNA editing represents an intrinsic mechanism of site-specific muta-
genesis that is evident across all metazoans. As a result, the RNA editing
capabilities of ADARs have proven their effectiveness in creating precise
and reliable tools for RNA manipulation. Furthermore, despite the
absence of reported instances of ADARs acting on single-stranded DNA
(ssDNA) (Rees and Liu, 2018; Zheng et al., 2017), the direct evolution of
a TadA enzyme has successfully led to deaminase activity at the DNA
level (Gaudelli et al., 2017). As we will discuss later, this significant
breakthrough has paved the way for the development of adenosine base
editors for genomic engineering.

2.2.4.2.1. Adenosine base editors for RNA editing. RNA-editing has
arisen as an attractive technology for the development of novel tools for
in vivo research and therapeutic applications. As the name suggests, the
alterations executed by RNA-editing systems take place at the RNA level,
thus providing a clear safety advantage over the traditional DNA-editing
tools. Since modifications are only introduced in transcripts carrying
disease-causing point mutations, the genomic information remains un-
altered (Aquino-Jarquin, 2020). In contrast, DNA editing requires a
lower off-target rate (ideally below 0.1 %) to ensure safety, as even
minor off-target effects can lead to permanent and potentially harmful
genomic alterations (Tao et al., 2023). RNA editing, on the other hand,
offers a more transient and reversible approach, reducing the risk of
permanent damage from undesired off-target modifications (Casati
et al., 2021). While RNA editing can tolerate a slightly higher off-target
rate, efforts to minimize it are still crucial. The effects of RNA editing are
dose-dependent, with their duration determined by the length of the
administration period (Casati et al., 2021). However, while the exact
threshold may vary depending on the specific disease, therapeutic
approach, and target tissue, RNA editing in vivo should ideally achieve
conversion efficiencies as high as possible (exceeding 50 %) for thera-
peutic relevance (Tao et al., 2023).

One of the main challenges when designing RNA-editing strategies
for gene therapy applications is the capacity to target defined positions
within distinct RNA transcripts. For achieving accurate base editing,
either the full ADAR enzyme or solely the deaminase domain (ADARDD)
is expressed as a fusion protein incorporating an RNA targeting domain
(SNAP-tag, a λN peptide, an R/G motif, a Cas protein, or an MS2-tag) to
form a fusion editase (Fig. 12A-D). Hereafter, this fusion-ADAR is
introduced along with a guide RNA (gRNA), which is complementary to
the target RNA sequence and capable of drawing the editase (Casati
et al., 2021). Upon formation of the RNA-ADAR complex at the target
site, Ado is deaminated into Ino, which is read as Guo during translation.
Thus, Ado-to-Ino (referred to as A-to-I in the literature) is transformed
into Guo, leading to the Ado-to-Guo (referred to as A-to-G in the liter-
ature) conversion. Consequently, when editing occurs within mRNAs,
codons may change, leading to modifications that could impact protein
functionality. These site-directed RNA editing approaches entail the
administration of both the exogenous ADAR fusion editase and the
gRNA, which could be challenging for therapeutic applications. In this
regard, some groundbreaking procedures have been reported wherein
site-directed base editing is carried out by the implementation of guides
capable of luring endogenous ADARs (Merkle et al., 2019; Qu et al.,
2019; Reautschnig et al., 2022; Monian et al., 2022; Katrekar et al.,
2022a; Yi et al., 2022).

The SNAP-ADAR was the first site-directed RNA editing approach
that employed an exogenous ADAR fusion editase (Stafforst and
Schneider, 2012). To this end, the authors employed the SNAP-tag
protein, a self-labeling protein evolved from the DNA repair enzyme
O6-alkylguanine-DNA alkyltransferase which covalently bonds to O6-
benzylguanine (BG) (Keppler et al., 2003). The ADARDD of human
ADAR1 (lacking the dsRBDs) was combined with this SNAP-tag to create
a SNAP-ADAR1DD fusion protein capable to target a short gRNA carrying
BG (BG-gRNA). Thus, BG-gRNA determines the specificity of SNAP-
ADAR1DD. When paired with the target RNA sequence, BG-gRNA re-
cruits the editing fusion protein, thereby initiating site-specific deami-
nation (Fig. 12A). Initially, the developed system was employed for the
in vitro repairing of the nonsense mutation Stop66 (UAG) to Trp66 (UGG)
within the ORF of the gene encoding the enhanced green fluorescent
protein (eGFP), revealing a 60–90 % Ado-to-Guo conversion (Stafforst
and Schneider, 2012).

Later on, seeking a future in vivo implementation, system compo-
nents and the working procedure were modified (Vogel et al., 2014).
First, the gRNA was subjected to both 2’-O-methylation and phosphor-
othioate modifications for improving its resistance against endogenous
RNases. Additionally, in the pursuit of enhancing conversion rates, the
ADAR1DD in the fusion protein was swapped for human ADAR2DD. The
clinical significance of this newly developed systemwas demonstrated in
vitro by successfully repairing (70 % of editing efficiency) a disease-
causing Factor 5 Leiden missense mutation (Vogel et al., 2014). In this
context, the same authors conducted an extensive study on the potential
modifications of gRNAs to optimize the selectivity and efficiency of the
RNA editing system. The editing capacity of both ADAR1DD and
ADAR2DD was tested on the four possible target codons (UAG, AAG,
CAG, and GAG) by testing 64 gRNAs covering all possible match or
mismatch combinations at the 5′-adjacent base of the target codon. In
addition, these gRNAs carried Urd or Cyd as the complementary base to
the targeted Ado to also cover a match or a mismatch, respectively, at
this position. The experimental results indicated distinct preferences for

Fig. 11. Schematic representation of RNA-dependent ADAR and TadA de-
aminases, along with their respective substrate RNAs. The target adenosines are
highlighted in red, the catalytic domains within the deaminases are depicted in
green, and dsRBDs are shown in red. A) ADAR catalyzed Ado-to-Ino editing in
pre-mRNAs. The target Ado (A) is located within an RNA duplex structure,
formed through the pairing of exonic and intronic sequences, denoted as ECS
(exon complementary sequence). B) TadA catalyzed Ado-to-Ino editing in yeast
tRNA-Ala. The Ado at position 34 (A34) is deaminated to Ino through the action
of the Tad2p-Tad3p heterodimer. Additionally, the Ado at position 37 (A37) is
deaminated by Tad1p. Figure adapted from Gerber and Keller (2001). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

J. Del Arco et al. Biotechnology Advances 77 (2024) 108473 

16 



both the ADARDD and the gRNA depending on the target codon, high-
lighting the need to optimize the SNAP-ADAR2DD/gRNA system based
on the specific target (Schneider et al., 2014). All these previous studies
paved the way for the eventual development of a ready-to-use SNAP-
ADAR system for site-directed editing of endogenous RNAs (Vogel et al.,
2018). This time, a hyperactive version of ADAR2DD (E488Q mutant)
(Kuttan and Bass, 2012) was utilized in the SNAP-ADAR system for the
editing of two disease-related mRNAs coding KRAS and STAT1 signaling
proteins. These transcripts were edited both individually and simulta-
neously, achieving a 46–76 % yield (Vogel et al., 2018). The E488Q
variant was originally generated through random mutagenesis using
error-prone PCR, which introduced a high frequency of mutations
throughout the coding sequence of ADAR2DD (Kuttan and Bass, 2012).
This approach led to the discovery of the E488Qmutant, which has since
become an essential tool in RNA editing systems due to its significantly
enhanced catalytic activity. The increased activity of the E488Q variant
makes it particularly valuable for applications requiring efficient RNA
editing. However, this heightened catalytic efficiency comes with a
trade-off: the E488Q mutant exhibits reduced specificity, resulting in
higher rates of off-target editing. This balance between enhanced ac-
tivity and decreased specificity is a critical factor to consider in the
development and application of RNA editing systems that incorporate
the E488Q variant.

Apart from SNAP-ADAR, several other ADAR-mediated systems have
been developed based on the use of protein components from bacte-
riophage organisms (Montiel-Gonzalez et al., 2013; Montiel-González
et al., 2016; Vallecillo-Viejo et al., 2018; Sinnamon et al., 2017; Sinna-
mon et al., 2020; Katrekar et al., 2019; Tohama et al., 2020). One
notable example is the λN-ADAR system, which is based on the ability
the λ-phage N protein to non-covalently bind the boxB RNA hairpin
structure (Legault et al., 1998). In this system, the RNA editing protein
entails the fusion between ADAR2DD and the λ-phage N peptide (λN-
ADAR2DD), while the gRNA (complementary to the target RNA
sequence) contains the boxB structure (boxB-gRNA) necessary for
recruiting the λN-ADAR2DD fusion editase (Montiel-Gonzalez et al.,
2013) (Fig. 12B). In a first approach, a λN-ADAR systemwas successfully
employed in vitro to fix a premature stop codon in cystic fibrosis trans-
membrane conductance regulator (CFTR) encoding mRNAs (Montiel-
Gonzalez et al., 2013). Thus, both λN-ADAR2DD fusion and boxB-gRNA
were injected along with mutated CFTR transcripts in Xenopus oocytes,
resulting in a 20 % editing efficiency and restoring the expression of the
full-length protein. Finally, the RNA editing system was also tested in
HEK293T cells, where it successfully corrected another premature stop
codon to restore the activity of a nonfunctional enhanced eGFP,
achieving a 20 % efficiency as confirmed by fluorescence readout
(Montiel-Gonzalez et al., 2013).

Later on, in order to optimize λN-ADAR system (Montiel-González
et al., 2016), a Cyd mismatch opposite to the targeted Ado (Ado-to-Cyd
mismatch) and two boxB hairpins where introduced in the gRNA
(Schneider et al., 2014). Similarly, the editing efficiency was further
enhanced by utilizing a hyperactive ADAR2DD (E488Q mutant) and by
the fusion of up to four λN peptides to this mutant ADAR2DD (4λN-
ADAR2DD). The optimized 4λN-ADAR system was employed in
HEK293T cells for the editing of a premature termination codon in
mRNAs encoding two fluorescent reporters (mCherry-eGFP). This led to
an improvement in editing efficiency up to 80 %, however the hyper-
active deaminase domain displayed high off-target editing (Montiel-
González et al., 2016). Although off-target changes are less concerning
in a transient system compared to DNA editing approaches, significant
efforts have been made to completely eliminate unwanted off-target
editing (Vallecillo-Viejo et al., 2018). In this respect, given that
human ADAR2 is naturally located in the nucleus (Desterro et al., 2003),
a nuclear localization sequence (NLS) was added to the N-terminal of the
fusion construct (NLS-4λN-ADAR2DD). Thus, the editing enzymes were
redirected from the cytoplasm to the nucleus, reducing the off-target
editing levels while maintaining the on-target editing efficiency.

However, although the unspecific editing was reduced to a great extent,
it was not entirely avoided, which indicates that the λN-ADAR system
must be further optimized for therapeutic applications.

The recent advances in the development of the λN-ADAR system turn
out in the implementation of this system for the editing of endogenous
mRNAs. The initial effort in this endeavor involved correcting a Guo to
Ado point mutation within the MECP2 (methyl-CpG binding protein 2)
gene, which causes the neurological disorder named Rett syndrome
(RTT) (Sinnamon et al., 2017). To achieve this objective, the hyperac-
tive λN-ADAR2DD (E488Qmutant) was fused to three copies of NLS from
the large T-antigen of Simian virus 40 (SV40). Furthermore, the gRNA
was optimized by adding two boxB structures and a Cyd opposite to the
target Ado (Ado-to-Cyd mismatch). Once optimized, both the editase
and the gRNA were endogenously expressed in cultured RTT neurons
from mice. The authors reported a remarkable 72 % editing efficiency,
and most importantly, the function of the MeCP2 protein was
completely restored. However, despite a reduction in off-target editing
events, several off-target sites were still detected. Fortunately, none of
these off-target modifications resulted in pathological effects. These
findings underscore the need for comprehensive global transcriptomic
analysis to assess the extent of off-target editing and further optimiza-
tion of the system to minimize unwanted edits, particularly for its
therapeutic application. More recently, the same approach was applied
in vivo in a RTT (MECP2317G>A) mouse model (Sinnamon et al., 2020).
Editing efficiency in mice was around 50 %, and localization of MECP2
protein to heterochromatin was observed at rates around 50 %,
comparing to those values reported for the wild-type protein. Finally,
around 30 % off-target editing was observed, with these undesired
events increasing proportionally to the expression levels of the fusion
editase (Sinnamon et al., 2020). Unfortunately, while the editing effi-
ciency may already be sufficient for clinical application, the significant
amount of off-target editing currently limits its therapeutic potential.

In recent years, several other site-directed RNA editing techniques
have utilized similar strategies by employing protein components from
bacteriophage organisms. In this context, the naturally occurring
interaction between MS2 bacteriophage coat protein (MCP) and the
RNA stem-loop from its genome can be exploited for the recruitment of
ADAR enzymes (Katrekar et al., 2019; Tohama et al., 2020). In these
techniques, RNA editing is driven by an editase comprising the fusion
between aMCP protein and the ADARDD. So, the MCP-ADARDD editase is
recruited to bind the MS2 stem-loop present in the gRNA, which in turn
is paired with the target mRNA (Fig. 12C). To assess the potential of the
MS2-MCP-ADAR system, gRNAs carrying the MS2 stem-loop on either
side were optimized to recruit MCP-ADARDD (Katrekar et al., 2019). In
this case, the fusion editase contained either the wild-type or hyperac-
tive forms of ADAR1DD or ADAR2DD. When tested in HEK293T cells,
both ADAR1DD and ADAR2DD achieved substantial editing yields.
However, editases containing a nuclear export signal (NES) or the hy-
peractive ADAR1DD(E1008D) or ADAR2DD(E488Q) displayed greater
editing rates but also increased off-target editing. Conversely, in lined
with previous work (Vallecillo-Viejo et al., 2018), the addition of a NLS
to the editase resulted in lower off-target editing. Finally, AAV8 vectors
encoding MCP-ADAR1DD(E1008D)-NLS were administered tomdxmice,
reporting almost a 3 % in vivo editing efficiency (Katrekar et al., 2019).
Recently, significant efforts have been made for the implementation of
the MS2-MCP-ADAR system for clinical applications (Tohama et al.,
2020). First, all the components of the system (coding sequences for the
gRNA, MCP-ADAR1DD fusion editase, and target genes) were packaged
into a single construct. Additionally, concentrating primarily on the
editase, the XTEN flexible linker was utilized for the MCP and ADAR1DD
fusion instead of the conventional linker (Katrekar et al., 2019),
contributing to protein stability (Chhabra et al., 2015). Moreover, the
size of the MCP was reduced to create a smaller fusion editase more
suitable for gene therapy applications. The constructed vector was
introduced into HEK293T cells for editing of endogenous transcripts,
displaying an editing efficiency of up to 40 % (Tohama et al., 2020).
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However, further studies are needed to evaluate whether this newly
developed system can be successfully implemented in vivo for gene
therapy applications.

Building upon previous studies that efficiently recruited ADARs by
using MCP and λN systems (Montiel-Gonzalez et al., 2013; Katrekar
et al., 2019), Katrekar et al. (2022b) recently developed a new meth-
odology to reduce the off-target editing. This ingenious strategy involves
the use of two inactive fragments of ADAR2DD that converge at the target
mRNA to form a functional enzyme. The split-ADAR2 system (Fig. 12D),
as its name suggests, involves N-terminal and C-terminal non-functional
fragments of hyperactive ADAR2DD (E488Q), each bearing a MCP and
λN peptide, respectively. The system utilizes chimeric gRNAs, comple-
mentary to the target mRNA, which incorporate both BoxB and MS2
stem loops to recruit the two split halves of ADAR2DD. Surprisingly, the
off-target editing events exhibit a remarkable reduction of 1000–1300-
fold when compared to the intact ADAR2DD (E488Q), albeit with an
editing efficiency approximately 40 % lower. To improve the efficiency
of ADAR2DD, the authors conducted deep mutational scanning to assess
the impact of every possible single amino acid substitution at each po-
sition. This systematic approach led to the development of the split-
ADAR2 system utilizing the ADAR2DD E488Q/N496F variant, which
exhibited enhanced editing efficiency in 5′-GAN-3′motifs. However, this
variant displayed high promiscuity, as off-target editing events were
comparable to those observed with the ADAR2DD E488Q mutant.

Since the first reports of Cas protein for site-specific RNA cleavage
(Abudayyeh et al., 2016), many different CRISPR/Cas-based systems
employing ADAR enzymes have been developed for site-directed RNA
editing (Cox et al., 2017; Abudayyeh et al., 2019). These systems make
use of the catalytically inactive dCas13b protein (“dead” Cas9) fused to
the ADARDD. As early mentioned, a specific gRNA complementary to the
target RNA is also required to recruit the fusion editase. Similar to the
λN-ADAR system, this gRNA contains an Ado-to-Cyd mismatch opposite
to the targeted Ado, as well as a direct repeat sequence in the 3′-terminal
that forms a hairpin structure (DR domain), which is necessary for
dCas13b recruitment (Abudayyeh et al., 2016).

REPAIRv1 (RNA Editing for Programmable Ado-to-Ino Replacement,
version 1) was the first system based on this approach (Cox et al., 2017)
(Fig. 12E). In this context, authors fused the hyperactive ADAR2DD
(E488Q) to create a dCas13b-ADAR2DD(E488Q) editase with enhanced
editing efficiency. REPAIRv1 was first utilized in HEK293FT cells for the
correction of defective transcripts from both nephrogenic diabetes
insipidus (AVPR2, 878G > A) and Fanconi anemia (FANCC, 1517Guo >

Ado) genes, resulting in an editing efficiency of 35 % and 23 %,
respectively. Additionally, the editing capacity of REPAIRv1 was further
tested in another 34 Guo-to-Ado pathogenic mutations, showing up to
28 % efficiency at 33 sites. Finally, to reduce off-target editing events,
the authors focused on improving the RNA recognition by ADAR2DD in
the REPAIRv1 system. A rational mutagenesis strategy was applied to

Fig. 12. ADAR-mediated RNA-editing procedures. A) Schematic representation of SNAP-ADAR system. B) Schematic representation of λN-ADAR system. C) Sche-
matic representation of MS2-MCP-ADAR system. D) Schematic representation of Split-ADAR system. E) Schematic representation of REPAIR system F) Schematic
representation of CIRTS system. G) Schematic representation of GluR2-ADAR system. H) Schematic representation of LEAPER system. ADARDD stands for ADAR
deaminase domain.
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modify the ADAR2DD residues that interact with the RNA duplex.
Through this approach, they identified the E488Q/T375G double
mutant, which led to the development of the second version of REPAIR
(REPAIRv2). Despite the marked reduction in off-target editing,
REPAIRv2 showed significantly lower on-target editing efficiency when
tested on endogenous mRNA targets (Cox et al., 2017). Unfortunately, in
most cases, Cas13b becomes excessively large when fused with
ADAR2DD, making it unsuitable for widespread use for AAV in vivo de-
livery. Consequently, Xu et al. (2021) fused a truncated form of an
already compact dCas13X.1 with ADAR2DD (E488Q/T375G) to create a
reduced base editor (mxABE). When compared to the previously
developed REPAIR system (Cox et al., 2017), mxABE exhibited higher
RNA-editing efficiency in mammalian cells.

The major drawback of CRISPR/Cas-based techniques lies in the fact
that general population possesses antibodies against CRISPR-Cas pro-
teins due to their bacterial origin (Crudele and Chamberlain, 2018). In
this regard, patients may manifest undesired adverse reactions because
of the immune response after administration of these proteins. More-
over, the large size of Cas13 proteins (the smallest of the Cas13 family
members, Cas13d, is around 100 kDa) (Yan et al., 2018a) hinders the
introduction of the coding sequence into a viral vector for protein de-
livery. As an alternative to more traditional CRISPR/Cas-based systems
employing ADAR enzymes, in recent years, the CRISPR-Cas-Inspired
RNA Targeting System (CIRTS) has been developed (Fig. 12F) (Rauch
et al., 2019). This interesting approach uses a ribonucleoprotein com-
plex entirely derived from human protein parts, consisting of four
components: i) an RNA hairpin-binding protein that selectively binds the
gRNA; ii) a gRNA complementary to the target RNA sequence, capable of
interacting with the RNA hairpin-binding protein; iii) a protein able to
non-specifically bind the gRNA to stabilize and protect it before the
interaction with the target RNA (ssRNA-binding protein); iv) an epi-
transcriptomic regulator acting on the target RNA (effector protein)
(Fig. 12F). As mentioned earlier, the gRNA can be optimized to target
different RNA sequences, which makes CIRTS an easily programmable
technology. Additionally, the ribonucleoprotein complex can deliver
distinct RNA-editing proteins, e.g. ADARs, which makes CIRTS a versa-
tile tool for site-directed RNA editing (since multiple effector proteins
can be combined). In fact, the delivery of ADARDD from both wild-type
and hyperactive human ADAR2 (E488Q mutant) for editing exogenous
mRNAs encoding a luciferase reporter was reported (Rauch et al., 2019).
All in all, the human origin of its components along with the reduced size
of CIRTS represents a competitive advantage when comparing to other
CRISPR/Cas-based systems.

Another example of site-directed RNA editing system is the GluR2-
ADAR system, which is based on the ability of the dsRBDs of ADAR
enzymes to recognize the R/G editing site of the GluR2 receptor
(Fig. 12G) (Stefl et al., 2010). Similar to the previously described opti-
mization strategies, the R/Gmotif containing gRNA (R/G-gRNA) carried
the Ado-to-Cyd mismatch opposite to the target adenosine. Co-
expression of R/G-gRNA and human ADAR2 in HeLa cells resulted in
a 10 % editing efficiency of a premature stop codon in PINK1 kinase
mRNAs, associated with Parkinson’s disease (Wettengel et al., 2017).
The implementation of the hyperactive ADAR2 (E488Q) increased the
system’s efficiency to 40 % in HEK293T cells (Katrekar et al., 2019).
Then, ADAR2 (E488Q) and R/G-gRNA coding sequences were delivered
via AAV8 vector in two mouse models: mdx for Duchenne muscular
dystrophy and spfash for ornithine transcarbamylase (OTC) deficiency.
In mdx mice, administration of AAV construct restored 1–2.5 % dys-
trophin protein to its full-length, while in spfash mice 4.6–33.8 % editing
efficiency was achieved in OTC-expressing mRNAs, albeit observing off-
target editing and toxicity (Katrekar et al., 2019).

The GluR2-ADAR offers a clear advantage over other systems since it
uses a natural signal for the recruitment of ADAR enzymes. In this
context, transfection of gRNA alone would be enough to leverage
endogenous ADARs for triggering site-directed RNA editing. This sim-
plifies the clinical application of these methodologies, as only one of the

system components needs to be introduced, taking advantage of cellular
tools for editing. The first steps in that direction were made in vitro by
using HEK293 cells overexpressing human ADAR2 by Fukuda et al.
(2017). They achieved the correction of a premature termination codon
in mRNAs encoding reporter GFP (around 3 % efficiency) through gRNA
expression only. A more recent method called RESTORE (Recruiting
Endogenous ADAR to Specific Transcripts for oligonucleotide-mediated
RNA Editing) relies upon the same molecular basis, recruiting native
ADARs by the action of engineered antisense oligonucleotides (ASOs)
(Merkle et al., 2019). The designed gRNAs carry an invariant domain
comprising the ADAR-recruiting R/Gmotif and a programmable domain
for target mRNA recognition. As an improvement of previous work
(Wettengel et al., 2017), ASOs were optimized by utilizing a R/G motif
variant with enhanced ADAR-recruiting capacity. Additional chemical
modifications (2′-O-methylations and the presence of four phosphor-
othioate residues at the 3′ end) (Vogel et al., 2014) were also made in the
programmable domain for higher editing efficiency. The therapeutic
potential of RESTORE was shown by effective RNA editing in cancer cell
lines and human primary cells. Specifically, the repair of the phospho-
tyrosine 701 site in endogenous STAT1 resulted in 3–30 % efficiency,
and successful editing of the E342K mutation in SERPINA1 transcripts
(causing α1-antitrypsin deficiency) achieved 10–20% efficiency (Merkle
et al., 2019).

Alternatively, the LEAPER (Leveraging Endogenous ADAR for Pro-
grammable Editing of RNA) system uses engineered linear gRNAs to
recruit endogenous ADARs for Ado-to-Ino editing (Fig. 12H) (Qu et al.,
2019). Based on previous work on the CRISPR/Cas-based system
REPAIR (Cox et al., 2017), the authors observed that CRISPR gRNAs
(crRNAs) lacking the Cas13a-recruiting structure could induce RNA
editing in absence of the dCas13a-ADARDD fusion. As a result, long
(71–151 nt) ADAR recruiting gRNAs (arRNAs), with the Ado-to-Cyd
mismatch opposite to the targeted Ado, were developed and engi-
neered for high editing efficiency (Qu et al., 2019). In primary fibroblast
cells from a patient with Hurler syndrome, both mature mRNA and pre-
mRNA were edited by LEAPER system with efficiencies of 10 % and 30
%, respectively. Additionally, LEAPER successfully restored catalytic
activity of α-l-iduronidase in fibroblasts from a patient with Scheie
syndrome, with consistent 30 % editing efficiency, and without acti-
vating type-I interferon pathways or eliciting pro-inflammatory re-
sponses (Qu et al., 2019).

It’s worth mentioning that the LEAPER system has recently been
improved by incorporating covalently closed circular arRNAs (circ-
arRNAs) (Yi et al., 2022). Consequently, the updated LEAPER 2.0
exhibited a 3.1-fold increase in editing efficiency and nearly eliminated
bystander off-target editing. Interestingly, Katrekar and coworkers have
also developed a range of circ-arRNAs with the aim of exploiting their
longer half-life and extended target residence times to enhance ADAR
enzyme recruitment for more efficient and precise RNA editing
(Katrekar et al., 2022a). In this sense, AAV-mediated in vivo delivery of
circ-arRNAs resulted in 53 % editing of the mPCSK9 transcript in mice
liver and a 12% correction of a nonsense mutation in IDUA transcripts in
Hurler syndrome mouse models.

Despite the advantages demonstrated by circ-arRNAs, considerable
efforts have been dedicated to optimizing linear gRNAs to achieve more
efficient ADAR recruitment. An intriguing example involves the design
of in silico-optimized CLUSTER guide RNAs capable of targeting tran-
script sequences that were previously inaccessible using traditional
gRNAs (Reautschnig et al., 2022). When administered in vivo, RNA
editing levels of up to 10 %were achieved in reporter transcripts in mice
liver. In another recent study, chemically modified oligonucleotides
(AIMers) were designed, incorporating chimeric backbones with phos-
phorothioate and nitrogen-containing linkages (Monian et al., 2022).
These AIMers were able to effectively recruit endogenous ADARs for up
to 50 % in vivo editing of the ACTB transcript in primate liver, with no
observed off-target events, suggesting the potential of this system for
clinical applications.
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Thus far, all the RNA base editing systems require the assembly of a
gRNA and a deaminase domain to create an RNA-protein complex,
enabling the recognition and subsequent editing of the target RNAs.
Despite the efforts to enhance gRNAs, inherent limitations persist within
these systems. For instance, the formation of the RNA-protein complex
remains a rate-limiting step, which hampers editing efficiency.
Furthermore, the pairing of gRNA and target RNA may result in the
undesired bystander effect. Recently, the REWIRE (RNA editing with
individual RNA-binding enzyme) system has emerged as a solution to
these limitations (Han et al., 2022a). This editase includes a program-
mable PUF domain of human origin, responsible for recognizing target
RNAs, along with ADARDD for the Ado-to-Ino editing process.
Comparing to other gRNA-based RNA editing tools, like REPAIRv2
system (Cox et al., 2017), REWIRE has demonstrated improved editing
efficiency, albeit with a slight increase in off-target effects. Furthermore,
to evaluate its therapeutic potential, REWIREwas administered in vivo to
mice via AAV, displaying 27–34 % editing efficiency in transcripts
expressing eGFP, while also exhibiting minimal off-target editing.

2.2.4.2.2. Adenosine base editors for genomic editing. As mentioned
earlier, one of the key advantages of RNA base-editing tools for thera-
peutic applications is their transient nature. By targeting RNA, these
tools preserve the underlying DNA sequence, so any unintended modi-
fications are temporary and can be reversed by discontinuing the
treatment. This characteristic, while beneficial, necessitates the
continuous administration of the system components, which may limit
their applicability for some treatments (Casati et al., 2021). In contrast,
DNA base-editing tools induce permanent changes at the genome level.
While a single administration might be sufficient to correct a disease-
causing mutation, achieving high conversion efficiencies (exceeding
50 %) is crucial for therapeutic success (Savić and Schwank, 2016). The
exact threshold for effective DNA editing can vary depending on the
specific disease, therapeutic approach, and target tissue. Given that DNA
modifications are irreversible, it is essential to rigorously mitigate off-
target effects (ideally less than 0.1 %) (Tao et al., 2023). Conse-
quently, DNA editing requires more stringent off-target reduction
compared to RNA editing. The challenges associated with off-target ef-
fects have notably impacted the broader application of DNA base-editing
methods, underscoring the need for improved precision and safety in
these approaches (Tang and Xu, 2020).

In this sense, interestingly, DA enzymes have been recently
employed for genome editing through CRISPR/Cas-based techniques
(Kim, 2018; Matsoukas, 2018; Pecori et al., 2022). These systems rely on
chimeric proteins based on a DA catalytic domain (Ado or Cyd DA
domain) fused with a DNA targeting unit, like dCas9 (Hess et al., 2017)
or Cas9 nickase (Eid et al., 2018; Ran et al., 2013), both guided by a
single guide RNA (sgRNA). The catalytically deficient Cas9 recognizes
the target DNA through a protospacer adjacent motif (PAM), located
~15 nucleotides from the target base. This way, CRISPR RNA-guided
DAs, so-called base editors (BEs), induce single nucleotide modifica-
tions within a small 4–5 nucleotide window in the protospacer. Thus, the
CydDA domain deaminates Cyd to Urd (Cyd-to-Urd, referred to as C-to-U
in the literature), which is then transformed into thymidine through
DNA repair and replication, leading to the Cyd-to-Thd (referred to as C-
to-T in the literature) conversion. In the case of the AdoDA domain, Ado
is deaminated to Ino, which is interpreted as Guo at the DNA level. So,
this progression ultimately results in the Ado-to-Guo (referred to as A-to-
G in the literature) conversion. As a major advantage, neither donor
DNA templates nor double-stranded DNA breaks (DSBs) are required,
and therefore BEs do not rely on homology-directed repair (HDR) pro-
cesses. Additionally, since base editors generally do not create DSBs,
they minimize the risk of indels, translocations, or large DNA
rearrangements.

The first DNA base editor leveraging the catalytic activity of DAs,
known as Base Editor 1 (BE1), was developed in David R. Liu’s group,
through the fusion of APOBEC1 (Apolipoprotein B mRNA Editing
Enzyme Catalytic Subunit 1) to dCas9 from Streptococcus pyrogenes

(Komor et al., 2016). BE1 was further optimized leading to the devel-
opment of following generations of Cyd Base Editors (CBEs): the second-
generation Base Editors (BE2) and third-generation Base Editors (BE3)
(Komor et al., 2016). Despite their importance, to fit the structure of the
review, CBEs will be addressed in the section dedicated to pyrimidine
DAs.

Conversely, ADARs act strictly on duplex RNA or DNA/RNA hybrids,
so contrary to APOBEC enzymes, no ADARs have been reported to act on
ssDNA (Rees and Liu, 2018; Zheng et al., 2017). It represents a severe
limitation when designing Ado Base Editors (ABEs). Initial attempts in
this direction involved substituting APOBEC1 in BE3 with different
AdoDAs, such as TadA from Escherichia coli (EcTadA), human ADAR2
and ADAT2, and mouse AdoDA2 (Gaudelli et al., 2017). In the absence
of positive results, EcTadA underwent extensive directed evolution and
protein engineering to generate TadA variants (TadA*) displaying high
activity on ssDNA and extended target sequence compatibility. The
development of the TadA* variant was achieved through iterative
rounds of mutation and selection, resulting in the accumulation of
several key mutations. Notably, the mutations A106V and D108N were
critical in enabling TadA to deaminate adenine in DNA rather than its
natural RNA substrate. These mutations are located in the region of the
enzyme that interacts with the nucleic acid substrate, specifically in or
near the active site of TadA. By altering the enzyme’s active site, these
mutations effectively modified its substrate recognition, allowing TadA*
to act on DNA with high efficiency instead of RNA. In addition, since
native TadA acts as a homodimer, with one monomer responsible for the
deamination reaction while the other contributes to tRNA substrate
binding (Losey et al., 2006), the ABE system was ingeniously engineered
to account for TadA* dimerization effects. A heterodimeric protein
containing both, the catalytically inactive wild-type TadA monomer at
the N-terminus and the TadA* monomer C-terminally linked to the Cas9
nickase (TadA-TadA*-Cas9 nickase), was constructed. All in all, this
meticulous process of direct evolution and protein engineering culmi-
nated in the creation of the seventh-generation ABE, exemplified by
ABE7.10. Thus, ABE7.10 system comprises three principal components:
the evolved TadA-TadA* dimer, a Cas9 nickase, and a sgRNA (Gaudelli
et al., 2017). ABE7.10 was then tested in human cells for the conversion
of Ado-Thd base pairs to Guo-Cyd (Fig. 13), showing ~50 % conversion
efficiency with almost negligible indel rates of indels.

Over the years, certain ABE versions (primarily ABE7.10) have been
extensively used for genomic DNA editing in prokaryotes (Wang et al.,
2019; Zhang et al., 2020; Wang et al., 2021a), plants (Kang et al., 2018;
Li et al., 2018a; Yan et al., 2018b; Wang et al., 2022; Wang et al., 2023),
human cell types (Kim et al., 2019; Sürün et al., 2020; Krishnamurthy
et al., 2021), zebrafish (Qin et al., 2018) and mice (Liang et al., 2018; Ma
et al., 2018; Ryu et al., 2018; Song et al., 2020). Despite the promising
results, the ABE system developed by Liu’s group (Gaudelli et al., 2017)
exhibited certain limitations hindering its biotechnological application.
Primarily, this group demonstrated that base-editor expression level
within cells significantly influences editing efficiency (Koblan et al.,
2018). Hence, an optimized ABE was engineered (ABEmax) by replacing
the nuclear localization signal (NLS) and modifying the codon usage in
the previous ABE7.10 system. ABEmax was then used in HEK293T cells
to correct point mutations in promoters of the gamma globin genes
(HBG1 orHBG2) through two distinct sgRNAs (Fig. 13). The results were
noteworthy, with ABEmax demonstrating approximately 2-fold higher
editing efficiency compared to ABE7.10 for the first sgRNA, both in
sorted and unsorted cells. For the second sgRNA, ABEmax achieved
editing efficiencies that were 5.2- and 7.1-fold higher than those of
ABE7.10 in unsorted and sorted cells, respectively (Koblan et al., 2018).

The efficacy and safety of ABEmax were also tested in the livers of
long-tailed macaques (Rothgangl et al., 2021). As an alternative to other
published works, ABEmax was delivered by lipid nanoparticles cir-
cumventing certain problems associated with AAV administration.
ABEmax demostrated efficient editing of PCSK9, a negative regulator of
low-density lipoprotein (LDL), achieving up to 34 % efficiency with no
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off-target events. Despite higher editing efficiencies are desirable for
clinical applications, the reported results underscore the potential of
ABEmax for therapeutical use. As previously mentioned, DNA base
editing using ABE systems occurs within a narrow nucleotide window
adjacent to the PAM sequence recognized by the Cas9 domain. Thus, the
targeting scope of ABEs is defined by the length of the base-editing
window along with the PAM availability. For Streptococcus pyogenes
Cas9 (SpCas9), the primary enzyme employed in genome editing, it
selectively identifies an NGG sequence (with N representing any
nucleobase) as the PAM (Sternberg et al., 2014). This strict recognition
pattern limits the potential targetable regions within the genome. To
minimize these limitations, the targeting scope was expanded by
developing optimized ABEmax versions containing SpCas9 variants
compatible with non-NGG PAMs. Furthermore, circularly permuted
SpCas9 variants were also utilized to facilitate the access of the DA do-
mains in ABEmax to the ssDNA loop. These circular permutants resulted
in ABEmax variants with extended editing windows (from ~4–5 nu-
cleotides to ~8–9 nucleotides) (Huang et al., 2019b). Interestingly,
based on an analysis of disease-causing human SNPs in ClinVar (Ihry
et al., 2018; Li et al., 2018b), authors claimed that the targetable SNPs
increased from 31 % (in the case of the first version of ABEmax), to 51 %
(for the latest variant of ABEmax) (Huang et al., 2019b).

Although the target scope of ABEmax was significantly expanded in
subsequent versions, it is worth noting that minimal off-target DNA
editing was detected (Huang et al., 2019b). Additionally, after a thor-
ough study, off-target Ado-to-Ino editing in cellular RNA was also
observed for the catalytically inactive wild-type TadA monomer and the
evolved TadA* monomer (Rees et al., 2019). In this respect, to minimize
the RNA editing activity (while preserving the ability to edit target
DNA), both monomers were subjected to mutations following a
structure-guided approach. The designed ABEmax variants were tested
in three mammalian cell lines, displaying significantly reduced off-
target RNA and DNA editing, as well as reduced indel by-product for-
mation (Rees et al., 2019). In another work, ABEmax underwent direct
evolution and directional screening in human cells, resulting in the
development of three high-activity variants: NG-ABEmax-SGK (R101S/
D139G/ E140K), NG-ABEmax-R (Q154R) and NG-ABEmax-K (N127K)
(Fu et al., 2021). Subsequently, the mutations present NG-ABEmax-R
and NG-ABEmax-K were combined to generate the NG-ABEmax-KR
variant, which contains the N127K mutation in TadA domain and the
Q154R mutation in TadA* domain. NG-ABEmax-KR exhibited enhanced
editing efficiency in HEK293 cells and a murine model. Additionally,
when compared to the original ABEmax, NG-ABEmax-KR displayed up
to 4-fold higher editing rates in gamma globin HBG1 or HBG2
promoters.

In a different approach, a truncated ABEmax (miniABEmax), lacking
the wild-type TadA domain, was constructed to decrease the off-target
RNA editing activity (Grünewald et al., 2019b) (Fig. 13). Moreover, to
further decrease the RNA editing activity of miniABEmax, specific mu-
tations were introduced into the remaining TadA* monomer using a
protein-truncation strategy. The introduced mutations included K20A
and R21A in one variant, resulting in miniABEmax(K20A/R21A), and
V82G in another variant, creating miniABEmax(V82G). These mutations
were designed to diminish the RNA-recognition capability of the
enzyme, thereby reducing off-target RNA editing while preserving the
efficiency of on-target DNA editing. Finally, Liu’s group demonstrated
the potential in vivo applicability of the optimized ABEmax variants
(Levy et al., 2020). To this end, split-intein ABEs, together with split-
intein CBEs, were introduced into optimized dual-AAV genomes. Thus,
dual-AAV split-intein BEs were successfully utilized to correct a patho-
genic mutation causing Niemann-Pick disease type C. In vivo treatment
successfully repaired the point mutation in the central nervous system of
mice, preserving target Purkinje neurons and prolonging mice lifespan
(Levy et al., 2020). In a similar example, this very system was employed
to correct a premature stop codon in the Pcdh15 gene, aiming to treat
Usher syndrome type 1F (Peters et al., 2023), characterized by

congenital hearing impairment and gradual blindness. To this end, the
split-intein ABE was administered in the inner ear of neonatal mice via
dual-AAV vectors. Despite detecting base editing, hearing restoration
was not achieved in Pcdh15 constitutive knockout mice. However, when
vectors were injected into the cochlea of late conditional knockout mice,
hearing ability was indeed restored (Peters et al., 2023).

As mentioned earlier, the targeting scope of ABEs is limited to
nucleobases located within a defined proximity to the PAM. Thus, Ado-
to-Ino editing by ABEs depends to a great extent on the target site having
a properly located PAM compatible with the Cas9 domain present on the
ABE. While CBEs are compatible with many Cas homologs, ABEs have
been reported to be compatible with a limited number of them: SaCas9
(Hua et al., 2019; Huang et al., 2019b), SaCas9-KKH (Huang et al.,
2019b), evolved SpCas9 variants (Hu et al., 2018; Huang et al., 2019b;
Hong and He, 2023) and SauriCas9 (Hu et al., 2020). Therefore, a logical
step for improving the applicability of ABEs is to broaden their
compatibility with a larger set of Cas homologs. To this effect, an
engineered ABE variant (ABE8e) was developed, comprising an evolved
TadA domain (TadA8e) compatible with greater number of Cas9 and
Cas12a domains (Richter et al., 2020; Chen et al., 2022a). The devel-
opment of ABE8e involved the introduction of eight additional muta-
tions into the TadA domain through a combination of phage-assisted
non-continuous and continuous evolution (PANCE and PACE) tech-
niques (Richter et al., 2020). These specific modifications were aimed at
enhancing the enzyme’s compatibility with various Cas proteins and
improving its overall performance. Notably, a V106W substitution was
introduced to reduce off-target editing. These advanced methods
allowed for the systematic evolution and selection of the TadA8e variant
with improved base editing capabilities. Additionally, the TadA8e
monomer proved to be compatible with SpRY-nCas9, bypassing PAM
limitations and resulting in higher activity at NRN PAMs compared to
NYN PAMs (R and Y representing purine and pyrimidine nucleotides,
respectively) (Cao et al., 2022). Interestingly, SpRY-nCas9 was also
employed for the development ABEs (as well as CBEs) for the metabolic
engineering of B. subtillis (Xia et al., 2023). Overall, compared to pre-
vious ABE7.10, ABE8e displayed improved editing efficiency and
expanded targeting scope. In a separate attempt to expand the targeting
scope of ABE8e, the HNH domain of SpCas9 was replaced with a het-
erodimeric (HD) TadA domain (TadAwt linked to TadA8e) to create
HNHx-ABE8eHD (Villiger et al., 2021). Apart from a higher editing ef-
ficiency, HNHx-ABE8eHD also displayed a broader editing window
compared to classical ABEs (ABEmax and ABE8e), which enables the
correction of additional pathogenic SNPs.

Recently, the cryo-electron microscopy structure of a DNA-bound
ABE8e complex was determined (Lapinaite et al., 2020). Based on the
kinetic and structural data presented, mutations in ABE8e led to the
stabilization of the substrate DNA in a tRNA-like conformation, which
could be the reason for the enhanced DNA-editing activity reported for
ABE8e. Moreover, these mutations have been shown to elevate the
positive charge density in the DNA-binding region, leading to an
increased number of electrostatic interactions with DNA (Zhu et al.,
2023). In pursuit of more active ABEs, especially when target Ado sites
are located on the edges of the editing window (positions 3, 4, 7 and 8),
TadA* present in ABE7.10 was further optimized by directed evolution
to develop additional ABE8 systems (ABE8s). The capacity of ABE8s for
multiplexed editing was demonstrated by simultaneous targeting of
B2M, CIITA, and TRAC genes in primary human T cells. Among the
tested ABE8s, ABE8.20-m edited each individual target with more than
98 % efficiency. Furthermore, almost negligible sgRNA-independent off-
target DNA editing as well as very low mRNA editing levels were
detected.

Apart from the promising applications for the treatment of several
pathologies, the newly developed ABE8 systems have also been suc-
cessfully applied for genomic engineering in mice (Badat et al., 2021),
plants (Han et al., 2022b; Wang et al., 2021b) and microbial strains
(Kozaeva et al., 2024). Unfortunately, when these high-activity ABE8e
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(Richter et al., 2020) and ABE8s (Gaudelli et al., 2020) were tested in
genomic sites containing both Ado and a Cyd target motifs, Cyd deam-
ination activities were also detected (Jeong et al., 2021). Based on
previous structural studies (Losey et al., 2006) and multiple sequence
alignments of TadA orthologs, authors identified the critical amino acid
residues involved in Ado and Cyd recognition. After extensive testing,
TadA variants carrying D108Q or P48R mutations displayed improved
selectivity for Ado or Cyd, respectively. So, D108Q mutation was
introduced in ABE8e and ABE8s, thereby obtaining ABE8eQ and
ABE8sQ variants with significantly lower Cyd editing activity. Inter-
estingly, reduced RNA deamination was also observed with ABE8eQ and
ABE8sQ, suggesting that the D108Q mutation effectively diminishes the
RNA editing activity as well (Jeong et al., 2021). Finally, the ABE8r
(TadA8r variant) has been recently developed with broaden editing
window and greater efficiency than its predecessor ABE8e. This novel
ABE8r system has proven successful in editing relevant sites that were
previously difficult to access with existing editors. Notably, ABE8r was
utilized for the editing of mutations such as ABCA4-c.5882G > A, the
most common mutation associated with Stargardt disease (Xiao et al.,
2024).

Lately, an additional mutation, L145T, has been incorporated to
TadA8e through structure-guided engineering for the creation of the
novel ABE9 system (Chen et al., 2023a). This mutation led to a narrowed
editing window, effectively further reducing undesired RNA editing
events and eliminating off-target DNA editing. All in all, ABE9 was up to
342-fold more precise than ABE8e when the editing occurs in homo-
polymeric Ado sites. The valuable knowledge obtained from this

research led to the development of a novel technology called TaRGET
(Tiny nuclease RNA-based Genome Editing Technology) (Kim et al.,
2022). TaRGET-ABE was composed of a Tad-Tad mutant (V106W,
D108Q) dimer attached to the C-terminal of a hypercompact type V
dCas12f (D354A). Moreover, the system components underwent further
engineering to expand the targeting scope. TaRGET-ABE could be suc-
cessfully delivered into mammalian cells via AAV administration,
ensuring high editing rates.

Finally, upon reviewing the most recent and intriguing publications
on ABEs, we come across the split-ABE systems (Santos et al., 2023; Zeng
et al., 2023), designed to minimize the bystander effect. Unlike the split-
ADAR2 system developed by Prashant Mali’s group (Katrekar et al.,
2022b), the split-ABE system developed by Santos and colleagues
comprises two Cas9 fragments, Cas9(C)-NLS and Cas9(N)-FRB (FKBP-
rapamycin binding), which dimerize in the presence of rapamycin to
form the functional editase. After optimization, authors electroporated
BCi-NS1.1 cells with split-ABE for the correction of a premature stop
codon (W1282X) that causes cystic fibrosis. The non-split editors
exhibited a 14 % editing efficiency compared to the 2.1 % observed for
split-ABE. Nonetheless, almost no undesired bystander events were
detected (≤ 0.5 %) with split-ABE. In a more recent approach the
deaminase domain of TadA8e, present in ABE8e, was divided into two
inactive segments: one fused with FRB protein and the other with
FK506-binding protein 3 (FKBP3) (Zeng et al., 2023). Consequently,
these two components could reassemble into an active editase by
rapamycin-induced dimerization. Through extensive engineering, the
latest iteration of split-ABE8e demonstrated a narrower activity window

Fig. 13. Schematic representation of ABE-mediated base editing strategy for the Ado-to-Guo conversion.
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and enhanced precision compared to ABE8e, showing reduced genomic
and transcriptomic off-target events. When administered in mouse liver
by dual-AAV vectors, the novel split-ABE8e could effectively edit the
therapeutically significant PCSK9 gene after induction (Zeng et al.,
2023).

Within the state of the art of ABEs, one of the most cutting-edge
technologies is the Ado transversion editors for Ado-to-Cyd and Ado-
to-Thd editing (Chen et al., 2023b; Tong et al., 2023). These Ade-to-
Cyt base editors (ACBEs), as reported to date, consist of an ABE fused
with either an alkyladenine DNA glycosylase (Chen et al., 2023b) or an
N-methylpurine DNA glycosylase (Tong et al., 2023). All in all, ACBEs
have demonstrated successful correction of pathogenic mutations in
mammalian cell lines, displaying high transversion editing activity. Very
recently, transversion editors containing N-methylpurine DNA glyco-
sylase (Tong et al., 2023) have been optimized for Ado-to-Thd editing in
rice (Wu et al., 2023; Li et al., 2023, 2024) and tomato (Li et al., 2024)
plants. Although A-to-T editing efficiencies were high (up to 82 %), A-to-
C conversions were only detected in rice with very low editing effi-
ciencies. The development of Ado-to-Thd/Cyd transversion systems in
plants is crucial for enhancing crop genetics and generating novel
germplasm resources.

2.3. Pyrimidine DAs

Pyrimidine DAs possess the capability to act on N-aminated pyrim-
idines. Due to the absence of deamination capability with uracil or
thymine, pyrimidine DAs exclusively target cytosine nucleobases and
nucleoside derivatives. Similar to the categorization observed for purine
DAs, the information can be classified into three categories: nucleobase
DAs, nucleoside DAs, and other pyrimidine Das (Table 2). Additionally,
again, this revision will be focused on the use of pyrimidine DAs as
practical catalysts in the food and pharmaceutical industries.

2.3.1. Pyrimidine nucleobase DAs

2.3.1.1. Cytosine DA
2.3.1.1.1. General concepts. CytDA (EC 3.5.4.1) is responsible for

the hydrolytic deamination of Cyt (3) into Ura (4), releasing ammonia
(Ireton et al., 2002) (Fig. 14) (Table 2). However, various CytDAs have
been shown to transform different Cyt derivatives (61–62) into their
corresponding Ura derivatives (63–64) (Gaded and Anand, 2018;
Hitchcock et al., 2014; Sakai et al., 1975). As reported for other DAs, the
presence of ametal cation is crucial for optimal catalytic activity but also
for protein expression in a standard medium (Porter and Austin, 1993).
CytDA is an essential enzyme in the pyrimidine salvage pathway of
prokaryotic and eukaryotic organisms but is utterly absent in mamma-
lian species (Ireton et al., 2002). Consequently, the absence of CytDA in
mammalian cells has been extensively exploited in antimicrobial drug
design and gene therapy applications (Gaded and Anand, 2018).

While on the subject, the two different types of CytDA enzymes have
evolved separately, providing a clear example of convergent evolution
(Gaded and Anand, 2018). Fungal CytDA enzymes belong to the CDA
superfamily and are classified within cog0590, while bacterial CytDA
enzymes belong to the AHS superfamily and fall into cog0402 (Gaded
and Anand, 2018; Hall et al., 2011). In addition to their differences in
the structural fold, other distinctions have been observed between
bacterial and fungal CytDAs, including their amino acid sequences,
molecular mass, oligomeric states, and substrate specificities. Concern-
ing the latter, in contrast to CytDAs from the AHS superfamily, CytDAs
belonging to the CDA superfamily can catalyze the deamination of the
modified base 5-methylcytosine (61) due to unique architectural fea-
tures within their active site (Hitchcock et al., 2014). Among other
notable characteristics, bacterial CytDA enzymes have been reported to
exhibit higher thermal stability when compared to their yeast counter-
parts (Katsuragi et al., 1987). However, further research is required to

fully explore this specific subject.
2.3.1.1.2. Biotechnological applications. CytDAs find extensive util-

ity across various areas, including agriculture, the pharmaceutical in-
dustry, diagnostics, and medicine, among others.

Regarding their applications in agriculture, several examples can be
found in the literature. Shao et al. (2015), demonstrated that a bacterial
gene encoding a CytDA can serve as a negative selection marker in
soybean (Glycine max). Like most plants, soybean does not naturally
possess CytDA. In this context, transgenic Glycine max plants expressing
CytDA and cultivated in the presence of 200 μ/mL or higher concen-
trations of 5-fluorocytosine (5-FCyt) (62) (a well-known antimetabolite
a drug used in the treatment of a range of cancers, which triggers DNA
and RNA damage) exhibit reductions in hypocotyl and tap-root lengths,
as well as severe suppression of lateral root development. In similar
studies, a bacterial CytDA gene was employed as a negative selection
marker in transgenic tomato hairy root (Hashimoto et al., 1999) and in
transgenic rice plants (Dai et al., 2001). More recently, Leonhardt et al.
(2020) developed an inducible system for genetic toxicity at the tissular
level by engineering a bi-functional CytDA/uracil phosphoribosyl-
transferase (UPRT) (Fig. 15). The utilization of negative selection in this
context offers valuable prospects for the development of precise
genomic engineering strategies for plant growing, but also allow re-
searchers to investigate the functions and roles of targeted tissues,
providing valuable insights into plant development, physiology, and
molecular mechanisms.

From a pharmaceutical and biomedical perspective, the capacity of
CytDA to transform the prodrug 5-FCyt (62) into the antimetabolite 5-
FUra (64), together with the absence of this enzyme in mammalian
cells, has been widely exploited for gene therapy applications (Gaded
and Anand, 2018) (Fig. 16). 5-FCyt is not a toxic compound, but its
deamination results in the highly mutagenic 5-FUra, which is known to
induce cell apoptosis by RNA and DNA damage (Nishiyama et al., 1985).
In this context, 5-FUra has been extensively utilized for the treatment of
various cancers, mostly colorectal, breast, and gastric cancers (Longley
et al., 2003). In the early 1990s, 5-FCyt conversion to the antimetabolite
5-FUra in mammalian cells was accomplished through CytDA-based
gene directed enzyme prodrug therapy (GDEPT) (Mullen et al., 1992).
Subsequent studies have confirmed the potential of CytDA as a suc-
cessful suicide enzyme for prodrug-mediated cancer therapy approaches
(Gaded and Anand, 2018; Lehouritis et al., 2013; Yata et al., 2012). In
this regard, the CytDA coding transgene is introduced into tumor cells by
viral or non-viral delivery systems. The expressed recombinant CytDA,
in combination with local or systemic administration of 5-FCyt, is
employed for tumor elimination (Fig. 16).

Regarding the feasibility of CytDA enzymes for GDEPT applications,
yeast (Saccharomyces cerevisiae) CytDA (ScCytDA) shows higher activity
for 5-FCyt deamination, and thus it is preferred over bacterial (E. coli)
CytDA (EcCytDA) due to a higher therapeutic effectiveness (Yata et al.,
2012). A recent study described the use retroviral replicating vectors
(RRVs) for the development of a dual-vector gene therapy procedure
(Kubo et al., 2019). Herpes simplex virus thymidine kinase (TK) and
ScCytDA coding genes were introduced in RRVs derived from gibbon ape
leukemia virus (GALV) and amphotropic murine leukemia virus
(AMLV), resulting in an AMLV/GALV-RRVs delivery system. Thereupon,
human hepatocellular carcinoma (Hep3B) cells were transduced with
GALV-TK, AMLV-TK, GALV-CD, and AMLV-CD (alone or in combina-
tion) and cultured in the presence of ganciclovir (GCV) and 5-FCyt. The
combination of AMLV/GALV-RRVs mediated TK/GCV and CytDA/
5FCyt gene therapy displayed a synergistic effect with improved in vitro
cytotoxic efficacy. In another study, a viral vector derived from TK-
deficient vaccinia virus Guang9 (VG9-TK–) was employed as a de-
livery system for the ScCytDA transgene (Ding et al., 2020). The anti-
tumor efficiency of VG9-CytDA in combination with 5-FCyt was
evaluated in cellular (HCT116, CT26, and MC38 cell lines) and animal
(BALB/c nu, BALB/c, and C57BL/6 mice models) colorectal cancer
models. Excellent cytotoxicity was observed both in vitro and in vivo;
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however intra-tumoral administration of 5-FCyt reduced the lifespan of
mice. In response to the problem, 5-FCyt was orally administered
through gavage, improving the antitumor effectiveness and the survival
of mice.

Human mesenchymal stem/stromal cells (MSCs) possess the ability
to target and access tumor cells (Cihova et al., 2011). Thus, MSCs-
mediated GDEPT has emerged as an innovative alternative for cancer
treatment (Kucerova et al., 2010) (Fig. 16). In recent years, exosomes
obtained from human MSCs have been engineered to express the pro-
drug activating ScCytDA/UPRT enzyme system (Altaner and Altanerova,
2019; Altanerova et al., 2017, 2019, 2021; Ho et al., 2020). Since the
produced exosomes carry mRNA coding the suicide gene, when intro-
duced within cancer cells, and in the presence of 5-FCyt, the growth of
tumors is inhibited in vitro by conversion of 5-FCyt (62) to 5-FUra (64)
and subsequently to 5-FUMP (65) (Cihova et al., 2011; Kucerova et al.,
2010). Altanaerova and coworkers developed this system by retrovirus
infection of MSCs obtained from different human tissues, such as adi-
pose, bone marrow, dental pulp, umbilical cord, and menstrual blood-
derived endometrial regenerative cells (Altanerova et al., 2019). Then,
the efficiency of the ScCytDA/UPRT-MSCs/5-FCyt system was evaluated
in PC3 and HeLa1a cancer cell lines. All prepared ScCytDA/UPRT-MSCs
caused tumor cell death not simply by a bystander effect but primarily
via exosomes endocytosed by the cancer cells. In a later study, this
ScCytDA/UPRT-MSCs system was further tested in a more extensive set
of human and rat tumor cell lines (Altanerova et al., 2021). In this
context, despite killing several types of tumor cells in vitro, suicide gene
exosomes were unable to prevent the progression of human fibroblast
cells. Finally, no signs of toxicity were detected when these exosomes
along with the prodrug (5-FCyt) were intravenously and intraperitone-
ally injected into mice. In previous work, the same research group
implemented an interesting approach where the commercially available
Venofer (iron sucrose nanoparticles) was introduced into MSCs derived
from different human tissues. This way, ScCytDA/UPRT-MSCs/Fe exo-
somes were able to induce tumor cell apoptosis following two distinct
strategies: 5-FCyt activation via the suicide fusion enzyme and alter-
nating magnetic field mediated intracellular hyperthermia (Altanerova
et al., 2017).

Despite the demonstrated efficacy of MSCs-mediated GDEPT thera-
pies, the modification of MSCs to express prodrug-activating transgenes
remains a great challenge. Most of the existing transfection methods rely
on viral vectors, which entail safety concerns related to viral integration
or transduction (Thomas et al., 2003). Furthermore, current non-viral
transfection procedures for the preparation of prodrug activating
MSCs have been reported to exhibit low efficiency (Halim et al., 2014).
However, a promising solution has emerged through the introduction of
a novel, cost-effective and highly efficient non-viral transfection tech-
nique (Ho et al., 2020). In this context, an easily available poly-
ethylenimine (LPEI) based procedure was employed for the
development of ScCytDA/UPRT-MSCs from human adipose tissue.
Interestingly, when administered to chemo-resistant mice in the pres-
ence of 5-FCyt, a single dose resulted in a significant 45 % reduction in

glioma size.
Even though ScCytDA has been reported to exhibit greater activity in

converting 5-FCyt to 5-FUra, the higher stability of EcCytDA makes it an
attractive choice when employing GDEPT procedures mediated by
nanocomplexes (Chen et al., 2016). In this respect, Dore-Savard et al.
(2017) developed and poly-L-lysine-based nanocarrier for the delivery of
EcCytDA and evaluated its cytotoxicity in immunodeficient mice
bearing MDA-MB-435 cells. A triple-mutant (EcCytDAV152A, F316C, D317G)
(Fuchita et al., 2009) with enhanced specificity for 5-FCyt was
employed, thereby producing a EcCytDA-PLL-PEI nanocomplex that
displayed improved antitumor activity and bystander effect. Upon
administration to mice and two consecutive doses of 5-FCyt, the growth
of breast cancer cells in mouse lungs was significantly impeded. In
another study, polyethyleneglycol-poly(lactic-co-glycolic acid) nano-
particles (PEG-PLGA) containing click nucleic acids (CNAs) were syn-
thesized. The prepared PEG-PLGA-CNA-nanoparticles carried the
EcCytDA enzyme as well as the chemotherapeutic drug doxorubicin
(DOX) (Harguindey et al., 2019). Consequently, this innovative nano-
carrier facilitated the simultaneous delivery of both the prodrug-
activating enzyme and the chemotherapeutic drug. In vitro antitumor
efficacy was assessed for EcCytDA/DOX containing nanocarriers, and for
nanocarriers containing either EcCytDA or DOX. Higher cytotoxicity in
breast cancer cells was detected with the double-loaded PEG-CNA-PLGA
delivery system in the presence of 5-FCyt. In another exciting example
(Nemani et al., 2015), the authors explored triggering EPT with mag-
netic nanoparticle hyperthermia (MNPHT). To this end, they co-
encapsulated engineered E. coli cells that overexpressed the EcCytDA
enzyme upon thermal induction with magnetic iron oxide nanoparticles
in alginate microcapsules. The expression of EcCytDA was then remotely
triggered by alternating magnetic field-induced hyperthermia.

Beyond nanocarriers, additional non-viral systems have also been
employed for the delivery of the EcCytDA suicide enzyme. In a recent
study, the VEGF-controlled expression of EcCytDA within 4 T1 murine
breast cancer cells, preceded by 5-FCyt administration, was reported
(Emamian et al., 2021). To accomplish this, a EcCytDA-pEGFP-N1
shuttle plasmid containing the VEGF promoter was prepared and
transfected into tumor cells using non-viral polyamidoamine (G4-
PAMAM) dendrimers. Successful in vitro results were reported, with a 90
% inhibition of tumor cell proliferation observed with the developed
approach. In line with the non-viral delivery systems for GDEPT, the
ability of macrophages to target cancerous cells makes them potential
candidates for these types of procedures (Baek et al., 2011; Valable et al.,
2007). In this regard, Romena et al. (2021) achieved more efficient non-
viral transfection in rat alveolar NR8383 macrophages (Romena et al.,
2021). The EcCytDA coding gene was transfected via photochemical
internalization (PCI), and the modified macrophages were used to
induce glioma cell apoptosis in the presence of 5-FCyt. EcCytDA-trans-
fected macrophages exhibited significant cytotoxicity in vitro, and the
growth of surrounding tumor cells was also inhibited due to a notable
bystander effect.

2.3.2. Cytidine DA

2.3.2.1. General concepts. Cytidine DA (CydDA) (EC 3.5.4.5) catalyzes
the hydrolytic deamination of Cyd (66) or dCyd (67) into Urd (68) or
dUrd (69), respectively, in presence of Zn2+ (Carter Jr., 1995) (Fig. 14)
(Table 2). These enzymes are present a wide range of organisms, from
bacteria to mammals, and play an essential role in pyrimidine scav-
enging and maintaining the intracellular pyrimidine pool (Costanzi
et al., 2003). Moreover, this deamination process is also necessary for
pyrimidine catabolism, which is linked to β-alanine production and,
therefore, to the de novo pyrimidine synthetic pathway (Frances and
Cordelier, 2020). As shown for other members of the CDA superfamily,
CydDA displays a conserved signature motif, [HC]-[AV]-E-x(24–30)-P-
C-x-x-C) (where “x” denotes any amino acid), including the Zn2+ bindingFig. 14. Enzymatic deamination of pyrimidine nucleobases and nucleosides

catalyzed by pyrimidine DAs.
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residues (Hys and Cys) and the Glu residue responsible for the proton
shuttling during deamination (Fig. 4) (Navaratnam and Sarwar, 2006).

2.3.2.2. Biotechnological applications. CydDA can be found in nature as
dimers (e.g. Escherichia coli and Arabidopsis thaliana CydDAs) or tetra-
mers (e.g. Homo sapiens and Bacillus subtilis CydDAs) (Carlow et al.,
1999; Costanzi et al., 2003; Faivre-Nitschke et al., 1999). Interestingly,
two different isoforms (HsCydDA1 and HsCydDA2) can be found in
humans (Vincenzetti et al., 2004). This, together with the well-known
CydDA-mediated inactivation of cytidine chemotherapeutic nucleoside
analogs, such as Ara C (70), 2,2-difluorodeoxycytidine (gemcitabine)
(71), and 5-aza-cytidine (72) (Fig. 17), has prompted research labora-
tories to invest significant efforts in developing potent inhibitors of
human CydDA (e.g., zebularine). These inhibitors are administered as

coadjuvants to enhance the antineoplastic activity of these antimetab-
olites (Frances and Cordelier, 2020).

Similarly to CytDA, CydDA has found applications in different gene
therapy strategies over the last few decades. Since low levels of CydDA
are usually associated with severe toxicity in rapidly proliferating tis-
sues, the overexpression of CydDA can protect these tissues from the side
effects of chemotherapy. Moritz and coworkers successfully applied this
strategy to protect the healthy marrow from the effects of the treatment
of acute leukemia with Ara C (Lachmann et al., 2013a, 2013b). Addi-
tionally, there is an emerging role of CydDA in the development of novel
therapeutic strategies based on CydDA overexpression in tumor or
infected cells (Zauri et al., 2015). This strategy allows the deamination
of synthetic 2′-deoxycytidine analogs, such as 5-hmdCyd (73) or 5-
FdCyd (74) (Fig. 17), to get 5-hmdUrd and 5F-dU. These metabolites

Fig. 15. Primary enzymes involved in the metabolism of 5-fluorocytosine in transgenic plant lines expressing the fusion enzyme ScCytDA/EcUPRT. ScCytDA:
Saccharomyces cerevisiae CytDA; EcUPRT: E. coli uracil phosphoribosyltransferase; TP: thymidine phosphorylase; TK: thymidine kinase.

Fig. 16. Prodrugs cancer therapy.
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are subsequently phosphorylated by NKs and inserted into DNA, trig-
gering cell cycle arrest and cell death (Boorstein et al., 1992; Zauri et al.,
2015). Finally, since some kinetoplastid pathogens, including Trypano-
soma and Leishmania species, lack certain enzymes of the de novo
pathway and depend entirely on the salvage pathway for nucleotide
synthesis both, CydDA and AdoDA, can be considered valuable
chemotherapy targets for the treatment of tropical diseases (sleeping
sickness or leishmaniasis) (El Kouni, 2003; Leija et al., 2016; Naguib
et al., 2018).

Stepping away from the exclusive realm of biomedical applications,
CydDAs have found versatile utility as catalysts in the enzymatic and
chemo-enzymatic synthesis of a wide range of nucleosides and nucleo-
tides (Fernández-Lucas, 2015; Mikhailopulo, 2007) (75–77). In this
respect, the most common strategy involves the use of reaction schemes
based on the sequential use of CydDAs and nucleoside phosphorylases
(NPs), or vice versa. In the early 1990s, this tandem strategy was suc-
cessfully employed for the synthesis of Ara G, an antimetabolite used in
the treatment of T-cell acute lymphoblastic leukemia. The synthesis
involved the deamination of Ara C (70) to get Ara U, followed by a
transglycosylation using Ara U as a nucleoside donor, and Gua, Guo, or
3′-dGuo as sources of guanine. To this end, the authors employed
glutaraldehyde-treated E. coli BM-11 cells (which contain highly active
CydDAs and NPs), achieving moderate to high conversion yields (63 %–
65 %) (Zinchenko et al., 1990).

In a similar way, Barai et al. (2002, 2003) conducted a multi-
enzymatic synthesis to produce 3′-dGuo (77) from 3′-dCyd (75) and
2,6-diaminopurine (DAP) (Fig. 18). Initially, they executed a cascade
synthesis of 2,6-diaminopurine-3′-deoxyriboside using E. coli BM-11
(expressing CydDA) and BMT-4D/1 A (expressing UP/PNP) whole
cells as biocatalysts. The sequential action of CydDA (deamination) and
UP/PNP (transglycosylation) led to the synthesis of 3′-dAdo (60 mM, pH
7.0, 26 h, 52 ◦C, 64 % yield). In the second step, the deamination of 3′-
dAdo, catalyzed by EcAdoDA, resulted in the formation of 3′-dGuo (85 %
yield, RT, 16 h). The combined action of CydDA/UP/PNP/AdoDA in this
two-step system afforded 68 % yield of the desired compound (Fig. 18)
(Mikhailopulo and Miroshnikov, 2011).

In another practical application of CydDAs in the pharmaceutical
industry, Mahmoudian et al. (1993) covalently immobilized E. coli
CydDA onto epoxy-activated Eupergit C for the enzymatic resolution of a
racemic mixture of (±) 2′,3′-dideoxy-3′-thiacytidine. The selective
deamination of the (+) isomer led to the production of the optically pure
(− ) enantiomer lamivudine, 3TC (76) (an FDA-approved anti-HIV
agent) with a remarkable 76 % overall yield and an optical purity
exceeding 99.5 %. The one-pot, one-step enzymatic resolution catalyzed
by EcCydDA offered a more efficient, environmentally friendly, and
cost-effective alternative to the most common three-step chemo-enzy-
matic process (Patel, 2008). As a proof of concept, 1.15 kg of highly
optically pure lamivudine was produced from a 3 kg batch by reusing the
immobilized EcCydDA derivative up to 15 times, resulting in a 38.4 %
overall yield and optical purity exceeding 99.5 %. Moreover, Glax-
oSmithKline successfully implemented this biocatalytic approach in the
industrial manufacturing of lamivudine on a tonne scale using these
immobilized derivatives.

In another interesting example, Zhu et al. (2015) modified the pro-
duction of pyrimidine nucleosides in Bacillus subtilis through various
metabolic and genetic interventions. To achieve this, the researchers
manipulated genes closely associated with pyrimidine nucleoside
biosynthesis, such as cdd (encoding CydDA) and hom (homoserine de-
hydrogenase). This, together with the deregulation of the pyr operon
(pyrimidine nucleotide biosynthetic operon), the overexpression of prs
gen (phosphoribosyl pyrophosphate synthetase), and the deletion of the
nupC (transporter responsible for nucleoside uptake) along with the pdp
gene (PyNP) from the dra-nupC-pdp operon, collectively led to a signif-
icant increase in the production of pyrimidine nucleoside compounds.
Interestingly, experimental results revealed that the activation or inac-
tivation of the cdd gene determined the presence or absence of

intracellular CydDA, consequently modifying the Urd/Cyd ratio. By
using this methodology, Urd and Cyd were produced at high concen-
trations (1684.6 mg/L and 1423 mg/L, respectively).

Recently, Burke and colleagues pioneered a more environmentally
friendly synthesis of Molnupiravir (MK-4482, 79), a promising anti-
COVID-19 agent currently undergoing evaluation by global regulatory
agencies. They achieved this by replacing a chemical hydroxyamination
step with a straightforward enzyme-mediated transformation catalyzed
by an evolved E. coli CydDA variant (EcCydDA*) (Fig. 19) (Burke et al.,
2022). The conventional chemo-enzymatic process involves a chemical
hydroxyamination of Cyd (66), followed by a lipase-mediated selective
acylation of N-hydroxycytidine (78) catalyzed by Novozyme 435 lipase
(immobilized Candida Antarctica Lipase B, EC 3.1.1.3). In this context,
the authors aimed to develop a novel and environmentally friendly
alternative to chemical hydroxyamination for the synthesis of 78. To this
end, EcCydDAwt was subjected to three rounds of evolution, obtaining
the EcCydDAT123G variant which significantly improved the N-hydrox-
ycytidine:uridine ratio by up to 48-fold (8:1). To assess the scalability of
EcCydDAT123G for manufacturing, they successfully synthesized 78 at
high substrate concentrations ([substrates]= 100 g/L, 90 % conversion,
24 h) (Burke et al., 2022).

Finally, in a recent study, Urbelienė et al. (2023) unveil the
remarkable catalytic capabilities of prokaryotic homo-tetrameric
CydDAs to catalyze nucleophilic substitution reactions at the fourth
position of diverse substrates, including N4-acyl-cytidines, N4-alkyl-cy-
tidines, N4-alkyloxycarbonyl-cytidines, S4-alkylthio-uridines, and O4-
alkyl-uridines. Under their enzymatic influence, these substrates un-
dergo transformation into Urd, yielding corresponding amides, amines,
carbamates, thiols, or alcohols as leaving groups. This versatile catalytic
activity expands the repertoire of chemical transformations mediated by
CydDAs, holding great promise for applications in synthetic chemistry,
biotechnology, and pharmaceutical research.

2.3.3. Pyrimidine nucleotide DAs

2.3.3.1. General concepts and biotechnological applications. Similar to
purine nucleotide DAs, we have included pyrimidine DAs that act on
nucleotides in a separate category namely pyrimidine nucleotide DAs
(Table 2).

2′-deoxycytidine-5′-monophosphate DA, commonly referred to as
dCMPDA (EC 3.5.4.12), serves as a catalyst for the irreversible hydro-
lytic deamination of dCMP, resulting in the formation of dUMP and
ammonia. Within the enzymatic landscape, dCMPDA is categorized as a
member of the CDA superfamily. Typically, dCMPDAs are encountered
in nature as homohexamers, exemplified by dCMPs from Homo sapiens
(Maley et al., 1993) Gallus gallus (Maley and Maley, 1990) and Schisto-
soma mansoni (Scortecci et al., 2017), however, it is noteworthy that a
dimeric variant has been isolated from human spleen (Ellims et al.,
1981). Unlike nucleobase and nucleoside DAs dCMPDA assumes a
pivotal role in DNA synthesis and mitosis (Maley and Maley, 1990). The
heightened levels of dCMPDA observed in actively dividing tissues
prompted its consideration as a potential marker for diagnosing various
disease states in which enzyme levels are elevated, particularly in the
early 1990s.

In contrast to their nucleobase or nucleoside counterparts, dCMPDA
has garnered relatively less attention in the realm of biotechnological
and biomedical applications. However, recent discoveries have unveiled
intriguing possibilities in this domain. One notable revelation comes
from the identification of a bifunctional enzyme encoded in the genome
of chlorovirus PBCV-1, possessing both dCMP and 2′-deoxycytidine-5′-
triphosphate (dCTP) deaminase activities. This enzyme opens up the
intriguing prospect of generating two distinct intermediates for dTTP
synthesis (Zhang et al., 2007). More recently, a recombinant bifunc-
tional dCMPDA/dUTPase from Bacillus halodurans strain C125 has been
characterized (Oehlenschlæger et al., 2015). Furthermore,
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investigations have unveiled the presence of a dCMP deaminase in rice.
This enzyme not only plays a role as a regulator in chloroplast devel-
opment but also contributes to critical processes such as DNA damage
repair, cell cycle progression, and plant development (Xu et al., 2014;
Niu et al., 2017).

Another example of pyrimidine nucleotide DA is deoxycytidine
triphosphate deaminase, dCTPDA (EC 3.5.4.13), which is involved in
DNA metabolism. Its primary function is to catalyze the conversion of
dCTP into 2′-deoxyuridine-5′-triphosphate (dUTP) (Huffman et al.,
2003). Similar to other DAs, dCTPDA plays a crucial step in maintaining
the integrity of the DNA nucleotide pool. Unfortunately, despite several
studies deepen into the physiological role and implications in DNA
metabolism, structural basis, or substrate specificity, no specific tech-
nological or biomedical applications have been developed. As solely
example, a bifunctional dCTPDA:dUTPase in Mycobacterium tuberculosis
has been reported (Dos Vultos et al., 2009). In this context, studying the
DNA repair system of M. tuberculosis is of paramount importance
because it can provide insights into the pathogen’s ability to evolve and
develop resistance to antibiotics. Additionally, recent findings have
revealed the existence of defensive bacterial dCTPDA proteins that,
upon phage infection, catalyze the conversion of dCTP into deoxyuracil
nucleotides (Tal et al., 2022). It is well known that DNA viruses and
retroviruses consume large quantities of 2′-deoxynucleotides (dNTPs)
when replicating. In this context, the depletion of deoxynucleotides is a
common strategy used by bacteria to defend against bacteriophage
infection.

2.3.4. Other pyrimidine DAs
As described for purine DAs (subsection 2.2.4.), the modification of

nucleic acids is a trending topic in research in life sciences. Because of
this, pyrimidine DAs that catalyze the hydrolytic deamination of nucleic
acids are included in a separate subsection.

2.3.4.1. General comments. CydDAs that catalyze the conversion of Cyd

to Urd in ssDNA and ssRNA have been intensively studied due to the
fundamental physiological functions they fulfill. In vertebrates, this
class of CydDA enzymes is identified as the apolipoprotein B mRNA
editing enzyme, catalytic polypeptide-like (APOBEC) family (Conticello,
2008) (Table 2). Interestingly, up to eleven APOBEC family members
have been identified in humans: activation-induced deaminase (AID),
APOBEC1, APOBEC2, seven APOBEC3 proteins (APOBEC3A, APO-
BEC3B, APOBEC3C, APOBEC3D, APOBEC3F, APOBEC3G, APOBEC3H),
and APOBEC4 (Salter et al., 2016).

These enzymes serve crucial functions in various biological pro-
cesses, encompassing lipid metabolism, antibody diversification, as well
as both the adaptive and innate immune responses (Bransteitter et al.,
2009). APOBEC1, for instance, plays a pivotal role in the deamination of
apolipoprotein B (apoB) mRNA, giving rise to two isoforms of the pro-
tein responsible for cholesterol and triglyceride transport in the blood-
stream. It is worth noting that while APOBEC1 can deaminate ssDNA, in
fact it stands as the sole APOBEC family member known to act on ssRNA
(Petersen-Mahrt and Neuberger, 2003). More precisely, ApoB mRNA
editing is catalyzed by the APOBEC1 homodimer, with the active-site
residues also participating in RNA binding (Fig. 20). Specifically, Cyd-
to-Urd editing occurs in a Cyd residue (referred to as “C” in Fig. 20)
located 3′ near the RNA recognition motif, known as the mooring
sequence (Backus and Smith, 1991). In this process, the DA domain of
one subunit recognizes the target Cyd, while the DA domain of the other
subunit binds to a downstream Urd residue (referred to as “U” in Fig. 20)
(Chester et al., 2000). To ensure efficient editing, auxiliary factors such
as ACF (APOBEC-1 complementation factor) (Mehta et al., 2000) and
ASF (APOBEC-1 stimulating factor) (Lellek et al., 2000) are indispens-
able. ACF and APOBEC-1 collectively constitute the minimal multi-
protein complex required for ApoB mRNA editing in vitro, although
additional proteins may participate in this process in vivo (Mehta et al.,
2000).

AID, on the other hand, initiates somatic hypermutation in germinal
center B cells, making it a key enzyme for antibody affinity maturation

Fig. 17. Chemical structure of different pyrimidine nucleosides.

Fig. 18. 3′-Deoxyguanosine synthesis using CydDA/UP/PNP/AdoDA cascade system.
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(Muramatsu et al., 2000). In this context, AID plays an indispensable
role in the acquired immune system. Conversely, the APOBEC3A-H DAs
are integral to the intrinsic immune system, implicated in restricting
retrotransposons and inhibiting replication in various retroviruses (e.g.,
HBV and HIV) and some DNA viruses (e.g., AAV) (Silvas and Schiffer,
2019). In contrast, APOBEC2 and APOBEC4 remain relatively enig-
matic, with limited knowledge of their physiological roles. APOBEC2 is
mainly expressed in skeletal and cardiac muscle, and its deficiency has
been associated with myopathy and muscle atrophy in animal models
(Etard et al., 2010; Sato et al., 2018). Intriguingly, although APOBEC2
does not exhibit deaminase activity, it effectively binds to promoter
regions in DNA (Lorenzo et al., 2021). Meanwhile, APOBEC4 has been
detected in mammalian testicles, where it may play a role in promoter
modulation (Marino et al., 2016). In summary, members of the APOBEC
family are potent DNA editors, serving essential roles in numerous
biological processes. However, when DNA deaminating activity occurs
outside their specific targets, APOBEC enzymes could potentially trigger
mutagenic events implicated in cancer development (Rebhandl et al.,
2015).

The APOBEC family’s evolutionary origins date back over 500
million years ago, tracing back to ancestral AID genes present in jawless
fish (Conticello et al., 2005). Subsequently, the APOBEC family under-
went further expansion in amphibians, birds, and mammals through
gene duplication events and by structural and functional diversification
from the ancestral AID (Conticello et al., 2005). Despite their diverse
functions, APOBEC family members share similar sequence and struc-
tural features.

Specifically, all APOBEC DAs contain at least one CDA domain,
characterized by the consensus H-[AV]-E-x(24–36)-P-C-x(2)-C amino
acid sequence motif (where “x” denotes any amino acid) (Jarmuz et al.,
2002). This domain, akin to CDA enzymes, comprises a compact cata-
lytic core that exhibits a conserved αβα layered fold, featuring a five-
stranded β-sheet surrounded by six α-helices (Yang et al., 2017).
Furthermore, the zinc ion within the active site is coordinated by one
histidine and two cysteine residues (Salter et al., 2016). In contrast to
the rest of APOBEC family members, APOBEC3B and APOBEC3D-G

possess two CDA domains. However, in such cases only the CDA
domain located in the C-terminal is usually active (Salter et al., 2016).
Moreover, further differences among APOBEC family members lay in the
length and conformation of the conserved secondary structure elements,
particularly concerning the active site loops. These structural differences
determine the substrate specificity and the regulation of the deamina-
tion reaction (Yang et al., 2017).

In addition to the well-studied APOBEC family of CydDAs in verte-
brates, it is crucial to recognize the role of the DYW domain in plant
pentatricopeptide repeat (PPR) proteins. The DYW domain functions as
a CydDA responsible for RNA editing within plant organelles, such as
chloroplasts and mitochondria. This process involves the site-specific
deamination of Cyd-to-Urd in mRNA, which is essential for proper
gene expression and protein synthesis (Small et al., 2020). Structurally,
the DYW domain shares key features with other CydDAs, including a
conserved zinc-binding motif crucial for its catalytic activity (Small
et al., 2020). However, what sets the DYW domain apart is its associa-
tion with PPR motifs. These motifs are a series of repetitive amino acid
sequences that are responsible for the domain’s RNA substrate speci-
ficity. The PPR motifs guide the RNA substrate to the catalytic site of the
DYW domain, ensuring that editing occurs at the correct locations
within the RNA transcript (Wagoner et al., 2015). This targeted editing
is vital for the production of functional proteins and the maintenance of
organellar genomes (Small et al., 2020). This domain’s critical role in
plant RNA editing highlights an evolutionary parallel with the APOBEC
enzymes in vertebrates, suggesting a shared ancestral origin (Kotera
et al., 2005). Over time, these enzymes have diverged and specialized,
with the DYW domain evolving to meet the unique demands of organ-
ellar gene regulation in plants, a function vital for processes like
photosynthesis and overall cellular metabolism.

2.3.4.2. Biotechnological applications. Since ADAR and ADAT enzymes
are naturally restricted to RNA editing, the ability of APOBEC family
enzymes to act on DNA makes them promising candidates for the
development of novel biotechnological tools in genomic engineering. In
this sense, the following discussion will cover some of the most pertinent

Fig. 19. Two-step synthesis of Molnupiravir. EcCyDA*: engineered E. coli cytidine DA; Novozyme 435: immobilized Candida antarctica Lipase B.

J. Del Arco et al. Biotechnology Advances 77 (2024) 108473 

28 



tools in this category.
2.3.4.2.1. APOBEC-coupled epigenetic sequencing. DNA encompasses

various layers of information, among which epigenetic data holds sig-
nificant value, providing crucial insights into the dynamic regulations
governing genome transcription. Among the various epigenetic modi-
fications, one of the most relevant is cytidine methylation within DNA,
characterized by the presence of 5-methylcytosine (5-MetCyt) and 5-
hydroxymethylcytosine (5-hmCyt) nucleobases in DNA. These modifi-
cations play pivotal roles in a wide array of physiological and patho-
logical processes.

In this sense, APOBEC-Coupled Epigenetic Sequencing (ACE-Seq) is
widely employed method for epigenetic sequencing (Li et al., 2018c). In
this workflow, the first reaction involves ten-eleven translocation 2
(TET2) and T4 Phage β-glucosyltransferase (T4-BGT), which converts 5-
MetCyd and 5-hmCyd into products that resist deamination by APO-
BEC3A. In the subsequent reaction, APOBEC3A deaminates unmodified
Cyd nucleosides within DNA, transforming them into Urd. Afterward,
the sample is subjected to sequencing and compared to the untreated
genome. ACE-Seq is becoming increasingly significant in deciphering
the epigenetic code when compared to non-enzymatic methods based on
bisulfite oxidation and enzymatic methods based on nucleases (EM-seq).
These traditional techniques not only lack the capability to distinguish
between 5-MetCyt and 5-hmCyt nucleobase modifications but also fail to
identify Cyd-to-Thd (referred to as C-to-T in the literature) conversions,
which are the most frequent mutations observed in the mammalian
genome and cancer (Schutsky et al., 2018). Nonetheless, ACE-Seq
approach requires distinct and parallel workflows, along with separate
sequencing steps, to achieve a comprehensive understanding. This may
result in elevated sample requirements, increased costs, and prolonged
processing times (Füllgrabe et al., 2023). In this context, Füllgrabe et al.
(2023) proposed a new five-letter seq workflow comprising five steps.
The process involves sonication and ligation of the sample DNA to
synthetic DNA hairpin adapters. Subsequently, the strands are sepa-
rated, and a complementary copy strand is synthesized for each original
sample strand. Unmodified Cyd nucleosides within DNA are protected
enzymatically through oxidation of 5-MetCyt nucleobase into different
derivatives (5-carboxylcytosine, 5-formylcytosine, or 5-hmCyt) by a TET
methylcytosine dioxygenase, followed by enzymatic glycosylation of all
5-hmCyt nucleobases by β-glycosyltransferase. The unprotected Cyd are
then deaminated to Urd (Cyd-to-Urd) using APOBEC3A (A3A). The
deaminated compounds, with reduced duplex stability, are amplified via
PCR and sequenced in a paired-end format. The data from paired reads
are aligned, and the matching residues from both reads are harmonized
to generate a cohesive genetic or epigenetic sequence. This approach
retains the read while minimizing information loss andmaintaining high
accuracy, at least in human genome and in cell-free DNA.

2.3.4.2.2. Cytidine base editors for genomic editing. Similar to ABEs,
cytosine base editors (CBEs) for single nucleotide modifications in DNA
are based on chimeric proteins comprising a CydDA catalytic domain
and a dCas9 nuclease (Rees and Liu, 2018). The chimeric protein is
guided by a sgRNA, which pairs to target DNA strand displacing a small
segment of ssDNA (Nishimasu et al., 2014). Thereupon the CydDA

enzyme induces Cyd-to-Urd (referred to as “C-to-U" in the literature)
modifications in the ssDNA bubble, which, eventually, will end up in
Cyd-to-Thd conversion (referred to as “C-to-T" in the literature) through
DNA repair and replication processes. As described for ABEs, the major
advantage of CBEs relates to the fact that precise point mutations are
made with no need for double-strand breaks (DSBs), thereby avoiding
undesired byproducts, such as indels, translocations, and rearrange-
ments (Kosicki et al., 2018; Zhang et al., 2015). However, since these
modifications are made at the genome level and result in permanent
changes, undesired off-target editing is a significant concern that must
be thoroughly addressed to ensure successful clinical application (Tang
and Xu, 2020).

The first-generation CBE (base editor 1, BE1) (Fig. 21), developed by
David R. Liu’s group, involved the fusion of APOBEC1 to SpdCas9
(Komor et al., 2016). To enhance the Cyd-to-Urd deamination in vivo,
authors attached the uracil DNA glycosylase inhibitor (UGI) from
bacteriophage PBS1 to the C-terminal of BE1, obtaining a second-
generation base editor (BE2). UGI can inhibit human uracil DNA gly-
cosylase (UDG), which is responsible for removing uridine from DNA,
thereby triggering base-excision repair (BER) and reverting Urd-Guo
pairs back to Cyd-Guo pairs, as elucidated by Kunz et al. (2009). The
presence of UGI prevents BER at the target site, leading to a 3-fold in-
crease in editing efficiencies compared to BE1.

To further enhance base editing efficiency in eukaryotic cells, BE2
was optimized by restoring His840 in SpdCas9 (A840H mutation) to
create a third-generation base editor known as BE3. So, BE3 comprised a
Cas9 with re-established nuclease activity, allowing it to nick (create a
single-strand break) in the non-target DNA strand containing the un-
edited Guo. This nicking of the non-target strand induced eukaryotic
mismatch repair (MMR) or long-patch BER, leading to the modification
of the Urd-Guo mismatch into a Urd-Ado pair, ultimately resulting in the
desired Thd-Ado pair. BE3 was tested across six genomic loci, achieving
an average editing efficiency of 37 %. Importantly, BE3 retains the D10A
mutation in Cas9, which prevents dsDNA cleavage and reduces the
likelihood of indel formation. Although BE1 and BE2 produced
extremely low indel rates (≤ 0.1 %), BE3 exhibited a slightly higher
indel frequency; however, this was still a small frequency, averaging 1.1
% across the six tested loci. The D10A mutation in BE3 effectively mit-
igates double-strand break formation, resulting in these relatively low
indel rates.

A similar CBE, known as Target-AID, was developed for introducing
single nucleotide modifications in yeast and mammalian cells (Nishida
et al., 2016). In this case, the authors utilized an AID ortholog from
Petromyzon marinus (PmCDA1), instead of APOBEC1, while keeping the
remaining components of the system unchanged. This resulted in a
fusion protein comprising PmCDA1, Cas9 nickase (D10A variant,
nCas9), and UGI to create the nCas9-PmCDA1-UGI editase. All these
components made Target-AID highly efficient in yeast, but both de-
letions and off-target editing were observed in mammalian cells.
Moreover, comparing to BE3, the editing window was slightly shifted,
which was associated to the different characteristics of PmCDA1 relative
to APOBEC1.

Later on, the BE3 system developed by Liu’s group was further
optimized to create a high-fidelity base editor (HF-BE3) with reduced
off-target editing events (Rees et al., 2017). First, modifications were
introduced to the original SpCas9 (N497A, R661A, Q695A and Q926A).
This novel variant (SpCas9*) exhibited reduced affinity for DNA
(Kleinstiver et al., 2016), achieving reduced off-target editing but with a
slight decrease in on-target editing efficiency. Then, a second strategy
was applied for the lipid-mediated delivery of HF-BE3, which increases
the specificity of the editing when compared to the plasmid transfection.
Thus, HF-BE3 was delivered as ribonucleoprotein complexes into
zebrafish embryos and mouse cochlear cells, achieving a highly specific,
virus-free and DNA-free in vivo DNA editing. More recently, additional
modifications were made to BE3 to broaden the number of targetable
sites in the genome (Kim et al., 2017), by replacing SpCas9 with natural

Fig. 20. Schematic representation of the minimal multiprotein complex
necessary for apoB mRNA editing. The sequence motifs critical for editing are
represented as boxes. The active sites of the APOBEC1 dimer recognize both the
target Cyd (C) and the downstream Urd (U). The auxiliary ACF protein is
essential for editing and recognizes the editing site by interacting with the
mooring sequence. Figure adapted from Gerber and Keller (2001).
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Cas9 from S. aureus (SaCas9) or variant Cas9 nickases (Kleinstiver et al.,
2016) with different PAM specificities. Additionally, mutations were
also introduced by site-directed mutagenesis in the CydDA domain of
APOBEC1 to narrow the width of the editing window. Based on the
sequence similarity with APOBEC3G, mutations such as W90Y, W90F,
and R126 were made in residues that are crucial for deaminase activity
or substrate binding. Combining the window narrowed APOBEC1 en-
zymes along with the Cas9 variants displaying altered PAM specificities,
authors developed novel BE3 systems active over a higher number of
disease-related mutations and, in turn, with decreased off-target effects
(Kim et al., 2017).

Despite window narrowing mutations in the deaminase domain
could reduce the off-target editing to some extent, undesired mutations
could still occur if several cytidines are present in the editing window. In
this regard, human APOBEC3A (eA3A) was engineered to introduce
mutations in the region proximal to the DNA interaction interface,
aiming to enhance sequence selectivity and precision in cytidine
deamination (Gehrke et al., 2018). Based on co-crystal structures of
APOBEC3A and its substrate, specific mutations were introduced at
positions N57, K60, and Y130. The designed eA3A-BE3 system displayed
reduced bystander cytidine editing while maintaining high activity at
target motifs. Interestingly, this system was successfully used for the
correction of a disease-related SNP in a human β-thalassemia promoter.
When compared to BE3, eA3A-BE3 exhibited over 40-fold higher on-
target precision, as well as decreased off-target editing activity.

BE3 was further optimized for the construction of fourth generation
base editors (BE4) (Fig. 21) (Komor et al., 2017). BE4 was developed by
attaching a second UGI to the C terminal of BE3, as well as by extending
both the APOBEC1-nCas9 and UGI-nCas9 linkers. Relative to the pre-
vious BE3 version, 1.5-fold higher editing efficiencies, increased product
purities, and 2.3-fold lower indel rates were observed across six targeted
loci. Then, the original SpCas9 (D10A) was replaced with a smaller
nCas9(D10A) from S. aureus to generate SaBE4. This way, authors
sought to increase the target scope of BE4 based on the alternative PAM
requirements of SanCas9 (Ran et al., 2015). Finally, the Gam protein of
bacteriophage Mu was attached to the N-terminal of BE4 to further
decrease the indel formation. In this sense, among all the BEs designed in
this study, BE4-Gam and SaBE4-Gam averaged the lowest indel fre-
quency and highest product purity throughout the six tested genomic
loci. Later, a bpNLS was introduced at both the N and C terminal of BE4,
resulting in the BE4max system with improved nuclear localization
(Koblan et al., 2018). Then, the expression of the system was further
enhanced by replacing the deaminase portion in BE4max with an
APOBEC1 ancestor derived from the ancestral reconstruction of the
deaminase component, resulting in the AncBE4max system. Comparing
to BE4, in fibroblasts from patients with the glycosylation type 1f dis-
order (MPDU1 gene), 2.0- and 2.2-fold higher efficiencies were observed
for BE4max and AncBE4max, respectively (Koblan et al., 2018). Simi-
larly, in mouse neuroblastoma cells with mutant SCN9A gene encoding
the voltage-gated sodium channel NaV1.7 (related to chronic pain),
BE4max and AncBE4max displayed 4.2- to 6.0-fold higher editing
efficiencies.

Since APOBEC1 is capable of deaminating both DNA and RNA, CBEs
comprising APOBEC1 (BE3 and BE4) could cause undesired RNA editing
events in human cells (Grünewald et al., 2019a). Within that context,
different mutations have been introduced through directed evolution in
APOBEC1 enzyme in order to obtain CBE variants with almost negligible
RNA off-target activity (Grünewald et al., 2019a; Zhou et al., 2019). So,
BE3-R33A/K34A variant displayed significantly reduced RNA editing
activity in HEK293T cells, also achieving more accurate on-target DNA
editing due to a narrowed editing window (Grünewald et al., 2019a).
Similarly, W90Y/R126E mutations in APOBEC1 achieved a reduction of
the RNA editing to a base level, while maintaining an efficient DNA
editing activity (Zhou et al., 2019). In addition, the replacement of rat
APOBEC1 with human APOBEC3A led to a lesser number of RNA editing
events (Zhou et al., 2019; Grünewald et al., 2019b). Additionally, this

unwanted off-target RNA editing was further reduced through the
introduction of R128A or Y130F point mutations (Zhou et al., 2019).
Interestingly, as evidenced, the use of DAs different from APOBEC1
broadens the number of BEs to be used with minimal undesired tran-
scriptome editing.

Recently, following a similar approach to that of the previous BE3
system, the potential of APOBEC3A was also investigated within the BE4
framework (Ren et al., 2024). In an interesting development, CBEs based
on Macaca fascicularis APOBEC3A (BE4-mA3A) exhibited improved
properties. Additionally, deletion of Ser-Val-Arg (SVR) in BE4-mA3A led
to a significant reduction in DNA and RNA off-target activities, while
maintaining the on-target efficiency. Building on these findings, human
APOBEC3A was then employed in the creation of a chimeric BE4-hA3A-
SVR+ (with SVR inserted in loop 1), demonstrating nearly a 150 % in-
crease in editing efficiency compared to the original BE4-hA3A (Ren
et al., 2024).

As demonstrated here, CBEs have been developed and optimized
specifically for genomic editing in mammalian cells, distinguishing them
from many other systems relevant to research and biotechnology.
Consequently, the BE4max and AncBE4max systems have recently un-
dergone optimization to facilitate the introduction of point mutations in
biotechnologically significant fish species such as zebrafish (Rosello
et al., 2023) and aquaculture species like Atlantic salmon (Raudstein
et al., 2024). Additionally, in an interesting development involving
another biotechnologically significant animal model, researchers engi-
neered a temperature-tolerant CBE to induce loss- and gain-of-function
alleles in Drosophila melannogaster (Doll et al., 2023). Despite its wide-
spread use, conventional APOBEC1 displayed reduced activity within
the temperature range tolerated by Drosophila, spanning from 18 ◦C to
29 ◦C. Leveraging the BE4max architecture, researchers replaced APO-
BEC1 with CydDA from Petromyzon marinus, an ectothermic species
inhabiting cold to temperate environments. This substitution facilitated
robust base editing with exceptionally high efficiency, underscoring the
versatility of CBEs for genetic engineering across diverse species (Doll
et al., 2023).

Similarly, the thorough study focused on the development and
optimization of CBEs has also paved the way for their application in
improving crop plants. In particular, BE3 (Li et al., 2017b; Zong et al.,
2017; Lu and Zhu, 2017; Ren et al., 2017) and BE4 (Ren et al., 2017)
were proven to be effective for the introduction of point mutations in
rice. Furthermore, once the capacity of BE3 for base editing in rice was
stablished, this very system was also utilized for site-specific editing in
wheat and maize (Zong et al., 2017). Similarly, Target-AID was suc-
cessfully utilized for the introduction of several herbicide-resistance
point mutations in rice, as well as for the generation of marker-free to-
mato plants (Shimatani et al., 2017). In a recent work, an herbicide
sensitive rice line (his1 knockout) was also created by the modification
of a start-codon using the Target-AID system (Komatsu et al., 2020).
These preliminary studies demonstrated that CBEs serve as an easy-to-
use toolkit for target specific base editing in crops. Additionally, CBEs
stand out as more economical and efficient systems when compared to
homology-directed repair (HDR) and non-homologous end joining
(NHEJ) techniques, which have been demonstrated rather ineffective for
genome editing in plants (Mao et al., 2013).

However, since APOBEC1 displays a marked preference for Thd-Cyd
pairs, BE3 and BE4 applicability in rice, which exhibits high Guo-Cyd
content (Wang and Hickey, 2007), is effectively limited. In this
context, the efficiency of this novel toolkit was expanded by replacing
APOBEC1with human AID (hAID) (Ren et al., 2018), known to be highly
active on Guo-Cyd and Ado-Cyd pairs (Beale et al., 2004). As expected,
the developed CBEs displayed higher editing efficiency, favoring the
introduction of point mutations in Guo-Cyd pairs, but also resulting
highly active on Ado-Cyd, Thd-Cyd, and Cyd-Cyd pairs. In summary,
these novel plant CBEs could emerge as suitable editing tools for the
generation of gain-of-function and loss-of-function mutations in both
monocotyledon and dicotyledon plants.
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2.3.4.2.3. Evolution of TadA DAs for the development of small and
efficient CBEs for genomic editing. As a significant drawback, CBEs can
exhibit higher off-target effects and indels and lower on-target editing
efficiency compared to ABEs, mainly due to the AID/APOBEC protein
family deaminase component. Additionally, the evolved TadA DAs
found in ABE systems possess significantly smaller sizes compared to
frequently utilized cytidine DAs. This size difference facilitates the de-
livery of ABEs by viral vectors with restricted cargo capacity, such as
AAV. As a matter of fact, the compact nature of TadA has allowed ABEs,
though not CBEs, to be successfully delivered into animal tissues in vivo
utilizing a single AAV (Davis et al., 2022; Zhang et al., 2022). With these
advantages in mind, researchers repurposed TadA-8e for Cyd conversion
by introducing the N46L mutation (Chen et al., 2023c). This variant
eliminated its AdoDA activity and resulted in a TadA-8e-derived Cyd-to-
Guo base editor (TadA-CBE). Additionally, by combining with UGI and
introducing additional variants, a series of TadA-CBEs with high activity
similar to BE4max or more precise than other reported CBEs were ob-
tained. These TadA-CBEs exhibited superior efficiency in producing
precise edits within homopolymeric cytosine sites in both cells and
mouse embryos, with minimal indel effects and low off-target editing. In
a similar manner, the Liu lab employed PACE and PANCE to evolve
TadA-8e (E27K/V28A) and develop an additional TadA-CBEs
(Neugebauer et al., 2023). This novel TadA-CBE demonstrated excep-
tional activity and showcased comparable or even greater editing effi-
ciencies when compared to other CBEs. Furthermore, the researchers
incorporated the already known V106W mutation (Rees et al., 2019;
Richter et al., 2020), which contributed to a higher reduction in off-
target editing. This modification fine-tuned the editing window and

enhanced the selectivity for Cyd, all while maintaining the on-target
editing efficiency. Then, TadA-CBEs were proven capable of efficient
editing in primary human T cells and HSPCs, targeting sites of thera-
peutic significance. Interestingly, PACE and PANCE techniques also
allowed the development of a TadA-based dual editor (TadA-DE) with
high Ado-to-Guo and Cyd-to-Thd editing efficiency in E. coli
(Neugebauer et al., 2023). TadA-DE has a smaller size compared to
previously reported dual editors that combine CydDAs and AdoDAs with
a Cas domain, making it particularly valuable for applications requiring
broad mutagenesis, such as genetic screens.

Within the context of minimizing the size of CBEs, an evolved TadA
deaminase active on Cyd was obtained through site-directed mutagen-
esis and subsequently combined with Cas12f to create mini-TadA-CBEs
(Zhang et al., 2023a). MiniCBE was able to correct specific pathogenic
mutations in vitro and in vivo, showing reduced off-target editing.
Significantly, all the constituents of mini-TadA-CBEs could be delivered
within a single AAV system. Further efforts have been also done by
screening and engineering TadA orthologs, aiming to create TadA-CBEs
that exhibit diminished or minimized off-target effects on both DNA and
RNA (Zhang et al., 2023b). Mutations introduced into the EcTadA
deaminase enzyme include A106V and D108N, which were identified
through directed protein evolution to enhance adenine base editing
activity. Additionally, F148A and R153 deletion were introduced to
reduce RNA off-target effects, while V82G/Wmutations also contributed
to minimizing RNA off-target editing. Continuing the effort to minimize
off-target editing events, Gaudelli’s group designed TadA-CBEs utilizing
further engineered versions of TadA (Lam et al., 2023). This newly
developed TadA-CBEs demonstrated editing efficiencies comparable to

Fig. 21. Schematic representation of CBE-mediated base editing strategy for the conversion of GC base pair to AT pair.
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those reported for BE4, and notably, they showcased more precise
editing windows and substantially reduced off-target editing. Addi-
tionally, TadA-CBEs were compatible with orthogonal Cas enzymes,
thereby potentially expanding their applicability to a wider array of
target sites.

Interestingly, the most recent CBE did not evolve from previous
TadA-CBEs. Instead, Zhang et al. (2024) introduced novel CBE6 variants
via PACE, originating from the dual adenine and cytosine base editor
TadA-DE (Neugebauer et al., 2023). These new CBE6 variants surpass
existing CBE variants in on-target editing efficiency with minimal re-
sidual Ado-to-Guo editing. Furthermore, the introduction of the previ-
ously known V106W mutation further reduced off-target editing levels
without significantly compromising the on-target editing activity. The
CBE6 variants efficiently introduced stop codons at genomic loci for
PCSK9 (Proprotein Convertase Subtilisin/Kexin Type 9) knockout in
patient-derived fibroblasts (Zhang et al., 2024).

2.3.4.2.4. Organelle specific genomic editing. The current genome
editing systems using CRISPR/Cas in the nucleus heavily rely on a
crucial RNA component. However, there is a significant challenge in
directing RNAs expressed from nuclear transgenes into the DNA-
containing organelles, namely mitochondria and chloroplasts
(Schmiderer et al., 2022). This obstacle hinders the application of
CRISPR/Cas base editing for engineering organellar genomes. Interest-
ingly, in cases where direct transformation of organelles is feasible, and
guide RNA genes can be introduced, genome editing becomes much
simpler through homologous recombination (HR), rendering CRISPR/
Cas unnecessary (Tan et al., 2022). Paradoxically, protein-only genome
editing methods have emerged as valuable tools for editing organellar
genomes. This is because foreign proteins can be easily targeted to
mitochondria and chloroplasts, providing a more practical approach to
achieve successful genome editing in these organelles. In this context,
the Liu lab was responsible for the development of DddA-derived CBEs
(DddA-CBEs), which marked a groundbreaking achievement as the first
successful approach to achieve accurate Cyd-to-Thd editing in human
mitochondrial DNA (mtDNA) (Mok et al., 2020). The system involves
the dsDNA deaminase toxin A (DddA) from Burkholderia cenocepacia,
which catalyzes Cyd deamination within dsDNA and can be divided into
two non-toxic inert fragments. These fragments are then fused to the C-
termini of two TALE scaffolds that recognize nearby binding sites. To
precisely direct the system to the mitochondria, a mitochondrial tar-
geting signal (MTS) derived from COX8A is fused at the N-terminus.
Additionally, the constructions include a UGI inhibitor to prevent
mtDNA repair mechanisms. So, the deaminase activity is reactivated
when the two DddA fragments converge exclusively at the intended
target site (in mtDNA), enabling them to act on the spacer sequence
between the two TALE-binding sites. Later, this same laboratory evolved
DddA to enhance editing efficiency and surpass the stringent Thd-Cyd
sequence-context constraint of DddA (Mok et al., 2022a). So, the
DddA6 variant was obtained, displaying an average 3.4-fold improve-
ment in Thd-Cyd editing activity compared to the wild-type DddA.
Similarly, a DddA11 variant was also developed to include X-Cyd (X =

Ado, Cyd, or Thd) targets for both mitochondrial and nuclear DNA base
editing. Since DddA-CBEs inherently need two DddA fragments to
function, the size of the system is a limiting factor for packaging in viral
vectors with limited cargo space, such as AAV. To tackle this limitation,
full-length DddA variants were used to develop monomeric DddA-CBEs
(mDddA-CBEs), achieving mtDNA editing with efficiencies up to 50 %
(Mok et al., 2022b). DddA-CBEs have been successfully employed for
specific mtDNA editing in various organisms, including mice (Lee et al.,
2021; Guo et al., 2022), rats (Qi et al., 2021), zebrafish (Guo et al.,
2021), plants (Kang et al., 2021), and human embryos (Chen et al.,
2022b; Wei et al., 2022).

Lately, Lim et al. (2022) designed another interesting strategy for
targeting mtDNA. This novel base editing platform called zinc finger
DAs (ZFDAs) comprises custom-designed zinc-finger DNA-binding pro-
teins, the split DddA, and UGI. For its mitochondrial delivery, authors

created mitochondria-targeting ZFDAs comprising MTS and NES se-
quences to the N-terminus. This platform enables precise Cyd-to-Thd
base conversions in human cells without inducing undesired small
indels. In fact, by assembling plasmids encoding ZFDAs using publicly
available zinc finger resources, researchers achieved base editing with
frequencies of up to 60 % in nuclear DNA and 30 % in mtDNA. The
smaller size of zinc finger arrays compared to TALE arrays offers a
distinct advantage for gene delivery by viral vectors with limited cargo
space. Unlike TALE arrays, zinc finger arrays lack bulky domains at both
the C-terminus and the N-terminus, allowing for easy fusion of split-
DddA halves to either terminus of a ZFDA. Moreover, ZFDAs have an
intrinsic cell-penetrating activity, which may enable nucleic acid-free
gene editing in human cells. These characteristics make ZFDAs an
excellent choice as a DNA-binding module for base editing in both nu-
clear and organelle DNA.

Despite their significant advantages, ZFDAs introduces hetero-
plasmic mutations non-uniformly within a cell population. To confront
this challenge, Liu and colleagues developed a zinc finger DddA-CBEs
system (ZF-DddA-CBEs) through structural engineering, defining
improved ZF scaffolds, and incorporating mutations in the DddA
deaminase components (Willis et al., 2022). Based on previous knowl-
edge, the optimization of the ZF-DddA-CBE architecture, and the crea-
tion of versions with enhanced specificities, resulted in reduced off-
target editing and enhanced DNA editing in both mitochondria and
nucleus. Nonetheless, the still relatively high off-target editing renders
ZF-DddA-CBEs unsuitable for therapeutic applications.

Consequently, Lee and coworkers engineered high-fidelity DddA-
derived CBEs (HiFi-DddA-CBEs) with minimal off-target activity (Lee
et al., 2023). This was achieved by substituting specific amino acid
residues with alanine at the interface between the split DddA halves. So,
the resulting domains cannot form a functional deaminase without the
binding of their linked TALE proteins at adjacent sites on DNA. Whole
mitochondrial genome sequencing demonstrated that, in contrast to
conventional DddACBEs, HiFi-DddA-CBEs exhibited high efficiency and
precision, avoiding collateral off-target mutations. Consequently, HiFi-
DddA-CBEs hold great promise for therapeutic applications. In recent
developments, the DddA variant in HiFi-DddA-CBEs were replaced with
either DddA6 or DddA11 variants, resulting in improved mtDNA editing
efficiencies (Wei et al., 2024). This substitution also expanded the po-
tential for Cyd-to-Thd editing at TC, CC, and GC targets in human cell
lines. Notably, further mutations introduced in the DddA6 variant
enabled the creation of a specialized tool for Ado-to-Guo editing in
mtDNA. Additionally, these engineered base editors were used to
introduce disease-causing Cyd-to-Thd and Ado-to-Guo mutations into
mtDNA in both human cell lines and mouse embryos.

2.3.4.2.5. APOBEC–Cas9 fusion systems for multi-nucleotide dele-
tions. As previously mentioned, the inclusion of UGI within CBE systems
is crucial to prevent the activity of UDG (Mol et al., 1995). Without UGI,
UDG initiates BER, leading to the reversion of Urd-Guo pairs back to
Cyd-Guo pairs (Kunz et al., 2009). However, the BER system, activated
by UDG, could be strategically adapted for generating large deletions at
designated target sites. So, EcUDG has been employed to the develop-
ment of APOBEC3A–SpdCas9 fusion-induced deletion (AFID) systems. In
these systems, the dCas9 firstly directs the complex to the target, then
the deaminase catalyzes the Cyd-to-Urd conversion, and finally, the
UDG generates an apurinic/apyrimidinic (AP) site that initiates the BER,
allowing the production of large deletions in specific target sites. Later,
this system was improved by fusing E. coli AP lyase with AFID using the
ribosomal skipping peptide (P2A), aiming to enhance the efficiency of
AP site removal. By using this improved AFID, about 30.2 % of deletions
were created in rice and wheat protoplasts, as well as 34.8 % in regen-
erated plants. Finally, with the replacement of APOBEC3A to truncated
APOBEC3B, more consistent deletions were generated, particularly
targeting the preferred Thd-Cyd motif to the double-strand break (Wang
et al., 2020).

2.3.4.2.6. CBE systems for Cyd-to-Ado and Cyd-to-Guo transversions.
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Similar to ABE systems, in the current state of CBE advancements, the
forefront technologies primarily revolve around base transversions.
Based in the same idea explored in the AFID systems, instead of a
controlled deletion, the DNA repair initiated by UDG could lead to Cyd-
to-Ado/Guo editing events at the Urd formed by the deaminase. In this
sense, so-called glycosylase base editors (GBEs) have been engineered to
achieve Cyd-to-Ado and Cyd-to-Guo transversions in E. coli and
mammalian cells, respectively (Zhao et al., 2021). In E.coli, the GBE
comprising the AID-nCas9-UDG editase displayed a remarkable Cyd-to-
Ado editing efficiency of 87.2 %. Moreover, by replacing AID to APO-
BEC1, Cyd-to-Guo transversions were observed in mammalians cells
with editing efficiencies ranging from 5.3 % to 53.0 %. These newly
developed GBEs complement the existing CBEs and hold significant
potential for treating diseases caused by Guo/Cyd mutations.

2.3.4.2.7. CBE systems for random base editing. Methods that induce
mutations across the genome have been employed in traditional genetic
screening and more recently in the evolutionary engineering of mi-
crobes. However, many of these approaches depend on mutagenic
chemicals or ultraviolet light, which can cause unintended harm to
cellular components, thereby restricting their use in biotechnology
(Alcántara-Díaz et al., 2004). Instead of relying on such damaging
agents, DNA modification through deaminases offers a flexible alterna-
tive that can be used across different microbial species without
compromising cell viability. In this sense, CydDA can be fused with DNA
transcription or replication related proteins to develop a new toolkit for
directed evolution of genomes namely random base editing (rBE) (Pan
et al., 2021). In this sense, Wang and coworkers achieved random
genomic loci for prokaryotic or eukaryotic models using DNAb-AID or
MCM5-AID (Mini chromosome maintenance protein 5) fusion proteins,
respectively (Wang et al., 2021c). By utilizing this technique, the au-
thors managed to amplify the mutagenicity of the E. coli and S. cerevisiae
wild-type strains by 2.5 × 103-fold and 1.68 × 103-fold, respectively.
Subsequently, these innovative techniques were employed to enhance
β-carotene production in modified E. coli and S. cerevisiae strains by
371.4 % and 75.4 %, respectively.

In a novel approach known asMutaEco, PmCDA1was combined with
the α-subunit of E. coli RNA polymerase (Eom et al., 2022). This method
increases the mutation rate without compromising cell viability, accel-
erating the adaptive evolution of E. coli for stress tolerance and the
utilization of unconventional carbon sources. The main drawback of
these technologies is the size of targeted region, which can encompass
either the whole genome or a relative narrow window. To address this
gap, Zimmermann et al. (2023) developed Confined Mutagenesis using a
Type I-E CRISPR-Cas system (CoMuTER). This tool utilizes the target-
able helicase Cas3, a hallmark enzyme of the class 1 type I-E CRISPR-Cas
system, fused with the PmCDA1 to simultaneously unwind and mutate
large DNA stretches, including entire metabolic pathways. By using
CoMuTER, the number of mutations in the target region (up to 55 kb) is
increased by 350-fold compared to the rest of the genome, resulting in
an average of 0.3 mutations per kilobase. In this sense, CoMuTER
allowed the authors to produce the double of lycopene compound in
S. cerevisiae after just one round of mutagenesis.

2.3.4.2.8. CBE systems for in vivo targeted mutagenesis. Global in vivo
mutagenesis strategies generally produce high mutation rates and create
diverse genetic variations. However, the widespread mutations across
the genome can pose significant challenges, particularly in directed
evolution experiments. Unintended off-target mutations, especially in
essential regions of the genome, can be harmful and toxic to the cells
(Foster, 1991). Targeted in vivo mutagenesis methods offer a solution to
these issues by focusing mutations on specific genomic regions. A
notable example of gene-specific in vivo mutagenesis involves the use of
a fusion protein combining CydDA with T7 RNA polymerase. This
approach enables precise targeting of genes regulated by T7 promoters,
where the CydDA introduces the Cyd-to-Thd mutations. Thus, Moore
and colleagues first combined T7 RNA polymerase with rAPOBEC1 for
the development of the MutaT7 chimera, allowing for in vivo targeted

mutagenesis across multi-kb DNA sequences in E. coli (Moore et al.,
2018). As mentioned, this approach specifically targets sequences that
begin with the T7 promoter, enabling in vivo mutagenesis and avoiding
the toxicity caused by random mutations or insertions and deletions
imposed by other techniques on essential regions of the organism’s
genome.

With this approach in mind, T7 polymerase-driven Continuous
Editing method (TRACE) was later developed. TRACE is notable for
being the first T7-deaminase system applied in mammalian systems,
specifically HEK293T and A375 cells. In fact, the system was shown to
induce high rates of mutagenesis over multiple cell generations within
genes under the control of a T7 promoter integrated into the genome.
Importantly, when introduced into animal models, TRACE does not
cause a rise in global mutation rates within 6 days and does not visibly
impact cell health for a period of 20 days (Chen et al., 2020). The
method was found to be tunable, allowing for adjustments in mutation
rates through the engineering of T7 RNA polymerase.

Although the MutaT7 and TRACE systems exhibited high gene-
specificity, their mutation rates were relatively low, with MutaT7
showing 0.34 mutations per day per kb (Moore et al., 2018) and TRACE
ranging from 0.1 to 0.8 mutations per day per kb (Chen et al., 2020).
This limitation reduces their effectiveness when compared to conven-
tional in vitro mutagenesis techniques. To address this, PmCDA1 was
fused to the N-terminus of T7 RNA polymerase, resulting in the devel-
opment of enhanced MutaT7 (eMutaT7) (Park and Kim, 2021). This
improved system maintained high gene-specificity in E. coli while
significantly increasing the in vivo mutation rate, achieving up to
approximately 4 mutations per kb per day.

2.3.4.2.9. CBE systems for RNA editing. Everything discussed so far
deals with the use of CBEs exclusively for RNA-guided DNA editing. In
this sense, despite the efforts made in this regard, the development of
CBEs for RNA editing has proven to be much more complicated. A
limitation lies in the fact that RNA deamination catalyzed by APOBEC1,
APOBEC3A and APOBEC3G demands the target RNA to adopt certain
secondary structure (Sharma and Baysal, 2017; Maris et al., 2005). This
could partly explain the difficulty of redesigning these systems for RNA
editing. In fact, the first approach for Cyd-to-Urd editing in RNA was
based on the rational mutagenesis of ADAR2 deaminase for expanding
its substrate scope (Abudayyeh et al., 2019). This process introduced
specific mutations to shift the enzyme’s activity from Ado-to-Ino mod-
ifications to include Cyd-to-Urd changes. Key mutations were strategi-
cally introduced both within the catalytic core and throughout the
enzyme’s structure to enhance its interaction with the RNA substrate
and improve overall deamination activity. Notably, these mutations
included catalytic core mutations V351G and K350I, as well as RNA
contact mutations S486A and S495N. Building on these advancements,
the evolved ADAR2 domain was fused with a catalytically inactive
Cas13 protein (dCas13) to create a new RNA editing system known as
RESCUE (RNA Editing for Specific Cyd-to-Urd Exchange) (Abudayyeh
et al., 2019). RESCUE leverages this engineered enzyme to enable pre-
cise Cyd-to-Urd editing, while also retaining the capability for Ado-to-
Ino modifications, facilitated by specific guide RNAs (gRNAs). To
further refine the system and minimize off-target effects, additional
modifications were made. RESCUE-S, a variant developed through
further rational mutagenesis, features the S375A mutation. This specific
alteration was designed to enhance the specificity of C-to-U editing,
resulting in approximately 76 % on-target editing while substantially
reducing off-target activity compared to the original RESCUE system.

Recently, based on the already described split-ADAR system
(Katrekar et al., 2022b), the evolved deaminase domain present in
RESCUE was expressed as N-terminal and C-terminal non-functional
fragments, each bearing a MCP and λN peptide, respectively. As
described earlier, this split-RESCUE system (Katrekar et al., 2022b) uses
chimeric gRNAs, which incorporate BoxB and MS2 stem loops for
recruiting the two split halves of the deaminase to form the functional
editase. As a result, the novel split-RESCUE system exhibited Cyd-to-Urd

J. Del Arco et al. Biotechnology Advances 77 (2024) 108473 

33 



editing levels on the endogenous RAB7A transcript comparable to those
achieved by its full-length counterpart, while also exhibiting high
transcriptome-wide specificity. Due to the great outcomes achieved, the
evolved deaminase domain found in RESCUE has replaced the ADARDD
in xABE andmxABE (Xu et al., 2021). This substitution serves to broaden
the substrate range of these systems, thus obtaining full-length xCBE and
mini xCBE (mxCBE), respectively. When tested in HEK293T cells, xCBE
and mxCBE demonstrated significantly more efficient Cyd-to-Urd edit-
ing compared to the previously reported RESCUE (Xu et al., 2021).

The first cytidine-specific Cyd-to-Urd RNA editor (so-called CURE)
was also developed and consists of an APOBEC3A variant (Y132D) fused
to dCas13 mutants (Huang et al., 2020). Depending on the system
components, three different CUREs were designed, each of them dis-
playing different features. First, APOBEC3A (Y132D) was fused to the C-
terminus of PspdCas13b for the construction of CURE-Cytoplasmic
(CURE-C), the most active version of CURE. In order to localize CURE
to the nucleus, thus reducing the off-target events, an additional NLS
was inserted at the C-terminus of the fusion, resulting in CURE-N. Au-
thors followed a second strategy for reducing the off-target effects
through the fusion of APOBEC3A (Y132D) to the loop 3 of dCasRx. This
last system, CURE-X, was found to be the most specific without any loss
of on-target editing activity. It is worth mentioning that the novelty of
this RNA editor lies in the use of tailor-made gRNAs capable of inducing
loops for the recruitment of the editase to the target sites. In addition,
CURE could not deaminate Ado, so it proves more specific than RESCUE,
and therefore the risk of off-target missense mutations is highly reduced.

Interestingly, two approaches were developed that set aside the
previous CRISPR/Cas-based systems employing APOBEC enzymes
(Bhakta et al., 2020; Stroppel et al., 2021). Both systems make use of
tagged-gRNAs (Ms2-tagged or SNAP-tagged) to direct the editase to the
target mRNA for the introduction specific point mutations. In a first
strategy, APOBEC1 was fused with the MS2 coat protein, so using gRNAs
carrying the MS2 stem-loop this novel editing tool could be directed to
the target RNA sequence (Bhakta et al., 2020). The system was proven
successful in the restoration of the GFP reporter in HEK293 cells, sug-
gesting the developed system could be utilized for Cyd-to-Urd editing in
transcripts of patients with various diseases. The second strategy was
developed in Thorsten Stafforst’s group, and it was based on their pre-
vious work regarding the SNAP-ADAR editor (Stafforst and Schneider,
2012; Vogel et al., 2018, Vogel and Stafforst, 2019). In this context, the
system was expanded to perform both Ado-to-Ino and Cyd-to-Urd base
editing in RNA (Stroppel et al., 2021). This could be accomplished using
HALO- and SNAP-tag fusions, in combination with their respective
gRNAs for the recruitment of both ADAR and APOBEC1 inside the same
living cell. Although the off-target activity was much higher than that
reported for CURE, as a main advantage, the human origin of SNAP-tag,
as well as its small size, facilitates transfection and the subsequent
expression of the system components.

2.3.4.2.10. Dual base editors. Considering the capacity of ABE and
CBE systems to correct disease-causing single nucleotide poly-
morphisms, a logical progression is to merge the Ado-to-Guo and Cyd-to-
Thd editing capabilities within a single editase (Ado and Cyd base editor,
ACBE). In fact, intriguingly, the ability of ABEs to induce not only Ado-
to-Guo conversion but also unexpected Cyd-to-Thd conversion was
demonstrated in 2019 (Kim et al., 2019). First steps to increase the
editing scope of BEs consisted in the combination of SpABE and SaBE3,
resulting in the achievement of both Ado-to-Guo and Cyd-to-Thd editing
in mice (Liu et al., 2018). Similarly, Sakata and colleagues designed a
fusion editase encompassing PmCDA1, TadA, and a Cas9 nickase (Sakata
et al., 2020). The resulting Target-ACEmax exhibited a notable activity
in simultaneously editing Cyd-to-Thd and Ado-to-Guo at 47 genomic
loci. Previously published miniABEmax and Target-AID systems have
been also integrated for the design of ACBEs. Thus, the monomeric TadA
variant of miniABEmax, the CydDA from Target-AID and two UGIs were
combined for the development of SPACE (synchronous programmable
Ado and Cyd editor) (Grünewald et al., 2020). SPACE exhibited superior

Ado-to-Guo and Cyd-to-Thd conversion rates, as well as a reduced fre-
quency of on-target indels, in comparison to the separate coexpression of
the same DAs within miniABEmax and Target-AID systems. Target-AID
was also fused to ABE7.10 to generate another ACBE capable of Ado-to-
Guo and Cyd-to-Thd editing in both mouse embryonic fibroblasts and
porcine fetal fibroblasts (Xie et al., 2020). Yet another ACBE, formed by
the fusion of TadA-dCas9-AID, was engineered and applied in
C. glutamicum (Deng et al., 2020). This dual editase led to a substantial
31.9 % increase in N-acetylglucosamine production.

We already mentioned that David Liu’s group employed PACE and
PANCE to repurpose a TadA-8e deaminase through Cyd-to-Thd editing.
In the same study, the authors also developed a dual-base editor (TadDE)
capable of achieving equally effective base editing of both Cyd and Ado
(Neugebauer et al., 2023). Additional efforts have been made in the
development of dual editors by focusing on the evolution of the EcTadA
deaminase and its orthologs. In this sense, through the introduction of
double mutations, these deaminases were engineered to develop ACBEs
with reduced off-target editing (Zhang et al., 2023b). The recently
developed ACBEs are expected to broaden the scope of BEs, facilitating
their application as the gene therapy tools for the treatment of genetic
disorders characterized by heterogeneous point mutations.

3. Conclusion and outlook

In biological contexts, nucleobase, nucleoside, and nucleotide DAs
emerge as pivotal players in fundamental cellular processes. These en-
zymes catalyze essential steps in purine and pyrimidine salvage path-
ways, contributing to the maintenance of nucleotide pools. In mammals,
their functions extend to critical processes such as dendritic ramifica-
tion, differentiation and maturation of the lymphoid system, along with
their contribution to antiviral defense mechanisms, among others.
Simultaneously, these ubiquitous enzymes play a role in prokaryotic
quorum sensing mechanisms, highlighting their versatility across
different life forms.

Transitioning from their intrinsic biological roles, this review un-
derscores the diverse biotechnological applications of purine and py-
rimidine DAs. Their potential spans pharmaceutical manufacturing,
food bioprocessing, and agricultural bioengineering. In biomedicine,
these enzymes serve as important therapeutic targets for drug design,
and also contribute to disease diagnosis, prognosis, and treatment
monitoring. Particularly noteworthy is their role in innovative thera-
peutic strategies such as GDEPT and as key components in genome and
transcriptome BEs, suggesting a promising future for addressing various
illnesses and genetic disorders through these enzymatic tools.

DAs have demonstrated their versatility and efficiency as catalysts
for the production of NAD-based drugs, offering an eco-friendly alter-
native to traditional chemical manufacturing processes. Nevertheless, as
is common with enzymes, some disadvantages such as narrow range of
optimal operating conditions, stability issues and limited range of re-
actions, constrain their application as industrial catalysts. To overcome
these challenges, established methods such as direct evolution and
rational design, along with emerging technologies like machine learning
and computer-aided retrosynthesis focused on biocatalytic routes, need
integration to meet these demands. Furthermore, transitioning from
laboratory-scale to industrial-scale production can pose challenges,
requiring innovative bioprocess engineering solutions to maintain
optimal enzyme activity on a larger scale.

Similarly, in the context of reducing purine content in food, the
effectiveness of DAs faces various challenges. Since food and beverages
contain diverse purine sources, a combination of DAs with other purine-
degrading enzymes like urate oxidase and xanthine oxidase becomes
necessary. It is essential that all these enzymes retain their activity and
adhere to quality standards when stored together with food products.
Lastly, it is crucial to emphasize that any food product undergoing
enzymatic modification must comply with food safety regulations.

Continuing in the context of the food industry, plants and cell
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cultures expressing DAs show promise as potential and scalable plat-
forms for caffeine production. However, the challenge of limited pro-
duction yield in plant tissues poses a significant obstacle to large-scale
production. The advancement of metabolic engineering has contributed
to improve these plant production systems, making them amenable to
scaling up in a controlled environment. However, the effectiveness of
metabolic engineering strategies is often hampered by pathway
compartmentalization, the presence of multiple alkaloid biosynthetic
pathways, and intricate regulatory control mechanisms. This cellular
complexity can render single gene manipulations ineffective in altering
biosynthetic pathways. Promisingly, methods capable of simultaneously
modifying multiple metabolic steps (e.g., the use of transcription factors)
offer potential solutions to address this complexity. Simultaneously, the
construction of plant biosynthetic pathways in microorganisms from the
ground up has revealed a novel avenue for production. Microorganisms
exhibit significantly lower complexity than plant systems, streamlining
the selection of metabolic engineering targets and strategies. Nonethe-
less, challenges remain to be addressed before microorganisms can serve
as an industrial platform for caffeine production. As outlined in this
review, the methylation process is crucial for caffeine biosynthesis.
Thus, despite the overexpression of highly active DAs, the production of
caffeine at high levels is restricted by the intracellular availability of
SAM and Xan. Consequently, this bottleneck underscores the need for
additional metabolic engineering endeavors aimed at increasing the
SAM and Xan pool in microbial cells.

From a biomedical perspective, DAs emerge as potent and versatile
enzymes with applications in devising strategies for treating various
illnesses and genetic disorders. Deaminase-based GDEPT, for instance,
stands out as one of the most viable approaches for precise prodrug
activation in tumor cells. This method mitigates toxic effects while
enhancing pharmacokinetic properties. Addressing crucial aspects in-
volves the development of effective vectors for efficient and targeted
gene transfer to tumor cells, designing prodrugs with a robust bystander
effect when converted into active drugs, and engineering DAs with
increased affinity for prodrugs.

One of the most groundbreaking applications of DAs is their inte-
gration as crucial components in ABEs and CBEs for genome and tran-
scriptome editing. These two classes of BEs have demonstrated
effectiveness in editing individual nucleotides across a diverse range of
living cells and organisms, establishing themselves as a robust tech-
nology that could significantly influence the life sciences and medicine.
However, despite the promising advances in base editing, several chal-
lenges remain. First, except some few novel systems, most of these ed-
itors can only facilitate two of the six possible changes from one base
pair to another. So, additional work is essential to develop or further
improve BEs capable of inducing transversion mutations at target loci.
Achieving success will likely depend on a thorough understanding and
innovative manipulation of the cellular mechanisms that regulate base
modification and DNA repair in mammalian cells.

Similar to the challenges observed in GDEPT, one significant issue is
the delivery of large proteins into specific tissues, which remains a major
focus of ongoing research. In the coming years, the development of
innovative delivery systems designed to target specific tissues is ex-
pected to be a critical area of study. Additionally, it is essential to
conduct thorough analyses of off-target editing activities of BEs in vivo
under various conditions relevant to potential therapeutic applications.
These assessments must also include evaluations of the biological im-
pacts of unintended point mutations, especially for DNA base-editing
tools. Since DNA BEs induce permanent changes at the genomic level,
understanding and mitigating off-target effects are of utmost impor-
tance. Despite the availability of several methods to detect off-target
effects, there is still a pressing need for a consensus approach that is
unbiased, sensitive, rapid, and cost-effective. Current detection methods
are varied, have not been extensively compared, and are optimized for
only a limited number of experimental systems. A validated and clini-
cally approved method is still absent.

In contrast, RNA base editing offers a reversible and tunable alter-
native to genome editing, reducing the need for stringent off-target
control compared to DNA editing. However, especially when hyperac-
tive deaminase variants like the ADAR E488Q mutant are employed for
RNA editing, increased off-target events can still negatively impact
health. In this sense, RNA base editors that do not require the intro-
duction of exogenous ADAR proteins circumvent challenges such as
widespread off-target effects, immunogenicity, and delivery hurdles. In
addition, an important consideration in RNA-targeted gene therapy,
particularly when using non-integrating vectors, is the need for repeated
administration of effector constructs. This is due to the typically short
half-life of edited mRNAs and effector proteins, which necessitates
ongoing treatment to sustain therapeutic effectiveness.

As the field progresses, the development of new editing technologies
that improve base-editing efficiency, expand targeting capabilities, and
minimize off-target effects will be pivotal in advancing towards more
sophisticated and ambitious applications. The creation of a diverse array
of future ABEs and CBEs, each tailored to convert a specific DNA base
pair or RNA base within a defined sequence context or protospacer with
a particular PAM, will be instrumental in maximizing the precision and
specificity of base editing.
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Vaitekūnas, J., Meškys, R., 2023. Cytidine deaminases catalyze the conversion of N
(S, O) 4-substituted pyrimidine nucleosides. Sci. Adv. 9 (5), eade4361. https://orcid.
org/0000-0002-8331-2469.

Valable, S., Barbier, E.L., Bernaudin, M., Roussel, S., Segebarth, C., Petit, E., Rémy, C.,
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