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ABSTRACT The DNA in bacterial viruses collectively contains a rich, yet
relatively underexplored, chemical diversity of nucleobases beyond the
canonical adenine, guanine, cytosine, and thymine. Herein, we review
what is known about the genetic and biochemical basis for the biosynthe-
sis of complex DNA modifications, also called DNA hypermodifications, in
the DNA of tailed bacteriophages infecting Escherichia coli and
Salmonella enterica. These modifications, and their diversification, likely
arose out of the evolutionary arms race between bacteriophages and their
cellular hosts. Despite their apparent diversity in chemical structure, the
syntheses of various hypermodified bases share some common themes.
Hypermodifications form through virus-directed synthesis of noncanonical
deoxyribonucleotide triphosphates, direct modification DNA, or a combi-
nation of both. Hypermodification enzymes are often encoded in modular
operons reminiscent of biosynthetic gene clusters observed in natural
product biosynthesis. The study of phage-hypermodified DNA provides
an exciting opportunity to expand what is known about the enzyme-cata-
lyzed chemistry of nucleic acids and will yield new tools for the manipula-
tion and interrogation of DNA.

KEYWORDS DNA synthesis, hypermodified bases, nucleotide metabolism, nucleotides,
oligonucleotides

The tailed double-stranded DNA (dsDNA) viruses of bacteria (Caudovirales)
contain the largest diversity of naturally occurring noncanonical deoxynucleoti-
des anywhere in the biological world. To date, more than 21 modified nucleo-
tides have been observed in the DNA of bacteriophages (1), and many more
modifications await discovery (2). Beyond the well-understood and relatively
simple methyltransferase-catalyzed modifications to DNA at N-6 in adenosine,
as well as N-4 and C-5 in cytosine, each of the bases in phage DNA can harbor
other modifications that are complex both in their chemical structures and in
their biosynthesis pathways (3). These modifications deriving from sugars, amino
acids, and deazapurines mirror the diversity of hypermodifications found in
tRNAs (4). It should come as no surprise then that the microcosm of phages
infecting Escherichia coli and Salmonella species reflects this diversity as a
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FIG 1 DNA and its substituents. A schematic representation of a single strand of DNA
composed of four different nucleotides showing the component parts phosphate, 2'-
deoxyribose, and nucleobase. The four nucleotides are linked via a phosphodiester bond
between the 3" and 5" carbon of the adjacent base. The atoms of the nucleobase heterocycles,

as well as the deoxyribose, are numbered according to accepted chemical convention.

whole, and among the phages of EcoSal can be found exam-
ples of hypermodifications to each of the four canonical
bases of DNA.

THE CHEMICAL LANDSCAPE OF DNA
MODIFICATION

Similar to its cellular hosts, the DNA of the Caudovirales is
a complementary double-stranded heteropolymer of nucle-
otides, each composed of a phosphate, a 2’-deoxyribose,
and one of four bases, including adenine, guanine, cytosine,
and thymine, as shown in Fig. 1. The nucleotide forms of
the bases (i.e., with one or more phosphates), as well as the
corresponding nucleoside (i.e., the base and sugar alone) are
adenosine (A), guanosine (G), cytidine (C), and thymidine
(T). Where clarity is required, these single-letter abbrevia-
tions are preceded by a lowercase “d” (abbreviation for 2'-
deoxyribose) in order to distinguish them from their RNA
counterparts. The nucleobase portion of the nucleotide is

the primary site of DNA modification. The nucleobases of
DNA consist of the heterocyclic purines (adenine and
guanine) and the pyrimidines (cytosine and thymine).
Abbreviations for modified bases often indicate the
atom at the point of attachment between the modifying sub-
stituent and the base heterocycle according to the commonly
accepted numbering scheme (e.g., 5mC for 5-methylcytidine;
see also Fig. 1). A similar numbering scheme exists for the
atoms of the sugar backbone, where each number is followed
by a prime symbol (e.g, 5'-PO, and 3'-OH) to differentiate
them from the atoms of the base.

The nucleobase portion of the DNA carries out several
functions. Principally, it supplies the information for
templated synthesis of a complementary strand during
replication and transcription. DNA is maintained in
the dsDNA state via hydrogen bonding between the
bases of antiparallel strands across the Watson-Crick inter-
face. Modifications and adducts along this edge of the base
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FIG 2 Examples of base hypermodifications observed in bacteriophage DNA.

potentially interfere with base pairing. Therefore, there are
limited portions of the DNA base that can tolerate modifi-
cation, which may partly explain the greater diversity of
modifications seen in tRNA where regions of the molecule
are not required to conform to Watson-Crick bonding geo-
metries. To date, the sites of hypermodification seen in
phages of Enterobacteriaceae are at position N-7 of dG, N-6
of dA, and C-5 of both dC and dT, and examples of these
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are shown in Fig. 2. Biological modifications to the phos-
phate backbone of DNA do occur as phosphorothioates
(5), where a nonbridging oxygen is replaced with sulfur,
but these have not yet been observed in bacteriophages.
Modifications to the sugar portion of nucleotides occur in
RNA in the form of methylation at the 2" OH of the ribose
(6), but the 2’-deoxyribose of DNA lacks this acceptor
group, and the 3’ oxygen is occupied as part of the
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phosphodiester bond linking adjacent nucleotides, so one
would not expect modifications to the sugar portion of
nucleotides in DNA to occur.

THE ROLES OF HYPERMODIFIED DNA
Although we choose here to focus on the biochemical and
genetic aspects of the synthesis of hypermodified bases, these
modifications undoubtedly affect viral fitness. Hypermodified
bases in bacteriophage DNA evolved, in part, under the selec-
tion pressure of an arms race between viruses and their hosts.
Nucleobase hypermodifications render viral DNA resistant to
cleavage by the endonuclease components of restriction modi-
fication (RM) systems of their cellular hosts (7-11), the most
common system of defense in bacteria. In response, cellular
hosts respond to the “armor” of hypermodified DNA through
the evolution of modification-dependent endonucleases, such
as the glucosylmethylcytidine-targeting type IV restriction en-
donuclease GmrSD (12, 13), encoded by a subset of E. coli
strains (and discussed in further detail below). Other analo-
gous networks of measure/countermeasures are sure to be
found in the phages of E. coli and Salmonella. An understand-
ing of the biochemical and genetic basis for the synthesis of
DNA hypermodifications complements our understanding of
their biological roles and can also provide the basis for predict-
ing which phages contain hypermodified bases in their DNA.

Base modifications may also have more subtle functions
affecting viral fitness. Modified bases contribute to DNA
polymers with physicochemical properties different from
their canonical counterparts. For example, the cyanophage
S-2L fully replaces its adenines with 2-aminoadenine
(14-16). This extra amino group at the 2 position of the
purine ring can hydrogen bond with normally unpaired
keto-oxygen at position 2 of thymine. The result is an A-T
triple hydrogen bond and a DNA polymer having a melt-
ing temperature (7,,) much higher than would be pre-
dicted from a canonical DNA of equal GC content. DNA
of the Delftia phage ®W-14 contains a putrescine moiety
attached to the 5 position of thymidine (a-putT) (17).
Under physiological conditions, the free amino group of
the putrescine adduct is likely positively charged and may
counteract the negative charge of the phosphate DNA
backbone. Experiments measuring DNA length and cap-
sid volume indicate that the DNA of this phage is packed
at a 25% higher density in the capsid than phages with ca-
nonical DNA (18). Finally, modification-dependent gene
regulation could be an additional function potentially pro-
vided by modified bases as suggested by phage transcription

factor TF1-specific binding of 5-hydroxymethyl-2’-deoxyuri-
dine (5ShmU) DNA in Bacillus phage SPO1 (19).

HOW DNA IS MODIFIED

Bacteriophages use a range of mechanisms operating
before and/or after DNA replication to synthesize DNA
containing modified bases (3, 20, 21). A range of bases
can be completely or partially modified. Some phages
have one base completely substituted for another. Other
phages replicate their DNA with canonical bases but mod-
ify a subset of them just prior to encapsidation. Still others
completely replace one kind of nucleotide with one con-
taining a noncanonical base, and these noncanonical bases
are further modified postreplicatively. Many of these path-
ways of modification rely on a combination of host and
phage-encoded functions such that the phage can be
viewed as a metabolic engineer subverting the host metab-
olism for its own ends with brutal efficiency.

THE HYPERMODIFIED BASES

Guanosine. (i) Discovery of deazaguanine modifications
in DNA. Deazaguanine derivatives are well-known mod-
ifications of tRNA molecules. In bacteria and eukar-
yotes, queuosine (Q) is found at position 34 of tRNAs
harboring GUN anticodons (4). In archaea, archaeosine
(G*) is found at position 14 or 15 of numerous tRNAs
(4). The discovery of paralogs of tRNA-guanine trans-
glycosylase (TGT), the signature enzyme of Q and G*
synthesis pathways, clustering with DNA processing
genes in bacteria and phage genomes suggested that
deazaguanine derivatives could also be found in DNA
(22). These TGT paralogs were initially detected in E. coli
E22 and S. enterica subsp. enterica serovar Montevideo (22).
Small amounts of 7-amido-7-deazaguanine (ADG; 0.04%
Gs) and even fewer amounts of 7-cyano-7-deazaguanine
(preQy; 0.00025% Gs) were detected, in the genomic DNA
of S. Montevideo, both being precursors of the Q and G*
tRNA modification (4). The presence of these two modifica-
tions was associated with a cluster of 11 genes (Fig. 3A).
Indeed, the deletion of this whole cluster in S. Montevideo
led to the disappearance of both dADG and dPreQ,. This
cluster of genes was renamed dpd, for deazapurine in DNA,
with DpdA being the paralog of TGT. This cluster was
detected in 44 E. coli and 80 S. enterica genomes at the time
of the analysis, most of them of the Montevideo serovar, and
one Tennessee (22). It was later shown that only 3 of the 11
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genes were required for the synthesis of the JADG modifica-
tion, including dpdA, dpdB, and dpdC (23). Another homo-
log of TGT/DpdA was found encoded in Escherichia phage
9g, strongly clustering with homologs of genes involved in
G™ synthesis and DNA-processing enzymes (22) (Fig. 3A).

synthase (QueC) consuming two ATP molecules and going
through an ADG intermediate (32, 33). E. coli and S. enterica
also encode a specific transporter of preQ, and preQ,
(another intermediate of the Q pathway) called YhhQ
(Fig. 3B) (33). Some phages also encode this transporter,

Further analysis showed that 25% of the guanines in DNA
were replaced by the G* base in this phage (8, 22).
Additional analyses of phage genomes later revealed
that phages harbored 4 different deazaguanine modifi-
cations, including preQ,, ADG, G*, and 7-aminomethyl-7-
deazaguanine (preQ,) (7, 24). It was shown that DpdA alone
was sufficient for dPreQ, modification in vivo, but the addi-
tion of Gat-QueC was required to obtain dG* (7). Based
on genome sequences, additional phages of Escherichia and
Salmonella are predicted to be modified with deazaguanines

(7, 25).

(i) Path to preQ,. All sequenced E. coli and S. enterica
genomes encode the entire de novo pathway, leading to the
insertion of Q in tRNAs (7). One of the Q pathway inter-
mediates is preQ,, which is also used by DpdA to modify
DNA. Four enzymes are required to produce preQ, from
GTP, as diagrammed in Fig. 3B (4). Some phages encode all
of these enzymes as well, such as Escherichia phages 9g and
CAjan (Fig. 3A) (7, 22). The first step of preQ, synthesis is
shared with that of tetrahydrofolate (THF) (26). GTP cyclo-
hydrolase I (FolE) catalyzes the formation of dihydroneop-
terin triphosphate (H,NTP) from GTP, releasing formic acid
(26, 27). This enzyme is a tunnel-fold (T-fold) enzyme, using
a Zn2* cation cofactor (28). The first dedicated step of the
preQ, synthesis pathway is the hydrolysis of H,NTP into 6-
carboxyl-5,5,7,8-tetrahydropterin (CPH,), catalyzed by CPH,
synthase (QueD) (29). This enzyme is also a T-fold protein
and a member of the COGO0720 family that contains close
homologs involved in THF and BH, synthesis that are diffi-
cult to differentiate based on sequence similarity alone (30).
CPH, is then transformed into 7-carboxy-7-deazaguanine
(CDG) by CDG synthase (QueE). This enzyme is a member
of the radical S-adenosyl-L-methionine (SAM) superfamily
(31). The carboxyl group of CDG is then replaced by a nitrile
group to form preQ,. This reaction is catalyzed by preQ,

such as Escherichia phage CAjan (Fig. 3A) (7).

(iii) DpdA is the central protein of this DNA modification
pathway. DpdA is a transglycosylase that replaces guanine
in DNA by preQ,, similar to its TGT homolog in tRNA (7,
23, 34). This is the first step, and for some phages the last,
in modification of DNA by deazaguanines. Both the bacte-
rial and phage DpdA proteins can modify plasmid DNA
with preQ, if this base is available (7, 23). No structure is
available to date, but it has been shown that DpdA shares
essential amino acids with TGT, notably involved in sub-
strate specificity and binding and catalytic activity (7, 22).
These conserved amino acids were confirmed by modeling
DpdA from Escherichia phage CAjan (34). It also seems
that in this model, DpdA would have difficulty fully binding
to a double-stranded DNA molecule, and a conformational
change or a partial melting of the DNA would be required
(34). The sequence specificity for Escherichia coli CAjan
DpdA has also been determined. This enzyme recognizes
two short sequences, GA and GGC (34). The sequence speci-
ficity of the bacterial DpdA is still to be determined. Though
it can bind DNA by itself, it requires DpdB to modify DNA
(23). DpdB is a distant homolog of DndB (22), a regulator
involved in the sequence specificity of the phosphorothioate
DNA modification in Streptomyces lividans (35). This indi-
cates that DpdB could play a major role in the sequence rec-
ognition of the bacterial DNA modification system.

(iv) Beyond preQy. Though DpdA inserts preQ, in DNA,
it is not always the final modification observed (Fig. 3B).
For example, ADG is present in S. Montevideo. Although,
ADG is an intermediate in the synthesis of preQ, from
CDG by QueC, it was shown that ADG observed in S.
Montevideo DNA is produced by the oxidation of preQ,
already inserted in DNA, a reaction catalyzed by DpdC

FIG 3 Genes and biosynthesis of deazaguanosine DNA. (A) Subgenomic regions depicting biosynthetic gene clusters that lead to dG*,
dPreQ,, or dADG for bacteria-modified DNA are shown. (B) Biosynthetic pathways leading to deazaguanosine modifications in DNA are
shown. The phage genomes can be classified into the following 3 groups: phages encoding the full pathway to dPreQ, (dPreQ, phages) or
to dG* (dG* phages), and phages encoding only DpdA (“dpdA-only” phages). In addition to encoded biosynthetic functions discussed in
the text, landmark genes are indicated, such as DNA polymerase (green), integrase, erf (essential for recombination function), a lambda-
like beta/exo/gam cassette, and lipopolysaccharide (LPS)-modifying genes (gtrC-like).
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(23). It is to be noted that ADG was also found in phage
genomes, including Salmonella phage 7-11, that encode
only for a DpdA (Fig. 3A) (7). The biosynthetic pathway
has yet to be fully determined. Another variation is found
in Escherichia phage 9g that, similar to archaeal tRNAs,
harbors a G* base. Indeed, phage 9g encodes a homolog
of a fusion between a glutamine amidotransferase class II
(GAT) domain and QueC previously shown to be
involved in G* synthesis in archaea (22, 36). It was shown
that dG* in DNA can be produced when both phage 9¢g
DpdA and Gat-QueC were produced in an E. coli already
producing the preQ, base (7). It was also found that halo-
virus HVTV-1 DNA is modified with preQ,, most likely
by the activity of the homolog of QueF encoded in
HVTV-1 genome (7). Thus far, no phages of E. coli or .
enterica were found to encode a homolog of QueF, mak-
ing it unlikely to find preQ, in the phages of these species.

(v) Role of deazaguanine modifications. For the bacterial
dpd system, the main hypothesis so far is that it is a restric-
tion modification system. Indeed, unmodified plasmids trans-
form with a lesser efficiency than ADG-modified plasmids
(~600-fold difference) in S. Montevideo encoding the dpd
cluster (22). No difference in transformation efficiency was
observed when the recipient strain lacked the dpd cluster.
The dpdD-] genes are not required for the modification syn-
thesis, and it was only possible to delete the genes involved in
the ADG modification in a dpdD mutant (23). The deletion
of dpdD, dpdE, dpdG, dpdl, dpd], or dpdK, but not dpdF or
dpdH, resulted in a high efficiency of transformation of
unmodified plasmids. These phenotypes were complemented
by expression in trans of the deleted gene, suggesting that all
of these genes are involved in restriction (23).

To date, no restriction enzyme linked to the presence of
deazaguanines was identified in phages. However, Escherichia
phages modified with deazaguanines were found to be resist-
ant to various degrees to a large set of restrictions enzymes,
but each modification confers resistance to a different
set of enzymes. For example, Escherichia phage 9g, modi-
fied by G+, is completely resistant to EcoRI and Swal, but
Escherichia phage CAjan, modified by preQ,, is not (7, 8, 37).

Adenosine. (i) An enigmatic adenosine derivative in
phage Mu. To date, the only known postreplicatively hyper-
modified adenine found in DNA is a-N-(9-,3D-2"-deoxyri-
bofuranosylpurin-6-yl)glycinamide of E. coli bacteriophage

EcoSalPlus.asm.org
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Mu, shown in Fig. 2. Originally abbreviated as dA',, this
modification is also known as ncm6dA (short for N-6-ami-
nocarboxymethyl-2'-deoxyadenosine) to more closely follow
naming conventions for RNA hypermodifications.
Approximately 15% of adenine bases are thus modified in
phage Mu virion DNA (38) and are known to confer resist-
ance to restriction endonuclease systems in vivo (39) and in
vitro (40). Mutants defective in the protective function were
mapped to the Mu mom gene (modification of Mu) encod-
ing the Mom enzyme, whose expression has been shown to
be subject to an unusual combination of epigenetic, tran-
scriptional, and translational control mechanisms (41).

Despite extensive investigations into the complexities of
mom expression, the mechanism by which the Mom
enzyme synthesizes ncm6dA is not well understood, though
interesting clues have been found. Using a combination of
sensitive homology detection and structural modeling,
Kaminska and Bujnicki revealed that Mom is a member of
the GCN5-related N-acetyltransferase (GNAT) superfamily
(42). They further pointed out that the original work on the
structure of the Mu-modified adenosine did not distinguish
between the currently accepted structure (as presented in
Fig. 2) and a structural isomer consisting of a glycinamide
group appended to N-6 of adenine. However, a coenzyme A
(CoA) cofactor carrying a glycinamide group has never been
observed, and later work by Karambelkar and coworkers,
using collisional-induced  dissociation-mass spectrometry
(CID-MS), supports the accepted structure of ncm6dA (43).
In that work, Karambelkar et al. also showed that recombi-
nant expression of the Mom enzyme alone in E. coli was suf-
ficient to convert a subset of adenines to the hypermodified
form. Although they were unable to reconstitute the adeno-
sine modification in vitro, purified Mom was shown to bind
iron with micromolar affinity and also to bind acetyl-CoA.
Attempting to reconcile these observations, they proposed a
modification pathway drawing elements from mono-iron/
alpha-ketoglutarate (Fe/aKG)-dependent dioxygenases and
the proposed modification pathway of the Elongator com-
plex, a multisubunit tRNA-modifying enzyme that uses
acetyl-CoA to synthesize 5-aminocarboxymethyluridine
(ncm5U). Key differences between ncm6dA and ncm5U are
attachment of the modifying group at N-6 in adenine versus
C-5 in uracil, respectively, and in the tRNA modification,
after acetyl transfer, there is an amination step, presum-
ably carried out by a subunit in the Elongator complex.
Currently, the identity of the group donor(s) in the Mom
enzyme DNA modification reaction and how an acetyl
group is aminated by the same enzyme are unknown.
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(ii) A-T triple hydrogen bonds in the DNA of the
Salmonella phage PMBT28? Recent papers published
back-to-back in the journal Science detail the elucidation of
the biosynthesis and polymerization of 2-amino-2’-deoxya-
denosine (aka 2,6-diaminopurine, N2dA, or “dZ”) (15, 16,
44). N2dA DNA is resistant to a variety of restriction endo-
nucleases targeting dA-containing sequences in vitro (45).
The groups of Suwen Zhao and Pierre Kaminski independ-
ently demonstrated the two-step biosynthesis of N2dA in a
pathway mirroring the cellular biosynthesis of adenosine
ribonucleotides. The first step of N2dA biosynthesis is cata-
lyzed by a phage-encoded enzyme, PurZ, a homolog of cel-
lular adenylosuccinate synthetase (PurA). PurA catalyzes the
formation of succinyladenosine monophosphate from XMP,
glutamate, and ATP. A second cellular enzyme, adenylosuc-
cinate lyase (PurB), cleaves a fumarate moiety from succiny-
ladenosine monophosphate to yield AMP. Similarly, PurZ
can form succinyl deoxyguanosine monophosphate from
dGMP, glutamate, and ATP. Cleavage of a fumarate moiety
from this nucleotide by the host-encoded PurB enzyme pro-
duces N2dAMP, which is, in turn, phosphorylated by
phage- and host-encoded nucleotide kinases produc-
ing N2dATP for utilization by phage-encoded DNA
polymerases. The Zhao group demonstrated an active
recombinant PurZ could be derived from the genome
sequence of the Salmonella phage PMBT28 (GenPept
accession no. AUZ95522.1), suggesting the native DNA of
this virus also contains the triple hydrogen bond-forming
N2dA nucleotide.

Cytidine. (i) Sugar-coated DNA. T4 and related T4-like
phages contain sugar-modified hydroxymethylcytosines
fully replacing cytosines. Of the total C-coding nucleotides
in phage T4, approximately 70% are 5-(a-D-glucosyl)oxy-
methylcytosine (a-5gmC), and 30% are 5-(3-D-glucosyl)
oxymethylcytosine (3-5gmC) (46). The two isomers of glu-
cosylmethylcytosine differ in the stereochemistry at the
anomeric carbon where the glucose moiety is attached to
the methyl group at 5C via an ether linkage (46). Phage T6
additionally contains cytosines modified with a disaccha-
ride, 5-(a-gentiobiosyl)oxymethylcytosine (a-5gentmC)
(46). For Escherichia phage RB69, cytidines are analogously
glycosylated, but evidence for arabinose as the modifying
sugar has been reported (47). The major steps of the 5-glu-
cosylmethylcytosine biosynthesis in phage T4 are shown in
Fig. 4 and discussed in further detail below. Genome
diagrams of other phages of E. coli and Salmonella pre-
dicted to have similarly modified cytosines are shown

in Fig. 5. Although there is currently no available structure
for glucosylmethylcytidine in the context of a DNA polymer,
the attachment site at position 5 within the pyrimidine ring
suggests the polar hexose moieties line DNA's major groove
and likely alter both the steric topography as well as hydra-
tion patterns along the polymer. The differences between
steric accessibility as well as altered solvation between canon-
ical DNA versus glucosylated DNA almost certainly account
for the extraordinary resistance of this modified DNA to
cleavage by restriction endonucleases (11).

(i) The biosynthesis of 5-glucosylmethylcytidine. The
biosynthesis of sugar-modified methylcytosines in the
T4 and T4-related phages, summarized in Fig. 4, occurs
in two stages, resulting from a combination of pre- and
postreplicative mechanisms. The first stage is the syn-
thesis of a phage DNA precursor containing 5-hydroxy-
methyl-2"-dCTP (5hmdCTP) completely replacing the
dCTP pool. During lytic development, phage-encoded
and host-encoded enzymes work in concert to eliminate
dCTP from the nucleotide pool and produce its analog,
5hmdCTP from 5-hydroxymethyl-2’-dCMP (dCMP).
During T4 phage DNA replication, the phage-encoded
DNA polymerase (T4 gp43) incorporates 5ShmdC into
newly synthesized DNA. Following DNA replication
but preceding packaging of the phage DNA into the
capsid, the hydroxyl moieties accept a glucose from
sugar carrier UDP glucose (UDP-Glu) in reactions cata-
lyzed by phage-encoded DNA glucosyltransferases (48).

The major steps in the prereplicative stage are shown in
Fig. 4. The T4 dCTPase (T4 gp56) converts dCTP to
dCMP (49). dCMP is converted to ShmdCMP by T4 gp42
(50), a thymidylate-synthase homolog (51), using 5,10-
methylenetetrahydrofolate (mTHF) as a carbon donor
(52). The amino acid residues of T4 gp42 dictating dCMP
versus dUMP specificity have been determined, and resi-
dues correlating with resolution of a product intermediate
to the hydroxymethyl form have also been identified, mak-
ing it possible, in principle, to predict the synthesis of
5hmdCMP from sequence alone (3). The 5hmdCMP is
converted to the diphosphate form by a phage-encoded
dNMP kinase (T4 gp1) and is subsequently phosphorylated
to the triphosphate form by E. coli ANDP kinase. After
5hmdC is polymerized into DNA by the T4 DNA polymer-
ase (gp43), two DNA transferases, a-glucosyltransferase
(AGT) and B-glucosyltransferase (BGT), convert 5ShmC
to their a- and B-glucosyloxymethylcytosine derivatives.
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FIG 4 Biosynthetic pathway of glucosylated methylcytosine.

Note that even though the hypermodified bases are
glucosylated hydroxymethylcytosines, we use the term
glucosylmethyl (5 gm) rather than frequently used glu-
cosylhydroxymethyl (5ghm) since the bridging oxygen
between m5C and the sugar is not protonated. Although
both T4 enzymes glucosylating 5ShmC belong to the GT-B
fold glycosyltransferase family, BGT is an inverting trans-
ferase, and AGT is retaining (53).

(iii) The biology of T4 glucosyl-methylcytosine. In addi-
tion to a detailed understanding of the genetic and bio-
chemical basis of 5gmdC biosynthesis, much is known
about the role DNA hypermodification plays in the
conflict between T4 and its host. In vitro, T4 genomic
DNA is highly resistant to cleavage by restriction endo-
nucleases (10, 11). In vivo, glucosylated cytosines pro-
vide protection against the McrBC E. coli restriction
system. McrBC is a type IV restriction endonuclease
with a substrate dependence on 5hmdC and, to a lesser
degree, 5-methyldeoxycytidine (5mdC). The genes
encoding McrBC (54) were discovered as the locus of
resistance to infection by phage T4 mutants deficient in
glucosylation (called T4gt) and were originally called rgl

EcoSalPlus.asm.org

(for restricts glucoseless) (55). Although DNA glucosy-
lation provides protective functions to the phage, E. coli
has evolved genome defense systems specifically target-
ing glucosylated bases. GmrSD, encoded by a subset of
E. coli strains, is a type IV restriction endonuclease
largely dependent on glucosylated bases for cleavage ac-
tivity (12). Phage T4 has evolved an additional layer of
countermeasure in the form of IPI* (13), a small DNA-
mimicking protein (56) injected along with DNA into
the host at the time of infection. Less clear is the effect
of 5gmC on the activity of E. coli adaptive immunity
systems, such as CRISPR/Cas. An initial study investi-
gating this question (57) suggested that Cas9 endonu-
clease could not restrict T4, but subsequent papers
revealed a more complex picture of partial resistance to
CRISPR/Cas systems (58-60). The importance of gluco-
sylated cytosine in genome defense is further supported
by the T4 Arn protein, a protein mimic of DNA target-
ing E. coli McrBC, a restriction endonuclease targeting
5hmC in the absence of glucosylation (61, 62). Thus, T4
encodes a backup system in the event of the loss of glu-
cosylation. Additional epigenetic regulatory functions
for 5gmC are indicated by the finding that the T4 tran-
scriptional activator MotA binds much more tightly to


https://www.EcoSalPlus.asm.org

Hutinet et al.

rllA BGT dCMP hm'ase , DNA pol aGT
I 10,000 15,000 20,000

Enterobacteria phage T4 - NC_000866.4

Enterobacteria phage RBSS - KM607002.1 A (<O KKK RO RO ORI K OO KM KK ORI O o Ok
Escherichia phage vB_EcoM_112- k6687142 (MGERUHCHME@WHEH 4B A IR <A TG (0
Salmonella phage pse_SNUABM_01 - MN580668.1 HEEIM-EHAENEINI G @HE G SO I <O OB (i
Escherichia phage vB_EcoM_F1 - MT682712.1 A KKK ROIOIKKMORKORK RO OO KOOI KU
Salmonella phage SG1 - MF001354.1 AE BV I BUHEEaI HEB U BB U e
Enterobacteria phage Aplg8 - KT184308.1 A — ==K OOk O OB KKK OO it
Enterobacteria phage RBS1 - FJ839693.1 A ORISR R ORI MK O IO M KOO OO i s
Enterobacteria phage RB6S - KM607004.1 B ORISR ORI MK OO M= KOO OO i ey
Enterobacteria phage T2 - AP018813.1 @S EaE I A B A HEEE B e T HHHea
Enterobacteria phage T6 - APO18814.1 e “diaeiiesaesr e e e s
Enterobacteria phage vB_EcoM_IME339 - MH05191 54 MM @I BB I O IO Bt <«am
Enterobacteria phage vB_EcoM_IME340 - MH05191 4RI MA@ IHHOH O TN B e
Escherichia coli 157 typing phage 7 - kPg69105.1 (IO EHE OB @A B (B BT HWIHm
Escherichia phage D5505 - MK327929.1 ORISR OO OO KOOI O K
Escherichia phage ECML-134 - X1 28259.1 EES < HEEH s I el B e S e
Escherichia phage KITO3 - AP018932.1 @SB @I B B D B DB B
Escherichia phage RB14 - FJ839692.1 A KKK OO ORI OO (KOO i K
Escherichia phage slur07 - LN881732.1 e daeviyeiuvaes el e rase e
Escherichia phage slur13 - LN881737.1 A OEUKKKKICHOOOR - ORI OO O ORI IO M
Escherichia phage teqdroes - MNB95438.1 A OEHRKKKORC OO0 RO OB KKK OO SO e
Escherichia phage teghad - MN895434.1 UK R RO X OB OO O K
Escherichia phage teghal - MN895435.1 EER A E G I B B B (SN BB E (Ut
Escherichia phage vB_Ecom_G8 -Mk373787.1  {MEHLAHEEIIHOOHEH A EEB (S IDIO B (<
Escherichia phage vB_EcoM_G29-MK327940.1 NI OHE I EH B HHE(EA¢ HEEB O IR BE (Ut
Escherichia phage vB_EcoM_G4500 - Mk327945.1 (IO @ENE A BHH SN TIB AT 0@ e
Escherichia phage vB_EcoM_G4507 - Mk327946.1 (NI H@NE IO BHIU B B (B0 I B @ (il
Escherichia phage vB_EcoM_IMES37 - MT179807.1 WWWW
Escherichia phage vB_EcoM_JB75 - MH355584.1 N4 @EE S4B S4B BB OB e
Escherichia phage vB_EcoM_kaw1E185 - Mk373781 4@ G SIS B B IO B i eE
Escherichia phage vB_EcoM_NBG2 - MH243439.1 (I UHE @O E A B BN B B (U e
Escherichia phage vB_EcoM_R5505 - MK373786.1  (EMEBUUGHE@ENEA IO GBS EEB (VOB W@
Escherichia phage vB_Ecom_sP1 - MT652700.1  (MEBUUUHESI 0 I AU E 4 B OB (W gt
Escherichia phage vB_EcoM-fFiEco06 - MG781190.1 I OU@ENEI IOV O @A ANOT OB (U
Escherichia phage vB_EcoM-fHoEco02 - MG781191. I SH@EN G4 4TI S I S THE B
Escherichia phage vB_EcoM-Sasiw - Mk977694.1 (NI OU@HE IO T O B Y
Escherichia phage vB_Ecom-UFv13 - kuse7876.1 (MA@ SO G B (U B B e
Escherichia phage YUEELO1 - KY290975.2 KKK OO kORI O IO B KK OO ORI
Phage NBECO003 - MN994497.1 A KKK OGO RO M KKK SO ki

Escherichia phage UFV-AREG1 - KX009778.3 L I S O S S S S S
Salmonella phage Melville - NC_042044.1 L O S S <1 O S S S
Salmonella phage STML-198 - JX181825.1 L S S S G 0 8 S S
Salmonella phage vB_SnwM_CGG4-1 - KU867307.1 ‘IIMCDOTHOHUOUTC O @Ot iias:

Salmonella phage STP4-a - K000058.2 A EBHOE IS U EEEIEEE HEMERIS I HHHH BB
Salmonella phage vB_SenM-516 - HQ331142.1 (MG EIUUAUTHOGUCUEO' S @II OO
Enterobacteria phage RB69 - NC_004928.1 S ESHUHUISE IS BHUGOUNEER BV TSN
Enterobacteria virus RB43 - NC_007023.1 4D SEB U HUHIHE Hag U I GTER LBNHAUEH DT DHIDE

10 EcoSalPlus.asm.org



https://www.EcoSalPlus.asm.org

DNA containing 5gmC than its canonical counterpart, sug-
gesting that the T4 modification aids in T4 expression (63).

Thymidine. (i) 5-NeOmdU, a complex modification in
widespread phages of enterobacteria. The Salmonella
phage Vil and related phages CBA6 and CBA120 of E.
coli O157:H7 were shown to contain a hypermodified thy-
midine, 5-(2-aminoethoxy)methyluridine (5-NeOmdU) (64).
5-NeOmdU joins a growing list of phage-synthesized thymi-
dine hypermodifications that includes 5-aminoethyl-2’-
deoxyuridine (5-NedU) in the Pseudomonas phage M6 (64),
5-glutamylthymidine (a-glu-T) in the Bacillus phage SP10
(65), and 5-putrescinylthymdine (a-put-T) in the Delftia
phage ®W-14 (17, 66). The chemical structures of 5-
NeOmdU and a-put-T are shown in Fig. 2. 5-NeOmdU had
not been previously observed in any phage DNA, despite the
Vil phage having been in culture since at least 1936 (67).
Salmonella phage Vil originated in culture as part of a
phage-typing scheme being specific for the Vi antigen of
Salmonella typhi (68, 69), which was later shown to be
chemically identical to the O157 antigen of pathogenic E.
coli (70). The intense interest in isolating phages specific to
E. coli O157 as biocontrol agents, and the subsequent
sequencing of their genomes, has resulted in an abundance
of Vil-like virus sequences populating GenBank and the
establishment of the essentially identical Viunalikevirus and
Kuttervirus genera (71, 72). A similar scenario has developed
with the sequencing of phages specific to Salmonella enterica
serovar Enteriditis strains. Genome maps of E. coli and
Salmonella phages from these genera are shown in Fig. 6
and reveal a remarkable degree of synteny.

(i) Hypermodification occurs through mechanisms
acting before and after DNA replication. The Vil-like
phages, together with ®W-14 and SP10, share a metabolic
program in common with the 5hmU phages of Bacillus, a
broad family that includes SPO1, SP8, and ¢e (73-75).
The 5hmU phages use an analogous strategy to T4 to syn-
thesize DNA containing 5hmU, fully replacing thymine,
as illustrated in Fig. 7. Phage-infected cells express a dTTPase
and synthesize 5-hydroxymethyl-2’-deoxyuridine monophos-
phate (5ShmdUMP) from 2’-deoxyuridine monophosphate

Phage-Hypermodified DNA

(dUMP) via dUMP hydroxymethylase (76), a variant of the
classical thymidylate synthase (77). This enzyme transfers a
single carbon unit from the C-1 donor 5,10-methylene tetra-
hydrofolate (mTHF) to the C-5 of the uracil ring, forming
an exocyclic methylene intermediate. In the canonical thy-
midylate synthase, this exocyclic methylene is reduced to
methyl via hydride transfer from tetrahydrofolate. But in the
reaction catalyzed by dUMP hydroxymethylase, the methyl-
ene is instead hydroxylated by nucleophilic attack of a water
molecule (78). This noncanonical nucleotide then feeds into
the deoxynucleotide triphosphate pool for incorporation
into DNA by the phage-encoded DNA polymerase. In the
hmdU phages, this modification likely serves as protection
against host-encoded endonucleases. From a chemical per-
spective, the installation of a nucleophilic hydroxyl group at
the 5-methyl of thymidine serves as a reactive “handle” upon
which additional molecules can be attached and sculpted.
Phages Vil, ®W-14, and SP10 build on top of this 5hmU in
two ways. First, a subset of the ShmU nucleotides is further
modified to form the hypermodified base. Second, the
remaining 5hmU nucleotides that have not been hypermodi-
fied are converted to thymidine (65, 79-81). Following DNA
modification, DNA is packaged into capsids as part of the vi-
rion morphogenetic pathway leading up to lysis.

In work spanning the late 1960s to 1984, the laboratories
of Heman Witmer at the University of Chicago and Tony
Warren at the University of British Columbia in Canada
laid the groundwork for understanding the postreplicative
steps of thymidine hypermodification. Using a combina-
tion of conditional mutants, isotopic radiolabeling, and
other techniques, including thin-layer chromatography
and small-molecule ion-exchange chromatography, both
groups were able to show that hypermodification in SP10
and ®W-14 proceeded using the same chemical interme-
diate, at the time identified as pyrophosphorylated thy (65,
82). Both groups proposed that the pyrophosphate was
needed to activate the C-5 methyl group and serve as a
leaving group for either a substitution reaction with an
incoming adduct or for reduction to thymidine. However,
the enzyme activities downstream of this pyrophosphory-
lation step were not fully understood during this time, nor
were the genes known.

FIG 5 Genome maps of T4 and related phages. Schematic representation with open reading frames indicated as gray or colored boxes. Landmark
genes such as rIIA (black) and DNA polymerase (green) are shown. Phage genes involved in DNA modification are also indicated, including dCMP
hydroxymethylase (yellow) and DNA glucosyltransferases (brown). Note: many of the sequences obtained from GenBank were circularized in silico and
the origin renumbered in order to follow the historical T4 convention of having rIIA as the first gene, albeit in reverse-complement orientation.
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Clues to the genetic basis of thymidine hypermodification
in Vil and related phages came from computational bio-
logical investigations by Aravind and colleagues (83, 84).
Using a combination of highly sensitive homology detec-
tion together with observations from genome context and
genetic conservation across genomes, they deduced genes
predicted to be involved in the biosynthesis of hypermodi-
fied thymidines in the Delftia phage ®W-14 and the
Bacillus phage SP10, including a 5hmU kinase predicted to
synthesize phosphorylated ShmU previously seen as an in-
termediate in the hypermodification process of these two
phages. Using mixtures of recombinant crude extracts
derived from cultures expressing predicted hypermodifica-
tion enzymes, Lee et al. were able to reconstitute the con-
version of 5hmU to 5-NeOmdU in vitro (64). Further
biochemical characterization of the 5ShmU kinase did not
lead to formation of a pyrophosphorylated thymidine (85).
Nonetheless, monophosphorylated thymidine (PmdU) was
shown to be chemically competent to serve as a substrate
in the hypermodification reaction (85).

Using recombinant lysate-catalyzed hypermodification
reactions in various combinations, Lee and coworkers were
able to work out what enzymes were necessary and suffi-
cient to hypermodify 5ShmU (85). This hypermodification
pathway is summarized in Fig. 7. After phosphorylation of
approximately 40% of 5hmdU residues by a kinase (Vil
gp67), a second enzyme transfers a serine-5-methyl group
in a nucleophilic substitution reaction between a free serine
side chain hydroxyl and the 5-methyl group. This enzyme,
Vilgp247, is predicted to contain a DNA-glycosylase fold
belonging to the helix-hairpin-helix family, despite not hav-
ing a glycosylase activity. Following serinylation, the a-C-
carboxy group is removed via decarboxylation by Vil
gp226, a pyridoxyl-5'-phosphate (PLP) cofactor-dependent
DNA decarboxylase, leading to the mature modification
consisting of an amino ethylhydroxy group attached to the
5-methyl group by an ethoxy linkage.

(iii) Function of 5-NeOmdU. It is not yet known what affect
the 5-NeOmdU modification has on the physicochemical

Phage-Hypermodified DNA

properties of DNA. However, the modification can serve as
a steric inhibitor of endonuclease cleavage. In recent work by
Flodman et al,, it was shown that up to 60% of commercially
available enzymes fail to cut DNA containing 5-NeOmdU in
vitro (9). Given how widespread this modification is pre-
dicted to be in the Vil-like phages, it seems likely that bacte-
rial hosts would have evolved a 5-NeOmdU-dependent
endonuclease targeting this modification. Although no epige-
netic gene regulatory function has been assigned to hyper-
modified thymidines, 5hmdU has been shown to modulate
gene expression in the Bacillus phage SPOL1 (19, 86).

DNA HYPERMODIFICATION: OUTLOOK
AND BEYOND

Base hypermodification and the intersection between
the RNA and DNA worlds. DNA and RNA modifications
are related, as proteins involved in the synthesis of these
modifications often evolved from one another. For example,
DNA methyltransferases probably first originated from RNA-
modifying enzymes (87). Methyltransferase played a crucial
role in the appearance of DNA as we know it. Indeed, dT is a
dU methylated in C-5 prior to polymerization by a thymidine
synthase (88). Other phage DNA modifications are related to
other RNA modifications. DpdA that inserts preQ, in DNA
is a close homolog of the archaeal TGT that inserts preQ, at
position 14 or 15 of the transfer RNA and then is further
modified in archaeosine (4). In bacteria, TGT evolved to
insert preQ, at position 34 of GUN-anticodon tRNAs, which
is then further modified in queuosine (4). Though 5hmC is
also found in RNA from all domains of life (89), the mecha-
nism of insertion is different from its DNA counterpart.
Indeed, the hydroxyl group is added to a 5mC by the TET
proteins (90, 91). Some TET proteins evolved to modify
mammalian DNA from 5mC to 5hmC (92) that can be fur-
ther oxidized in 5-formylcytosine and 5-carboxylcytosine (93).
TET enzyme homologs called J-binding proteins (JBPs) also
participate in forming 5hmU from T in mammalian DNA
but do not further oxidize it (94). These DNA modifications
seem to be involved in activation and repression of transcrip-
tion (95). No 5hmU was identified in RNA (91).

FIG 6 Genome maps of Vil and related phages. Schematic representation with open reading frames indicated as gray or colored boxes.
Landmark genes such as rIIA (black) and DNA polymerase (green) are shown. Genes involved in thymidine hypermodification are also
indicated, including dUMP hydroxymethylase (yellow), 5-hmdU DNA kinases (pink), and aGPT-PPlases (blue). Note: many of the
sequences obtained from GenBank were circularized in silico and the origin renumbered in order to follow the historical T4 convention of
having rITA as the first gene, albeit in reverse-complement orientation. Applying this convention to the genomes of Vil and related
phages reveals a noteworthy degree of synteny among geographically diverse phage genomes.
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FIG 7 Biosynthetic pathway of 5-aminoethoxymethyl-2’-deoxyuridine (5-NeOmdU)-
modified DNA. Biosynthesis of 5-NeOmdU begins at the nucleotide pool level with the
formation of 5hmdUMP by a phage-encoded thymidylate synthase homolog. After
conversion to the triphosphate form and incorporation into DNA polymer, 5-hmU is
phosphorylated by a phage-encoded nucleobase kinase (5-HMUDK) producing
5PmdU. The phosphate of this intermediate is displaced by serine in a reaction
catalyzed by aGPT-Pplase2 to produce O-serinylthymidine. Decarboxylation of O-serT
yields the mature modification, 5-NeOmdU. 5hmU nucleobases not converted to 5-
NeOmdU are instead converted to thymdine by an as-yet-unknown 5hmU reductase.

Engineering chemical and biological functions
through base hypermodification. Given that canonical
bases in regular nonmodified DNA exhibit only limited
chemical functionality (thus contributing to the genetic sta-
bility of DNA), the diversification of modified base observed
in bacteriophages evokes the technological potential of using

14

these newly identified functional groups for manipulating
DNA molecules. As shown in Fig. 2, various kinds of sub-
stituents amend the native bases, and those chemically active
functional groups, such as hydroxyl or amino, are of particu-
lar interest, as they can serve as “handles” for further func-
tionalization. For example, the modifications of Salmonella
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phage Vil and Delftia phage ®W-14 each display a reactive
primary amine on DNA. Lee and coworkers demonstrated
the use of amine-reactive chemical reagents such as 3-(4-car-
boxybenzoyl)-quinoline-2-carboxaldehyde (CBQCA) and
fluorescamine to specifically label the DNA with fluorescent
dyes (64). DNA base-modifying enzymes, together with
unnatural substrates, can be used to introduce other chemi-
cal handles. One successful example uses phage T4's beta-
glucosyltransferase (BGT), which transfers a glucose moiety
from the UDP glucose (UDP-Glu) to the hydroxymethyl
group of 5hmdC in DNA. The laboratory of Chuan He
demonstrated that BGT can take a nonnative substrate
(UDP-6-N-3-Glu) and transfer the azide containing sugar
to 5hmdC on DNA (96). This functionalization allowed
downstream labeling of DNA with biotin via click chemis-
try and was used in the aforementioned study for map-
ping the epigenetic 5hmdC sites on DNA. Other DNA
base-modifying enzymes could potentially be used in sim-
ilar ways. For example, tRNA base-modifying enzyme
tRNA guanine transglycosylase (TGT) swaps out the gua-
nine base with 7-deazaguanine derivatives in situ to the
RNA polymer and has been demonstrated to be capable
of mediating the site-specific tRNA functionalization with
many 7-deazaguanine analogs (97). The DNA-modifying
TGT homolog, DpdA, similarly incorporates 7-deazagua-
nine derivatives into DNA, suggesting the possibility of
using the DpdA to functionalize DNA molecules for label-
ing or altering DNA properties.

In addition to chemical manipulation of DNA, base hyper-
modification might be harnessed to alter biological proper-
ties of recombinant DNA and phage therapeutics. It was
proposed that deazaguanine DNA modifications could be
used to protect DNA from degradation upon entry into
wild-type strains (international patent application no. PCT/
US20/21886). Indeed, DpdA protein and preQ, are the
only two components required to modify mobile elements
such as phages, transposons, or plasmids to shield them
against the main system of defense from bacteria, restric-
tion enzymes. DNA modified in this way could not only be
used to increase the transformation efficiency of plasmids
being moved into wild-type industrial bacterial strains but
also potentially broaden the host range of phages used as
antimicrobial therapies. Lastly, mutation and other manip-
ulations of base hypermodification genes in phages might
lead to a deeper understanding of genome conflict systems,
including identification of other modification-dependent
restriction endonucleases (98) and observing the interplay
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of modification versus other, less well-characterized gene
clusters having antiphage activity (99).
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