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Abstract

DNA glycosylases are DNA repair enzymes capable of removing damaged nitrogenous bases, including those formed as a
result of UV irradiation with sunlight (approximately 300—400 um). DNA glycosylases are common not only among bacteria,
archaea, and eukaryotes, but some groups of viruses can also encode them. The best-known viral glycosylase is endonu-
clease V (DenV, Pdg-T4) of Escherichia virus T4, the main substrate of which is cyclobutane pyrimidine dimers. DenV is
isolated separately from other large families of glycosylases; it is quite common in nature and has homologs in a number of
other viruses and even bacteria. However, the ways of its origin are poorly understood. The best-known DenV homolog is
the glycosylase of Chlorella virus strain, PBCV-1 (Cv-pdg). This review contains the main known data on the structure and
mechanism of operation of DenV and its homologs. The issues of biological importance and distribution of the enzyme and

its homologs among viruses are considered and supplemented separately.
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Introduction

Point mutations are quite a common phenomenon resulting
in the disruption of the processes of gene replication and
expression, which can ultimately lead to cell death. One of
the causes of such mutations is UV radiation. In regard to its
biological effects, UV radiation is usually divided into three
spectral regions: UV A (320—400 nm), UV B (295-320 nm),
and UV C (100-295 nm). As an integral part of sunlight,
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UV radiation is a factor affecting most Earth ecosystems.
Accordingly, living entities had to develop effective methods
of protection from UV light in the course of their evolution.
Living organisms have numerous protective mechanisms
(repair systems) responsible for the restoration of DNA dam-
aged by UV irradiation (Rastogi et al. 2010). One of such
repair systems is the system of base excision repair (BER)
(Sampath et al. 2012). BER involves a group of enzymes, the
main part of which is DNA glycosylases. This type of repair
makes it possible to remove damaged bases in small seg-
ments of the DNA chain. The UV-induced DNA abnormali-
ties that are removed by BER are cyclobutane pyrimidine
dimers (CPD), (6—4) photoproducts, and Dewar photoprod-
ucts (Yokoyama and Mizutani 2014; Ganesan and Hanawalt
2016; Chatterjee and Walker 2017).

The BER pathway and glycosylases seem to be an early
evolutionary acquisition, since they are found in bacteria
(Friedberg et al. 2006), archaea (Marshall and Santangelo
2020), eukaryotes, and viruses, including bacteriophages
(Bernstein and Bernstein 2001). From the evolutionary point
of view, the most interesting are glycosylases found in viruses.
Most viruses have a rather compact genome: They carry the
minimal set of genes, necessary to maintain their life cycle—
genes, which are often absent in the host cell. DNA repair in
case of its damage by various mutagenic factors, as a rule,
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occurs due to the repair systems of the host cell. Some viruses,
however, carry genes encoding the homologs of prokaryotic
repair systems. For example, bacteriophage T4 has several
genes encoding homologs of DNA repair systems. There are
genes for the recombinational repair system (uvsXWY), exci-
sion repair genes (in particular, denV), and a number of other
genes involved in restoring DNA functions disturbed by the
mutation process (Friedberg 1972; Bernstein 1981; Miller
et al. 2003a). This raises questions about the biological sig-
nificance of the presence of several repair systems for viruses,
taking into account the characteristics of their life cycle. The
recombinational repair system of bacteriophage T4, in addition
to repairing damaged phage DNA, including after exposure
to UV radiation, closely associated with the provision of T4
phage multiplication in the processes of replication and pack-
aging of its DNA. It is not known exactly why phages need
an additional system for the repair of DNA photoproducts,
carried out with the participation of DenV. Moreover, DenV,
unlike many other glycosylases, has the highest affinity for the
substrate in the form of cyclobutane pyrimidine dimers, and
not for purine and pyrimidine oxidation products (Bernstein
1981; Miller et al. 2003a). At the same time, DenV seems to
be a fairly common glycosylase among a number of viruses.
Researchers have shown that DenV is encoded not only by a
number of bacteriophages—T4, RB69, RB70, 44RR2.8t, and
KVP40—but also by viruses of unicellular algae Paramecium
bursaria Chlorella Virus 1 (Zharov 2008; Miller et al. 2003b;
McCullough et al. 1998). The DenV homolog of chlorella
viruses was named Cv-pdg and is 41% identical to phage gly-
cosylase (McCullough et al. 1998). In this review, we will
discuss the current experimental studies of the specific struc-
tural and biochemical characteristics of the two most studied
viral glycosylases, DenV T4 (T4-pdg) and Cv-pdg, and try to
answer a number of questions related to why viruses need their
own pyrimidine dimer glycosylases in the presence of similar
enzymes in the host cell. Why is CPD repair and the enzymes
responsible for it not found in all viruses? Does the presence
of pyrimidine dimer glycosylases give an advantage to repre-
sentatives of certain taxonomic groups of viruses? How com-
mon are DenV T4 glycosylase homologs among other viruses?
Answers to these questions can both help to understand the
role of viral pyrimidine dimer glycosylases in the biological
world and help lay the foundations for using this enzyme or
its homologs in the practice of protecting human and domestic
animal health from the mutagenic effects of sunlight.

Mechanism of functioning of T4 glycosylase

Glycosylase T4 (Pdg-T4), also known as endonuclease V
(DenV), has been mostly investigated by R. S. Lloyd’s group
(Lloyd 2005). Those studies resulted in the establishment of
the mechanism and principles of operation of bifunctional
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glycosylases (Lloyd 2005). DenV is a small protein (138
aa). It is structured as a small single domain consisting of
3a-helices and connecting loops, with the whole macro-
molecule shaped as a comma (Morikawa et al. 1992, 1995;
Lloyd 2005; Golan et al. 2006). The protein is characterized
by an asymmetric arrangement of charged amino acid resi-
dues: basic residues on one side and acidic residues on the
other. Such an arrangement ensures the correct orientation
of the enzyme towards the substrate and affects the catalysis
efficiency (Lloyd 2005).

The mechanism of DenV operation can be described as
follows. The first step is binding of the enzyme to DNA,
which is driven by a reaction of cationic substitution. The
reaction is non-specific; after binding to DNA, the enzyme
performs a one-dimensional scan of the DNA strand for
pyrimidine dimers. The translocation of the enzyme
along the strand is driven by Brownian motion. This is
called processive search—because the enzyme is found
to remain bound to DNA until most of pyrimidine dimers
are removed from the strand (Lloyd et al. 1980; Gruskin
and Lloyd 1986, 1988; Lloyd 2005). The degree of pro-
cessivity was shown to be an important indicator of the
efficiency of detection of target sites (Dowd and Lloyd
1990). The second step is specific binding of the enzyme
to a pyrimidine dimer. The analysis of crystal structures
of mutant DenV/DNA complexes revealed that, similar
to some other glycosylases, DenV twists the DNA strand,
flipping out the base into an extra-helical position, and
trapping it in the enzyme “pocket” (Vassylyev et al. 1995;
McCullough et al. 1997). What is unique to DenV, how-
ever, is that it is not the damaged base that is flipped out—
it is the base complementary to the damaged one. This
flipped out complementary base does not form hydrogen
bonds with the enzyme: It is retained in the extra-helical
position by van der Waals interactions. At that moment,
the DNA chain bends sharply (up to 60°; Vassylyev et al.
1995; Lloyd 2005). Owing to these base exposure confor-
mational changes, the amino acid residues of the active
site of the enzyme get access to the substrate, making the
target N-glycosidic bond more accessible for a nucleo-
philic attack. However, these conformational changes seem
to be not obligatory for catalysis: Sometimes, base flip
out does not occur, yet DenV can still recognize the target
site. Rather than being essential for catalysis, base flip out
may just facilitate the reaction (McCullough et al. 1997).
The next step is catalytic: cleavage of the glycosidic bond
of pyrimidine dimer. The active center of the enzyme is
located at its N-terminus (Zharkov 2008). There are ten
lysine residues at this end; probably, they ensure non-
specific binding of the enzyme to DNA and its specific
binding to CPD (Lloyd 2005). The a-amino group at the
N-terminus of the enzyme (namely, at Thr2) performs a
nucleophilic attack on the C1' nucleoside of CPD (Schrock
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and Lloyd 1991, 1993; Dodson et al. 1993), which is
accompanied by the dissociation of proton from Na Thr2.
The protonation of the O4' ring of deoxyribose, which
seems to be mediated by Glu23, stabilizes and opens the
ribose ring, removing a second proton from Thr2 Na (Doi
et al. 1992). The outcome of the attack is the cleavage of
the N-glycosidic bond with the formation of a Schiff base
fragment (Dodson et al. 1993). As a result, an apyrimi-
dine site (AP site) is formed. The subsequent reactions
are determined by the AP-lyase activity of the enzyme
(Kim and Linn 1988). First, there occurs B-elimination
(through dissociation of proton from C2’, presumably by
04"), which is followed by the cleavage of phosphate at
C3’ (Manoharan et al. 1988; McCullough et al. 2001). The
regeneration of the enzyme occurs due to hydrolysis of the
newly formed Schiff base. As a result of the reaction, a sin-
gle-strand break is formed at the 3’ end. What remains in
the end are 3'-open ribose ring, a,B-unsaturated aldehyde,
and 5’ phosphate with 5’ pyrimidine dimer, still covalently
bound to its 3’ pyrimidine (Lloyd 2005).

The subsequent reactions of the BER pathway are cata-
lyzed by other proteins, which are encoded by both bac-
teriophage genes and genes of its host, E. coli—similar to
the BER pathway mediated by bifunctional glycosylases
(Bernstein 1981). A number of studies were carried out
on mutant forms of DenV T4. They showed that a series
of substitutions at certain sites of the enzyme amino acid
sequence led to the disorder of its function. Apparently,
Arg3 plays an important role in the binding of the enzyme
to substrate, since its substitution for Lys3 was demon-
strated to result in a complete loss of enzyme activity (Doi
et al. 1992). The substitution of Glu23 for Asp23 or GIn23
completely inhibited glycosylase activity of the enzyme,
yet did not affect its AP-lyase activity. This makes sense
given that Glu23 is directly involved in the catalysis (Doi
et al. 1992; Hori et al. 1992). Replacing Arg26 with GIn26
decreased glycosylase activity of the enzyme, confirming
the fact that this site is involved in substrate binding (Doi
et al. 1992). Arg22 is most likely involved in the DNA
bending, which is responsible for the flip out of the base
opposite to CPD (Doi et al. 1992). The substitution of
Arg22 for GIn22 leads to the loss of glycosylase activ-
ity of the enzyme, indicating the importance of a posi-
tively charged amino acid residue at this position for the
normal functioning of the enzyme. The substitutions of
Argl7, Lys121, and Argl77 affect the efficiency of the
enzyme binding to substrate. Lys121 is also crucial for
glycosylase activity (Doi et al 1992). The substitution of
His16 for other amino acids (Alal6, Cys16, Aspl16, Glul6,
Lys16, GIn16, or Ser16) decreased the enzyme activity to
a varying degree. The authors of this study supposed that
His16 might participate in the formation of an intermedi-
ate Schiff base (Meador et al. 2004).

Substrate specificity of DenV

According to the literature data, the main substrate of
DenV is cyclobutane pyrimidine dimers. This type of
abnormality consists in the formation of a cyclobutane
ring between 5,6-bonds of two pyrimidine bases. Such
cross-links can occur in the TAT, TAC, and CAC pairs;
most often, however, they are found in the TAT pairs
(Friedberg et al. 2006). It seems DenV can effectively
cleave the glycosidic bond of the following photoprod-
ucts: TAT, CAT, CAC, and TAS5-HMC. It was also noted
that the efficiency of catalysis depended on the DNA
sequence (Childs et al. 1983). A number of bacterio-
phages are known to contain non-canonical DNA bases
(Nikulin and Zimin 2021), and some of these bases can
form photoproducts, including CPD (Kim et al, 2013). In
the DNA of wild-type T4 bacteriophage, cytosine is com-
pletely replaced with 5'-hydroxymethylcytosine (5-HMC)
and its glucosylated variant (Miller et al. 2003a). These
non-canonical bases are prone to the formation of pho-
toproducts (Childs et al. 1983). Under UV C (254 nm),
the probability of TA5-HMC dimerization is quite low,
yet it increases significantly under sunlight (>313 nm).
Photoreactivation of photoproducts of non-canonical bases
is inefficient: twice as low as that of canonical bases. Cor-
respondingly, the lethality from 5-HMCAT dimerization in
phages was shown to be substantially higher. Experiments
with mutant phages, in which denV gene was knocked out,
showed their decreased resistance to UV (Childs et al.
1978). These phages were 2-2.5 times more sensitive to
UV C (254 nm) and 4-5 times more sensitive to UV B
(302-305 nm) (Childs et al. 1978, 1983). The activity of
DenV on substrates containing the oxidation products of
purines and pyrimidines was not found to be high. Some
studies demonstrated that DenV was also able to recog-
nize other damaged bases: O-methylhydroxylamine and
O-benzylhydroxylamine—although the efficiency of the
recognition was rather low (Purmal et al. 1996). There
were also studies indicating that DenV was able to recog-
nize formadylpyrimidine products (FapyA). However, the
efficiency of their elimination from DNA was less than 1%
of the elimination rate of CPD (Dizdaroglu et al. 1996).

Glycosylase of chlorella virus (Cv-pdg)

One of the known homologs of DenV T4 among eukary-
otic viruses is glycosylase of chlorella viruses (Cv-pdg).
Cv-pdg has 41% homology with DenV T4 (McCullough
et al. 1998) and a similar mechanism of action: It performs
a nucleophilic N-terminal attack to cleave the glycosidic
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bond, with the protonation mediated by Glu23, as is case
with DenV (Garvish and Lloyd 1999). This is followed by
B-elimination, and the end product is, as in case of DenV,
a 3'-a,p-unsaturated aldehyde formed after -elimination
at the abase site. If there is an excess of the enzyme, one
can observe the formation of products characteristic of
o-elimination (Garvish and Lloyd 1999). The modeling
of Cv-pdg structure upon interaction of the enzyme with
DNA showed that the location of major regions of the
active site is similar for both glycosylases (Zhu et al 1999).
For DenV, these are Thr2, Arg3, and Gln15-Arg26; Lys33,
His34, Gly55-Tyr61, Gln71, Gly82-GIn91, and GIn124-
Lys130. For Cv-pdg, the catalytically important residues
are located at the same sites, but there are also substitu-
tions. Near the N-terminus, the main difference is Pro25-
Arg26 in DenV versus Lys25-Met26 in Cv-pdg. Presum-
ably, this substitution also increases the catalytic activity
of Cv-pdg. On the basis of the results of modeling, the
authors hypothesized that mutants of Cv-pdg by Met26Arg
and Argl30 would have a strongly modified catalytic
activity and binding of the enzyme to DNA, respectively
(Zhu et al 1999).

A homolog of Cv-pdg was also found in the Acanthocystis
turfacea chlorella virus (ATCV-1) (Fitzgerald et al 2007).

Substrate specificity of Cv-pdg

Despite the similarity between DenV and Cv-pdg, the latter
has a broader substrate specificity. Cv-pdg can use various
CPD photoisomers as substrates—in particular, trans-syn
I dimers. The catalytic activity of Cv-pdg towards cis-
syn dimers is higher than that of DenV (McCullough et al.
1998). Presumably, the broad substrate specificity of Cv-
pdg, as compared to DenV, is related to a certain flexibility
of its active site. In addition, Cv-pdg was shown to have a
higher surface charge and a less dense packing of its poly-
peptide chain (Zhu et al. 1999). Cv-pdg is also character-
ized by a higher degree of processivity, which, in contrast to
DenV, is not reduced at high salt concentrations. The Cv-pdg
glycosylase was demonstrated to cleave not only cyclobutane
dimers, but also products of the UV-induced free-radical
oxidation—formamidopyrimidines (FapyAde and FapyGua)
(Jaruga et al. 2002). An example of the enzyme that has
catalytic activity towards such substrates is Fdg of E. coli.

Biological importance of DenV for viruses

The question of biological importance of DenV T4 and Cv-
pdg for viruses has been repeatedly raised in the studies of
these enzymes. As mentioned above, viruses (except giant
ones) generally have a compact genome, which does not
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include genetic information about the systems whose ana-
logs and homologs are available in the hosts of those viruses.
At present, only a few groups of viruses are known to have
homologs of DNA glycosylases, whose functions are also
encoded in the host cells (Zharvov 2008; Dizdaroglu et al.
2017; Mechetin et al. 2020). For example, many herpesvi-
ruses are found to encode DNA glycosylases (UL,) which
cut out uracil when it is included or formed in the phage
DNA (Dogrammatzis et al. 2020). It was demonstrated that
virus MHV68, mutant for UL,, had serious defects, appear-
ing in the process of its replication and pathogenesis (Dong
et al. 2018). Correspondingly, UL, was suggested to be nec-
essary to stabilize the genome of herpes viruses. It should be
noted that Tevenvirinae bacteriophages, most of which seem
to have DenV, are now united with herpes viruses in a single
taxon, Heunggongvirae. At the same time, glycosylases of
these viruses are different enough to be compared with each
other. The main difference between them consists in their
substrate specificity and the related functionality—in other
words, in their biological importance for these viruses.

The main substrates for DenV T4 are pyrimidine dimers
(Bernstein 1981). BER is not the only repair system known
to deal with this type of photodamage in living organisms.
Common in bacteria and eukaryotes are also NER (nucleo-
tide excision repair) and the direct repair system (Fried-
berg et al. 2006; Chatterjee and Walker 2017). NER makes
it possible to recognize and remove quite large damaged
areas of DNA, including CPD-containing regions. The sys-
tem of direct repair is based on the operation of DNA pho-
tolyases. Both systems are present in E. coli, the main host
of Tevenvirinae bacteriophages. As found in the 1960s, the
E. coli endonuclease UvrABC is not involved in the repair
of the phage DNA: The experiments showed no difference
in the UV sensitivity of phages cultivated in wild-type and
UvrABC-deficient E. coli (Harm 1968). Moreover, it was
demonstrated that most of the DNA damage caused by far
UV light in phage T4, as well as other T-even bacterio-
phages, was repaired by photoreactivation (Harm 1968;
Dulbecco 1950, 1952). At the same time, it was found that
phage T4 was twice as resistant to UV radiation as phage
T2 (Luria and Dulbecco 1949; Luria 1947). Presumably,
this difference is related to DenV: It is absent in T2 (Bern-
stein and Wallace 1983). In this case, why does T4 need
its own glycosylase specifically aimed at removing CPD?
Evidently, the main function is additional protection of
phage DNA from UV. UV is the strongest mutagenic factor
of sunlight, which living organisms have had to cope with
since the “dawn of time”—so they had to acquire effective
methods of protecting their DNA. Moreover, cells often
have multiple repair enzymes, the substrates of which are
different photoproducts. Phage T4 also has several clusters of
genes related to different repair systems, which can be imple-
mented in the infected host cell (Bernstein and Wallace 1983;
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Miller et al. 2003a). For example, it carries genes of the
UvsXWY system, a system of recombinational repair in
which UvsX is a homolog of the E. coli protein RecA
(Miller et al. 2003a, b). Proteins of the UvsXWY system
are capable of repairing rather large DNA regions. UsvX
was also demonstrated to remove different types of DNA
abnormalities caused by various factors, including UV
radiation (Bernstein and Wallace 1983). The comparison
of the two repair systems showed that the DenV pathway
mostly removed thymine dimers, whereas the UvsX path-
way could deal with all kinds of lethal UV-induced DNA
abnormalities (Meistrich 1972; Meistrich and Drake 1972).
Another factor, which should be considered in the analysis
of these two repair systems, is their role at different stages
of the phage life cycle. DenV appears to work at the early
stage: The enzyme was shown to remove up to 50% of all
thymine dimers from phage DNA within the first 5 min of
infection (Pawl et al 1976). It should also be noted that denV
is located under the early promoter of the T4 genome (Fried-
berg and King 1971; Miller et al. 2003a). It seems one of
the tasks of this repair system is to quickly restore damaged
DNA before the start of replication. Put forward in some
phylogenetic studies was also a theory that DenV might
serve as a reserve for the NER system of the host cell, revi-
talizing defective repair systems in mutant host forms (Eisen
and Hanawalt 1999). There are experimental data which
support this assumption. It was shown, for example, that the
infection of UvrABC-mutant E. coli strains with denV-con-
taining T4 phages increased the survival rate of the bacterial
cells after UV irradiation (Harm 1968). Furthermore, our
earlier small-scale bioinformatic surveys showed that DenV
and its homologs are quite common among living organisms
of surface ocean waters (Karmanova and Zimin 2020). On
the basis of those studies, we hypothesized that DenV might
provide extra protection for the bacteria exposed to intense
UV irradiation, maintaining vital functions of the bacterial
cells during the phage infection.

Cv-pdg has a broader substrate specificity than DenV T4
and is able to interact with quite a large number of photoprod-
ucts, which makes this enzyme more versatile in repairing
the UV-related damage. The researchers studying this glyco-
sylase attributed its broad specificity to the supposition that
CPD photoisomers were the most lethal threat for the virus,
especially at the beginning of its replication (McCullough
et al. 1998). Another study suggested that in the process of
evolution, Cv-pdg underwent a strong selection, which par-
ticularly affected the active site of the enzyme (Jaruga et al.
2002). The main habitat of chlorella viruses is the surface
waters of various water bodies, i.e., areas exposed to intense
UV radiation. Thus, the broad substrate specificity of Cv-pdg
was essential for chlorella viruses to survive.

How comes that two groups of viruses, which are quite
distant from each other phylogenetically, have similar, in
respect to their amino acid sequences, glycosylases? This is
quite an interesting question, for which we did a little bioin-
formatics analysis, described in the next chapter.

Meta-analysis of viruses containing DenV
homologs using bioinformatics tools

To look into this problem, we have performed a multifacto-
rial analysis of literature data and genetic sequences from
GenBank. The analysis of GenBank sequences was carried
out using BLAST algorithms, the package GET_HOMO-
LOGUES and network analysis. Network analysis is an
approach widely used in various fields of science, e.g., soci-
ology or astronomy. In biology, it is applied, for example, to
study gene expression or distribution of individual proteins
on the tree of life. The objective of our study was to find an
answer to the question posed above: Why DenV of phage T4
has homologous glycosylases found in the representatives of
phylogenetically distant groups of viruses.

To see how widespread are homologs of DenV T4 gly-
cosylase over viral taxa, we have reviewed literature data
and analyzed all the viral sequences available in the NR
databases using PSI-BLAST algorithms.

As aresult, we have found 414 homologs, more than half
of which (254) belongs to viruses of the phage T4 subfamily,
Tevenvirinae (Table 1, Supplementary 1). It seems DenV
is spread over most genera of this subfamily Tevenvirinae:
Tequatrovirus, Dhakavirus, Gaprivervirus, Gelderlandvirus,
Moonvirus, Mosigvirus, and Schizotequatrovirus. It should
be noted that within this taxon, Schizotequatrovirus glyco-
sylases are the most different from other homologs in terms
of their amino acid sequence.

In addition, DenV homologs have been found in other
Myoviridae taxa: Alcyoneusvirus, Asteriusvirus, Biquarta-
virus, Busanvirus, Eneladusvirus, Kafunavirus, Kanaga-
wavirus, Marfavirus, Mimasvirus, Muldoonvirus, Tegu-
navirus, Shandongvirus, Tulanevirus, Winklervirus, and
Vequintavirinae. A smaller number of homologs have also
been revealed in the taxa Ackermanviridae, Demerecviri-
dae, Podoviridae, and Siphoviridae. DenV homologs are
also present in viruses of eukaryotic hosts: already discussed
Cv-pdg in Chlorovirus and a homolog in Emiliania huxleyi
virus 86, a virus of coccolithophores (Coccolithovirus).
The latter consists of 128 amino acid residues; the authors
who sequenced this protein suggested that this was a gly-
cosylase of pyrimidine dimers, similar to DenV (Wilson
et al. 2005). Some DenV homologs have also been found in
unclassified Caudovirales viruses and in other, completely
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unclassified, viruses. Thus, DenV glycosylase seems to be
widespread in the caudate bacteriophages Caudovirales—
in particular, in Myoviridae and algal viruses (in the taxon
Phycodnaviridae).

To compare DenV homologs with each other, we have
built their phylogenetic tree, which is given in Fig. 1.

As one can see, the tree turned out to be quite hetero-
geneous. Three large clades can be distinguished. The first
clade includes sequences of the majority of Myoviridae
and unclassified phages of acromonads and vibriobacteria.
The second clade is formed by sequences of most of the
Ackermanviridae taxa, vibriophages from the family Myo-
viridae, Roseobacter sp. phage of Siphoviridae, and some
unclassified phages whose main habitat is water bodies.
This clade also includes the DenV homolog of Emiliania

huxleyi virus 86. The third clade is formed by sequences
of Myoviridae phages, unclassified phages, and Cv-pdg of
Chlorella viruses (Chlorovirus). Thus, each clade of the
tree contains amino acid sequences from the Myoviridae
family, with DenV of Emiliania huxleyi virus 86 occu-
pying an intermediate position between the bacterial and
algal domains.

To show relationships between the viruses that encode
DenV homologs, a bipartite network was built (Fig. 2).

In the network, one can see two large and very dis-
tant nodes. The first is formed by genomes of Myoviridae
viruses encoding DenV homologs. The second is formed by
genomes of Chlorella sp. viruses (Chlorovirus) encoding
DenV Cv-pdg homologs. The nodes are interconnected by
the genome of another algovirus, Emiliania huxleyi virus

AZV01936.1_Aeromonas_phage_Akh-2
YP_008239698.1_Vibrio_phage_VPMSI

81

YP_293985.1_FEmiliania_huxleyi_virus_86
UGC98050.1_0Oceanospirillum_phage_vB_OsaM_PD0307
ARB06285.1_Shewanella_phage_SppYZUOI
QDP53519.1_Prokaryotic_dsDNA_virus_sp.
QXN72363.1_Rhodobacter_phage_RcSimone-Hastad

7

74

12
Myoviridae

Siphoviridae of Roseobacter

Chlorovirus

CAB4127320.1_uncultured_Caudovirales_phage
Siphoviridae of Pseudomonas
YP_009609618.1_Acidovorax_phage_ACP17
CAB4194428.1_uncultured_Caudovirales_phage
BAQ93055.1_uncultured_Mediterranean_phage_uvMED
LT—SS Myoviridae
YP_009833124.1_Aeromonas_phage_phiA8-29
YP_009037202.1_Nitrincola_phage_IM3-16
Myoviridae

Fig. 1 Phylogenetic tree of DenV homologs. The tree was con-
structed using the IQ-TREE software (Nguyen et al 2015; Minh
et al 2013). The amino acid sequences were preliminarily aligned
by MUSCLE algorithm using the MEGAX program (Kumar et al.
2018). The branches of DenV-containing viruses belonging to a
common family (and, in case of Chlorovirus, to the family Phycod-
naviridae) were collapsed. In some collapsed branches, a common
downstream taxon was marked if it was common for all the DenV-
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containing viruses located in the branch. Ultrafast bootstrap sup-
port was used (Hoang et al. 2018). A full tree with non-collapsed
branches is presented in Supplementary 2. A fragment of the amino
acid sequence ROS1 by Arabidopsis thaliana (GenBank: AAP37178.,
region 884-1055, CDD: 419995), containing domain with bifunc-
tional DNA glycosylase/lyase activity, was used to build the tree
(Gong et al. 2002)
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Fig. 2 Bipartite network

of viruses encoding DenV B Myoviridae

homologs. The bipartite B Ackermanviviioe
network was built on the basis Vi

of a presence/absence matrix [Demer: ecvir idae

of homologous clusters in [E Chlor DRI '
Tevenvirinae genomes obtained M unclassified Caudovirales
with GET_HOMOLOGUES [OPodoviridae
(Contreras-Moreira and Vinuesa 1 [@Siphoviridae

2013). The network was
visualized with Cytoscape v.
3.8.2., using the “Prefuse Force
Directed Layout” algorithm
(10,000 iterations) (Shannon
et al. 2003). Nodes of partly
or fully unclassified phages
belonging to the same family,
as well as nodes of viruses
infecting eukaryotic hosts and
belonging to the same genus,
were collapsed

86, which belongs to the taxon of Coccolithovirus. The
remaining viral genomes, encoding DenV homologs, are
also grouped into nodes by their families; overall, they have
more ties to Myoviridae genomes.

Both the genetic evolutionary network and phylogenetic
tree indicate that, at some point, there was a horizontal trans-
fer of DenV between the ancestral forms of Caudovirales
and algaviruses. This supposition explains such a strange
distribution of DenV over groups of viruses which are not
strongly interconnected and whose hosts belong to differ-
ent life domains. How the transfer happened is yet to be
studied. One peculiar circumstance that should be noted,
though, is that coccolithophore (the hosts of coccolithovi-
ruses) can form around themselves a phycosphere, which
includes many different types of bacteria, bacteriophages,
and algal viruses. They all closely interact with each other,
regulating each other’s vital activity (Nissimov et al. 2012;
Kuhlisch et al. 2021). Perhaps, the transfer occurred in this
unusual ecological niche.

On the basis of our multifactorial analysis, we also sup-
pose that the biological importance of DenV for phages is
related to the fact that, initially, this glycosylase was able to
recognize and cleave CPD formed from non-canonical bases.
A possible argument in favor of this hypothesis can be found
in a recent theoretical paper about evolution of DNA repair
systems. According to the paper, bifunctional glycosylases
should have appeared very early; however, they were differ-
ent from modern glycosylases. The authors also suggested
that AP endonucleases and DNA glycosylases could have
evolved in parallel with the emergence of DNA genomes,
not only protecting them from damage, but also eliminat-
ing non-standard bases (including U, Hx, pseudouridine,

B Coccolithovirus
W unclassified viruses

N6-methyladenine, SmeC) (Prorok et al. 2021). Moreover,
the BER pathway seems to have a functional advantage in
this case, since photoreactivation of 5-HMC- and gluco-
sylated 5-HMC-containing dimers is, as mentioned earlier,
less efficient. This supposition is also supported by our data
on the prevalence of DenV homologs among Tevenvirinae
bacteriophages and other phage subfamilies that have non-
canonical bases in their genomic DNA (Nikulin and Zimin
2021). Further studies are necessary, though, to either con-
firm or refute this hypothesis.

Conclusions

Thus, the main conclusion of this review is that the appear-
ance of DenV, as a specific type of pyrimidine dimer gly-
cosylase, is evolutionary linked to the emergence of non-
canonical nitrogenous bases in DNA. Non-canonical bases,
which are widespread in various groups of bacteriophages,
are probably “remnants of the ancient experiments of
nature” on the optimal composition of DNA, most resist-
ant to certain environmental pressures. We suppose that the
DenV-based repair pathway, which is aimed at the removal
of abnormalities caused by shortwave sunlight, appeared and
was later fixed in the process of evolution due to two fac-
tors: (1) high insolation during the times when the layer of
Earth’s atmosphere was thin, and (2) a much wider spread
of nucleotides of diverse chemical structure (which are cur-
rently called non-canonical). The DenV enzyme has been
preserved—and now we can see its spread in the viruses that
need to survive in high-insolation biotopes.
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