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ABSTRACT 

Bacteriophages and bacteria are engaged in a
constant arms race, continually evolving new
molecular tools to survive one another. To pro-
tect their genomic DNA from restriction enzymes,
the most common bacterial defence systems,
doub le-stranded DNA pha ges ha ve e volved comple x
modifications that affect all four bases. This study
focuses on modifications at position 7 of guanines.
Eight derivatives of 7-deazaguanines were identified,
inc luding f our pre viousl y unkno wn ones: 2 

′ -deoxy-
7-(meth ylamino)meth yl-7-deazaguanine (mdPreQ 1 ),
2 

′ -deo xy-7-(form ylamino)methyl-7-deazaguanine 

(fdPreQ 1 ), 2 

′ -deoxy-7-deazaguanine (dDG) and 2 

′ -
deo xy-7-carbo xy-7-deazaguanine (dCDG). These
modifications are inserted in DNA by a guanine
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transglycosylase named DpdA. Three subfamilies
of DpdA had been pre viousl y characterized: bDpdA,
DpdA1, and DpdA2. Two additional subfamilies were
identified in this work: DpdA3, which allows for
complete replacement of the guanines, and DpdA4,
which is specific to archaeal viruses. Transgly-
cosylases have now been identified in all phages
and viruses carrying 7-deazaguanine modifications,
indicating that the insertion of these modifications
is a post-replication event. Three enzymes were
predicted to be involved in the biosynthesis of these
ne wl y identified DNA modifications: 7-carboxy-
7-deazaguanine decarboxylase (DpdL), dPreQ 1 

formyltransferase (DpdN) and dPreQ 1 methyltrans-
ferase (DpdM), which was e xperimentall y validated
and harbors a unique fold not pre viousl y observed
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RAPHICAL ABSTRACT 

NTRODUCTION 

ecause of their intrinsic properties, such as resis- 
ance to nucleases ( 1 ), or fluorescence quenching ( 2 ), 
-deazaguanine deri vati v es hav e long been employed in 

ynthetic biology. Two of these deri vati v es are tRNA 

odifications, queuosine (Q) and archaeosine (G 

+ ). They 

r e r especti v ely involv ed in the avoidance of transla- 
ional errors and in tRNA stabilization ( 3 ). Recently, 
-deazaguanine deri vati v es hav e been found in DNA as 
omponents of restriction / modification systems in bacteria 

 4 , 5 ), and anti-restriction systems in phages ( 4 , 6 , 7 ). Epige-
etic modifications are common among phages ( 8–11 ) to 

esists to various bacterial defense systems ( 11–16 ). 
Members of a transglycosylase superfamily are responsi- 

le for the incorporation of 7-deazaguanine deri vati v es into 

oth tRNA and DNA. Proteins of the Tgt subgroup mod- 
fy tRNA, while DpdA subgroup proteins modify DNA 

 3 ), both by replacing the target guanine with a specific 7- 
eazaguanine deri vati v e. Tgt enzyme 7-deazaguanine sub- 
tra tes dif fer between organisms. One of these substra tes is 
ueuine (q), which is inserted at position 34 of the GUN 

nticodon tRNAs in eukaryotes and in certain bacteria ( 3 ). 
-aminomethyl-7-deazaguanine (preQ 1 ) is inserted at the 
ame position in most bacteria. 7-cyano-7-deazaguanine 
preQ 0 ) is inserted at position 15 or 16 of many tRNAs in 

rchaea ( 3 ). Similarly, all DpdA enzymes tested thus far in- 
ert preQ 0 in DNA ( 4 , 5 , 7 ), and sequence specificity has been
dentified for one of them ( 17 ). DpdA homologs are divided 

n three groups: bacterial DpdA (bDpdA), and two phage 
pdA (DpdA1 and DpdA2) ( 7 ). Of note, DpdA homologs 

ave not been identified in some of the phages that contain 

odified 7-dezaguanine deri vati v es ( 6 , 7 ). 
PreQ 0 , the key intermediate in all experimentally vali- 

a ted pa thways is synthesized from guanosine triphospha te 
GTP) by a pathwa y in volving f our proteins (FolE, QueD, 
ueE and QueC, see Figure 1 A) found in archaea, bacteria, 

nd some phages ( 3 , 7 ). The pathways then di v erge, produc-
ng various modifications. PreQ 0 is reduced by QueF into 

reQ 1 in bacteria through a NADPH dependent reaction 

 18 ). QueF proteins can be categorized into two subgroups. 
embers of the unimodular subgroup harbor the NADPH 
inding site and the catalytic residues on the same domain. 
embers of the bimodular subgroup contain two repeat- 

ng domains: the N-terminal domain with the NADPH 

inding site, and the C-terminal domain with the catalytic 
 esidues ( 19 ). Pr eQ 1 is inserted in tRNA by the bacterial
RN A transgl ycosylase bTGT ( 20 ) and further modified in 

wo steps to produce Q ( 3 ). PreQ 0 is directly inserted in 

RNA in archaea by arcTGT, where it is further modified 

nto G 

+ . The distant TGT paralog, ArcS ( 21 ), as well as
a t-QueC , a fusion protein of QueC and a glutamine ami- 

otr ansfer ase ( 22 ), and QueF-L, a paralog of the unimod- 
lar QueF that lacks the NADPH-dependent reduction ac- 
i vity ( 22 , 23 ), hav e been found as interchangeable proteins
or this reaction. 

G 

+ was the first 7-deazaguanine deri vati v e found in 

hages, replacing 25% of the Gs in the dsDNA genome 
f Enterobacteria phage 9g. The enzymes FolE, QueD, 
ueE and Gat-QueC are all encoded by this phage, as 

s DpdA1 ( 4 ), which inserts preQ 0 into DNA ( 7 ). A re-
ated phage, Esc heric hia phage CAjan, that encodes QueC 

ather than Gat-QueC, was found to replace 32% of its 
s with pr eQ 0 ( 7 ). Furthermor e, two other 7-deazaguanine 

eri vati v es were discovered in phage genomes: 7-amido-7- 
eazaguanine (ADG), that modifies Campylobacter phage 
P220 DNA at 100% ( 6 ), and preQ 1 that modifies 30% of 

he guanines in Halovirus HVTV-1, a virus that encodes a 

ueF ( 7 ). No DpdA was previously detected in these two 

ast viruses. In bacteria, bDpdA, in complex with DpdB, 
nserts preQ 0 into DNA, that is further modified into ADG 

y DpdC ( 5 ). 
In our effort to expand the set of phages that contain 7- 

eazaguanine deri vati v es in their genome, we identified four 
nique 7-deazaguanine deri vati v es not previously observed 

n DNA: 7-deazaguanine (DG), 7-(meth ylamino)meth yl- 
-deazaguanine (mpreQ 1 ), 7-(formylamino)methyl-7- 
eazaguanine (fpreQ 1 ) and 7-carboxy-7-deazaguanine 
CDG). We predicted and validated a preQ 1 methyl- 
r ansfer ase enzyme and predicted the involvement of fiv e 
dditional proteins in the synthesis of these modifications, 
ncluding two additional subfamilies of DpdA, DpdA3 and 

pdA4, and three enzymes with unprecedented chemistry. 

ATERIALS AND METHODS 

trains and plasmids 

ll strains and plasmids used in this study are referenced in 

upplementary Tables S1 and S2, respectively. 

ass spectrometry analysis 

N A anal ysis followed our previous publication ( 7 ). Pu- 
ified DNA (10 �g) was hydrolyzed in 10 mM Tris–HCl 
pH 7.9) with 1 mM MgCl 2 with Benzonase (20U), DNase 
 (4 U), calf intestine phosphatase (17 U) and phosphodi- 
sterase (0.2 U) for 16 h at ambient temperature. Follow- 
ng passage through a 10 kDa filter to remove proteins, 
he filtrate was analyzed by liquid chromato gra phy–coupled 

riple quadrupole mass spectrometry (LC–MS / MS). 
Quantification of the modified 2 

′ -deoxynucleosides 
dADG, dQ, dPr eQ 0 , dPr eQ 1 , mdPr eQ 1 , dG 

+ , dCDG and
6dA) and the four canonical deoxyribonucleosides (dA, 



9216 Nucleic Acids Research, 2023, Vol. 51, No. 17 

Figure 1. Proteins involved in the 7-deazaguanine DNA modifications pathw ay. ( A ) proposed pathw a y f or the biosynthesis of all eight 7-deazaguanine 
deri vati v es in DNA and ( B ) detection of the gene encoding for these proteins in phage genomes (full table in sup. table). Numbering in the table correspond 
to the gene numbering in each phage. Coloring match with the proteins. In shades of gr een ar e the DpdA1 to 4 (7-deazaguanine deri vati v e DN A transgl y- 
cosidase). In shade of blues, the enzyme leading to preQ 0 : FolE (GTP cyclohydrolase I, EC 3.5.4.16), QueD (CPH 4 synthase, EC 4.1.2.50), QueE (CDG 

synthase, EC 4.3.99.3), QueC (preQ 0 synthase, EC 6.3.4.20), QueC* (proposed ADG synthase, homologue of QueC). In shades of orange, protein modify- 
ing preQ 0 further: QueF (NADPH-dependent 7-cyano-7-deazaguanine reductase, EC 1.7.1.13), ArcS2 (core domain of the archaeosine synthase, PF5591), 
Gat-QueC (glutamine amido-tr ansfer ase class-II domain fused to QueC). In shades of purple, protein discovered and described in this study: DpdL (pro- 
posed CDG decarboxylase), DpdM (proposed pr eQ 1 or dPr eQ 1 methylase), DpdN (proposed pr eQ 1 or dPr eQ 1 formylase). Question marks are proposed 
reactions that have not be proven. Dashed arrows are previously unpublished reactions. Molecule abbreviations: guanosine tri-phosphate (GTP), dihy- 
droneopterin triphosphate (H 2 NTP), 6-carboxy-5,6,7,8-tetrahydropterin (CPH 4 ), 7-carboxy-7-deazaguanine (CDG), 7-amido-7-deazaguanine (ADG), 7- 
deaza guanine (DG), 7-cyano-7-deaza guanine (preQ 0 ), 7-aminomethyl-7-deaza guanine (preQ 1 ), 2 ′ -deo xy-7-carbo xy-7-deazaguanine (dCDG), 2 ′ -deo xy-7- 
amido-7-deazaguanine (dADG), 2 ′ -deoxy-7-deazaguanine (dDG), 2 ′ -deoxy-7-cyano-7-deazaguanine (dPreQ 0 ), 2 ′ -deoxy-7-aminomethyl-7-deazaguanine 
(dPreQ 1 ), 2 ′ -deoxy-7-(aminometh yl)meth yl-7-deazaguanine (mdPreQ 1 ), 2 ′ -deo xy-7-(aminoform yl)methyl-7-deazaguanine (fdPreQ 1 ). Molecules 1 through 
4 (circled numbers) were discovered in this study. 
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T, dG and dC) was achie v ed by liquid chromato gra phy- 
oupled triple quadrupole mass spectrometry (LC– 

S / MS) and liquid chromato gra phy-coupled diode array 

etector (LC-DAD), respecti v el y. Aliquots of hydrol ysed 

NA were injected onto a Phenomenex Luna Omega 

olar C18 column (2.1 × 100 mm, 1.6 �m particle size) 
quilibrated with 98% solvent A (0.1% v / v formic acid 

n water) and 2% solvent B (0.1% v / v formic acid in 

cetonitrile) at a flow rate of 0.25 ml / min and eluted with
he following solvent gradient: 2–12% B in 10 min; 12–2% 

 in 1 min; hold at 2% B for 5 min. The HPLC column
as coupled to an Agilent 1290 Infinity DAD and an 

gilent 6490 triple quadruple mass spectrometer (Agilent, 
anta Clara, CA). The column was kept at 40 

◦C and the 
uto-sampler was cooled at 4 

◦C. The UV wavelength of 
he DAD was set at 260 nm and the electrospray ionization 

f the mass spectrometer was performed in positi v e ion 

ode with the following source parameters: drying gas 
emperature 200 

◦C with a flow of 14 l / min, nebulizer 
as pr essur e 30 psi, shea th gas tempera ture 400 

◦C with
 flow of 11 l / min, capillary voltage 3000 V and nozzle
oltage 500 V. Compounds were quantified in multiple 
eaction monitoring (MRM) mode with the following 

ransitions: m / z 310.1 → 194.1, 310.1 → 177.1, 310.1 → 293.1 

or dADG; m / z 394.1 → 163.1, 394.1 → 146.1, 394.1 → 121.1 

or dQ; m / z 292.1 → 176.1, 176.1 → 159.1, 176.1 → 52.1 for 
PreQ 0 ; m / z 296.1 → 163.1, 296.1 → 121.1, 296.1 → 279.1 

or dPreQ 1 ; m / z 310.1 → 163.1, 310.1 → 121.1 for mdPreQ 1 ; 
 / z 309.1 → 193.1, 309.1 → 176.1, 309.1 → 159.1 for dG 

+ ; 
 / z m / z 311.1 → 177.1, 311.1 → 78.9 for dCDG and 

66.1 → 150.1, 266.1 → 108.1, 266.1 → 55.1 for m 

6 dA. Ex- 
ernal calibration curves were used for the quantification 

f the modified 2 

′ -deoxynucleosides and the four canonical 
eoxyribonucleosides. The linear range for each compound 

as evaluated using a serial dilution of standard solution, 
nd the solution of each concentration was measured two 

imes. The calibration curves were constructed based on 

eak area of the chromatogram versus the corresponding 

oncentration of each standard. A linear r egr ession with 

 

2 > 0.99 was obtained in the entire range of concentrations 
Supplementary Figure S1). The quantification of modified 

 

′ -deoxynucleosides in phage DNA samples was based 

n the relationship between peak area and concentration 

educed from the calibr ation curve. The concentr ation of 
ach modification was divided by summed concentration 

f the four canonical deoxyribonucleosides and then 

ultiplied by 10 

6 to get modification per 10 

6 nucleotides. 
he limit of detection (LOD), defined by a signal-to-noise 

atio (S / N) of 3, ranged from 0.1 to 1 fmol for the modified
 

′ -deoxynucleosides. Data acquisition and processing were 
erformed using MassHunter software (Agilent, Santa 

lara, CA). 
Unknown DNA modification analysis was performed us- 

ng Agilent 1290 ultrahigh pr essur e liquid chromato gra phy 

ystem equipped with DAD and 6550 QTOF mass detec- 
or managed by a MassHunter workstation. The column 

sed for the separation was a Waters ACQUITY HSS T3 

olumn (2.1´150 mm, 1.8 �m). The oven temperature was 
et at 45 

◦C. The gradient elution involved a mobile phase 
onsisting of (A) 0.1% formic acid in water and (B) 0.1% 
ormic acid in acetonitrile. The initial condition was set at s
% B. A 25 min linear gradient to 7% B was applied, fol-
owed by a 15 min gradient to 100% B which was held for 
 min, then returned to starting conditions over 0.1 min. 
low rate was set at 0.3 ml / min, and 2 �l of samples was

njected. The electrospray ionization mass spectra were ac- 
uired in positi v e ion mode. Mass data were collected be- 
ween m / z 100 and 1000 Da at a rate of two scans per
econd. The electrospray ionization of the mass spectrom- 
ter was performed in positi v e ion mode with the follow- 
ng source parameters: drying gas temperature 250 

◦C with 

 flow of 14 l / min, nebulizer gas pr essur e 40 psi, sheath gas
emperature 350 

◦C with a flow of 11 l / min, capillary volt- 
ge 3500 V and nozzle voltage 500 V. Two r efer ence masses 
ere continuously infused to the system to allow constant 
ass correction during the run: m / z 121.0509 (C 5 H 4 N 4 ) 

nd m / z 922.0098 (C 18 H 18 O 6 N 3 P 3 F 24 ). Raw spectromet-
ic data were analyzed by MassHunter Qualitati v e Analysis 
oftware (Agilent Technologies, US). 

rotein sequence detection in phages 

Hpred online tool ( https://toolkit.tuebingen.mpg.de/ 
ools/hhpred ) ( 24 , 25 ) was used with default setting against 
he pfam database (Pfam-A v35) ( 26 ) to investigate 
he deduced proteins encoded by genes flanking the 7- 
eazaguanine modification genes in Cellulophaga phage 
hiSM, Cellulophaga phage phiST, and Halovirus HVTV-1. 
pdL, DpdM, DpdA3 and DpdA4 wer e pr edicted this 
 ay. DpdN w as discovered by looking at the annotations of 

he genes in the vicinity of the 7-deazaguanine modification 

enes in Flavobacterium phage vB FspM immuto 2–6A. 
hese proteins were then used as queries to retrie v e ho- 
ologs in the proteome of viruses pub licly availab le in 

CBI GenBank database (July 2022) using psiBLAST 

ersion 2.13.0 ( 27 ), with at most three iterations. Other pre- 
iously discovered proteins involved in the 7-deazaguanine 
eri vati v e DNA modifications (Supplementary Data S1) 
 7 ) were used to identify homologs in viral genomes encod- 
ng for at least one of DpdL, DpdM, DpdN, DpdA3 or 

pdA4 using BLASTp version 2.13.0 ( 28 ). HHpred and 

xpert annotation were used to sort these proteins and 

urate false positi v es. All protein matches are summarized 

n Supplementary Data S1. 

lignments, trees and structures 

rotein sequences were collected from the NCBI 
atabase, using the protein id collected from the 
etection. Multiple sequence alignments were gen- 
rated using MAFFT ( 29 ) online server (version 7, 
ttps://mafft.cbrc.jp/alignment/server/ ), with default set- 
ings and then visualized using Jalvie w v ersion 2.11.2.4. 
lustering tr ees wer e gener ated using Gr aph Splitting ( 30 )
nline server (version 2.0, http://gs .bs .s .u-tokyo.ac.jp/ ), with 

efault settings. Protein structur es wer e pr edicted using the 
ultimer collab notebook of AlphaFold2 (version 2.2.4 

 31 ), https://colab.r esear ch.google.com/github/deepmind/ 
lphafold/blob/main/notebooks/AlphaFold.ipynb ). Pro- 
ein structures were visualized using ChimeraX version: 
.5rc202210241843 ( 32 ), and already published protein 

tructur e wer e imported from PDB ( https://www.r csb.org , 

https://toolkit.tuebingen.mpg.de/tools/hhpred
https://mafft.cbrc.jp/alignment/server/
http://gs.bs.s.u-tokyo.ac.jp/
https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb
https://www.rcsb.org
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Table 1. Quantification of 7-deazaguanine derivate DNA modifications per 10 6 nucleotides in viruses 

virus dCDG dADG dDG dPreQ 0 dPreQ 1 mdPreQ 1 fdPreQ 1 dG 

+ 

Cellulopha ga pha ge phiSM 0 0 0 0 3790 212 0 0 
Vibrio phage phi-Grn1 0 0 0 0 816 35 0 0 
Vibrio phage phi-ST2 0 0 0 0 668 44 0 0 
Cellulopha ga pha ge phiST 0 0 302 000 0 0 0 0 0 
Flavobacterium phage vB FspM immuto 2–6A 0 0 0 0 0 0 345 000 0 
Sulpholobus virus SVST-2 149 0 0 0 0 0 0 0 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/17/9214/7241753 by guest on 23 April 2024
( 33 )). Autodock Vina was used to predict the docking of
chemicals in enzymes. 

RESULTS 

7-(Meth ylamino)-meth yl-7-deazaguanine in cellulophaga
phage phiSM DNA 

Cellulopha ga pha ge phiSM r esisted to a wide variety of r e-
striction enzymes containing at least a guanine in their spe-
cific recognition site (Supplementary Figure S2A). In ad-
dition, phiSM encodes a complete set of dPreQ 1 synthe-
sis genes, including DpdA, FolE, QueD, QueE, QueC and
QueF (Figure 1 , Supplementary Data S1) and thus should
harbor preQ 1 in its genome, as previously observed for
Halovirus HVTV-1 ( 7 ). To test this hypothesis, we used liq-
uid chromato gra phy coupled to diode array UV detection
and a tandem mass spectrometer (LC–UV–MS / MS) to an-
alyze of the nucleosides obtained from enzymatic diges-
tion of phiSM genomic DNA, as we previously described
( 4 , 7 ). A 2 

′ -deoxynucleoside form of pr eQ 1 (dPr eQ 1 ) was
indeed detected (3790 modifications per 10 

6 nucleotides,
∼ 1.1% of the Gs, Table 1 ). In addition to the UV peaks
for the four canonical nucleosides, dA, dC, dT and dG, an
unknown UV peak with a mass of 310 Da was observed
at a retention time of 6.5 min (Figure 2 A, 212 modifica-
tions per 10 

6 nucleotides, ∼ 0.1% of the Gs, Table 1 ). The
collision-induced dissociation (CID) MS / MS spectra of the
unknown peak re v ealed the protonated 2 

′ -deoxyribose ion
( m / z 117) and its further dehydration ions ( m / z 99 and
81), confirming that the unknown peak corresponded to a
non-canonical nucleoside (Figure 2 B). The CID MS / MS
spectra of dPreQ 1 and the unknown modification showed
very similar patterns. Both compounds showed fragment
[M + H] + ions at m / z 163 and m / z 279, indica ting tha t the
unknown modification could be a deri vati v e of dPreQ 1 (Fig-
ure 2 B). The mass of the unknown modification is 14 Da
grea ter than tha t of dPreQ 1 , implying tha t it is a methylated
product of dPr eQ 1 . The high-r esolution mass spectrometry
(HRMS) of the protonated [M + H] + ion ( m / z 310.1511)
of the unknown modifica tion ma tches the theoretical mass
of protona ted methyla ted-dPreQ 1 very well ( m / z 310.1515,
mass error = 1.29 ppm). The MS / MS spectra of the un-
known modification re v ealed a fragment ion with a loss of
31 Da ( m / z 310 → m / z 279), corresponding to a methy-
lamino group (Figure 2 B). The loss of the methylamino
group was observed in the MS / MS spectra at low CID en-
ergy, indicating that the methyl group is likely linked to the
7-amino group, which is less stable than the linkage to the
2-amino group in CID MS / MS experiment. 

We chemically synthesized 7-(meth ylamino)meth yl-2 

′ -
deoxy-7-deazaguanine (mdPreQ 1 , Supplementary Scheme
S1), which was purified b y HPL C and characterized b y
NMR and HRMS, to test whether methylation at the 7-
amino position of dPr eQ 1 corr esponds to the unknown
DNA modification. The standard was then analyzed us-
ing LC–UV–MS / MS. The retention time and MS / MS spec-
tra of mdPreQ 1 standard were identical to those of the
unknown non-canonical nucleoside (Supplementary Fig-
ure S3), confirming that the unknown modification is
mdPreQ 1 . The same modification was identified in Cellu-
lopha ga pha ges phi38:2 and phi47:1 (Supplementary Fig-
ure S4), which are related to phage phiSM ( 34 ). 

Phage and bacterial QueF have similar function 

Gi v en the presence of dPreQ 1 in DNA ( 7 ) and its subse-
quent modification to mdPreQ 1 , one must ask which pre-
cursor molecule (preQ 0 or preQ 1 ) is directly inserted in
the genome. Indeed, to date, all characterized DpdAs in-
sert preQ 0 into DNA ( 5 , 7 ). Hence, the phage QueF should
behave like the Archaeal QueF-L ( 22 ) and generate preQ 1
from preQ 0 inserted into DNA. Howe v er, if phage QueF
proteins are similar to the bacterial QueF ( 35 ) and form
preQ 1 base from preQ 0 base, then the DpdA of these phages
should have changed in substrate specificity to insert preQ 1
in DN A. QueF famil y sequences were collected from phages
(Supplementary Data S1 and ( 7 )) and compared to the se-
quences of three experimentally validated QueF proteins:
the bimodular QueF of Esc heric hia coli (NP 417274), the
unimodular QueF of Bacillus subtilis (NP 389258) and the
QueF-L of Pyrobaculum calidifontis (WP 011848915). Sur-
prisingly, no phage QueF sequences aligned with QueF-
L (Alignment S1). The bimodular sequence aligned with
half of the phage QueF sequences (Supplementary Fig-
ure S5A and B), while the unimodular one aligned with
the other half (Supplementary Figure S5B). The NADPH
binding motif, E(S / L)K(S / A)hK(l / Y)(Y / F / W), and most
of the amino acids characteristic of the QueF family
sequences (Supplementary Figure S5B, stared conserved
residues ( 19 , 36 )) were conserved in all phage sequences with
the exception of a tyrosine (Y221 in E. coli , Y87 in B. sub-
tilis , Y52 in P. calidifontis ) in the unimodular phage se-
quences. This degree of conservation strongly suggests that
the phage QueF proteins are NADPH-dependent preQ 0 
reductases. 

To validate this prediction, an E. coli ΔqueF mutant
was transformed with plasmids expressing queF genes from
three pha ges / viruses, namely Cellulopha ga pha ge phiSM,
Vibrio phage VH7D, and Halovirus HVTV-1. We observed
that expression of the phiSM and VH7D queF genes, but
not of the HVTV-1 one, complemented the � queF strain’s
Q-deficiency phenotype (Supplementary Figure S5C).
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Figur e 2. HPLC–UV–MS anal ysis of digested genomic DN A samples from bacteriaophage phiSM, phiST and vB FspM immuto 2–6A. ( A ) The HPLC- 
UV chromatogram on top was obtained from calf thymus DNA to show the retention of the canonical nucleosides. PhiSM shows a fifth peak with a mass 
of 310 Da. The dG peak disappeared, and a new peak was detected in phiST and vB FspM immuto 2–6A with a mass of 267 Da and 324 Da, respecti v ely. 
( B ) The MS / MS spectra and proposed CID fragmentation of dDG ([M + H] + = 267.1), dpreQ1 ([M + H] + = 296.1), mpreQ1 ([M + H] + = 310.1), fdpreQ1 
([M + H] + = 324.1). Molecule abbreviations: dC, 2 ′ -deoxycytidine; dA, 2 ′ -deoxyadenosine; dG, 2 ′ -deoxyguanosine; dT, 2 ′ -deoxythymidine. 
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Table 2. Quantification of 7-deazaguanine derivate DNA modifications per 10 6 nucleotides in plasmids encoding for Vibrio phage VH7D system expressed 
in E. coli strains 

Background pBAD24 pBAD33 dCDG dPreQ 0 dPreQ 1 mdPreQ 1 

WT empty empty 0 0 0 0 
DpdA2 empty 0 7 2765 0 
empty DpdM 0 0 0 0 
DpdA2 DpdM 0 0 0 9 
DpdM empty 0 0 0 0 
empty DpdA2 0 9 3666 0 
DpdM DpdA2 0 7 97 40 

� queF DpdA2 empty 0 630 0 0 
DpdA2 DpdM 0 696 0 0 
empty DpdA2 0 616 0 0 
DpdM DpdA2 0 672 0 0 

� queC DpdA2 empty 82 0 0 0 
DpdA2 DpdM 52 0 0 0 
empty DpdA2 95 0 0 0 
DpdM DpdA2 54 0 0 0 
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Because HVTV-1 is a virus infecting a hyper-saline ar-
chaeon, Haloarcula valismortis , expressing its queF gene in
E. coli in a low salt environment may have been challeng-
ing. Nonetheless, these experiments confirmed that phage
QueF, like its bacterial counterpart, catalyzed the reduction
of preQ 0 to preQ 1 . 

To confirm that phage DpdA encoded in QueF-like re-
ductase switched specificity to preQ 1 , we cloned phiSM
dpdA1 and VH7D dpdA2 in pBAD24 vector and expressed
them in se v eral mutants of E. coli . In our experiments,
phiSM DpdA1 was found to be inacti v e, while VH7D
DpdA2 inserted preQ 1 in DNA (2765 modifications per 10 

6

nucleotides), proving that this DpdA substrate specificity
indeed adapted to pr eQ 1 . Inter estingly, VH7D DpdA2 also
inserted preQ 0 at a lower efficiency (712 modifications per
10 

6 nucleotides) in a strain that does not produce preQ 1 and
accumulates preQ 0 ( � queF , see pathway in Figure 1 A), as
well as CDG at a very low efficiency (67 modifications per
10 

6 nucleotides) in a strain tha t accumula tes CDG ( � queC ,
see Figure 1 A). 

Prediction and validation of a preQ 1 methyltransferase 

Phages that harbor the mdPreQ 1 modification should en-
code a methyltr ansfer ase that appends a methyl group onto
the nitrogen of the methylamino group of preQ 1 in ge-
nomic DNA. Ther e ar e four genes coding for proteins of
unknown function in the cluster of genes encoding the
preQ 1 pathway in phage phiSM, namely CEPG 00048,
CEPG 00054, CEPG 00056 and CEPG 00057. The pro-
teins CEPG 00048 and CEPG 00057 were ruled out as can-
didates because they encode short proteins ( ∼ 60 amino
acids) and are not found by psiBLAST in other phages en-
coding a deazaguanine DNA modification pathway (Sup-
plementary Data S2 and S3). CEPG 00056 homologs were
observed in closely related Cellulophaga phages and in
eukaryotic herpes viruses (Supplementary Data S4). This
candida te was elimina ted because no deazaguanine DNA
modification was e v er f ound in eukary otic viruses ( 7 )
and eukaryotes do not produce any preQ 1 ( 3 ). Finally,
CEPG 00054 homologs were found in se v en other phages,
including Vibrio phages phi-Grn1, phi-ST2, and VH7D,
which were predicted to encode preQ 1 modification path-
ways (Figure 1 B, Supplementary Data S1 and S5). This pro-
tein belongs to the DUF3109 family (Supplementary Data
S6) and has an E. coli homolog, YkgJ, which is annotated
as a zinc or iron binding protein, making CEPG 00054 the
leading candidate for the missing preQ 1 methyltr ansfer ase,
and tentati v ely renaming it DpdM. 

We found that the genome of Vibrio phages phi-Grn1
and phi-ST2 DNA, encoding DpdM homologs (Figure 1 B,
Supplementary Data S1), were also modified with mdPreQ1
(Supplementary Figure S6, Table 1 ) at a rate of 0.01% of the
Gs for both phages (35 and 44 modifications per 10 

6 nu-
cleotides, respecti v ely, Tab le 1 ). Finally, e xpressing the pre-
dicted VH7D dpdM gene in an E. coli strain already express-
ing the dpdA2 of Vibrio phage VH7D resulted in the for-
mation of low le v els of mdPreQ1 in plasmid DNA (Table
2 ). Taken altogether, these data linked mdPreQ1 with the
presence of DpdM (Figure 1 B, Supplementary Data S1). 

As shown above with VH7D dpdA2 expression alone,
when both the VH7D dpdA2 and dpdM genes were ex-
pressed in a � queF background, which does not produce
pr eQ 1 but accumulates pr eQ 0 , pr eQ 0 was inserted into bac-
terial DNA at a ∼5-time lower efficiency. Similarl y, w hen a
� queC background tha t accumula tes CDG was used, CDG
was found in DNA with a ∼40-fold decrease in efficiency
(Table 2 ). 

DpdM proteins likely bind two metals 

Although the initial amino acid sequence analysis of DpdM
from Cellulopha ga pha ge phiSM re v ealed a CxxxCxxCC
metal binding motif (Supplementary Data S6), this mo-
tif was missing in the Vibrio phage phi-ST2 homolog. We
found that the orf encoding this protein was miscalled and
discovered that by selecting a start codon 171 nucleotides
prior to the originally predicted one now resulted in a
polypeptide containing the CxxxCxxCC motif (phi-ST2
corrected in Alignment S2). 

The tertiary and quaternary structures of DpdM from
both Cellulophaga phage phiSM and Vibrio phage VH7D
wer e pr edicted using AlphaFold2. Both proteins wer e pr e-
dicted to be monomeric, with only a few amino acids
interacting between monomers (data not shown). The
phiSM DpdM pr ediction (Supplementary Figur e S7A) had
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 higher confidence score than the VH7D prediction (Sup- 
lementary Figure S7B). We found small domains around 

he VH7D predicted structure with unknown function as 
hown in the alignment. Howe v er, the core parts of the pro- 
ein were well aligned (Supplementary Figure S7C). 

The phiSM DpdM structure contains a tunnel that has an 

lectro-positi v ely charged groov e on one side (Figure 3 A), 
hich could be a candidate site for DNA binding, and a sec- 
nd groove on the opposite side (Figure 3 B), which could 

e a site for a methyl donor binding. Surprisingly, majority 

f the conserved residues are clustered around this tunnel 
Figures 3 C and D). The CxxxCxxCC motif appears to be 
ivided into two metal binding sites rather than one. The 
xxxCxxC motif (orange in Figure 3 E; representing C33, 
38 and C41), is a known motif for a Fe 4 S 4 cluster and 

AM binding ( 37 ), but the presence of a fourth cysteine, 
150 (red in Figure 3 E), in the pocket would disrupt the 
e 4 S 4 binding and may bind another metal instead, as well 
s a different methyl donor. It appears that the fourth cys- 
eine in the CxxxCxxCC motif is involved in another metal 
inding pocket containing three other cysteine residues (yel- 

ow in Figure 3 F; r epr esenting C42, C92, C102 and C112). 
oth these metal binding pockets are found in the DpdM 

unnel implying that they both participate in the transfer of 
he methyl group from the methyl donor to preQ 1 in DNA. 

The tunnel observed in phiSM DpdM, the positi v ely 

harged groove (Figure 3 A), and the binding site on the 
pposite side of the protein (Figure 3 B), are absent in the 
H7D DpdM structure (Supplementary Figure S7D and 

). If the conserved residues in both VH7D and phiSM 

pdM proteins are mostly clustered at the same place (Sup- 
lementary Figure S7F and G), the two metal binding sites 
re located in one side of the enzyme in VH7D DpdM (Sup- 
lementary Figure S7H and I; in orange C45, C50, C52; in 

ed C222; in yellow C53, C120, C129, C146). 

iscovery of 7-deazaguanine in cellulophaga phage phiST 

NA 

ellulopha ga pha ge phiST resisted to a wide variety of re- 
triction enzymes containing at least a guanine in their spe- 
ific recognition site (Supplementary Figure S2B). In addi- 
ion, phiST encodes FolE, QueD and QueE but not QueC 

r DpdA (Figure 1 , Supplementary Data S1) ( 7 ). The prod- 
ct from the reaction catalyzed by QueE, 7-carboxyl-7- 
eazaguanine (CDG; see Figure 1 A) ( 3 ) was not detected 

n this phage DNA using LC-UV-MS / MS analysis. Mean- 
hile, peaks corresponding to three of the canonical nucle- 
sides, dA, dC, and dT were observed, along with an un- 
nown peak with a mass of 267 Da and retention time of 
.2 min (Figure 2 A). The CID MS / MS spectra of the un-
nown peak re v ealed the protonated nucleobase [B + H] + 

on at m / z 151, corresponding to the glycosidic bond cleav- 
ge with the loss of a neutral 2 

′ -deoxyribose ( m / z 116). The
resence of a protonated 2 

′ -deoxyribose ion ( m / z 117) and 

ts dehydration ions ( m / z 99 and 81) confirmed that the
nknown peak corresponds to a non-canonical nucleoside 
Figure 2 B). A signal for dG was not detected, suggesting 

hat it had been completely replaced by the unknown non- 
anonical nucleoside. Although CDG was not detected, the 

nknown modification could have been a CDG deri vati v e. o
he mass of the unknown modification is 1 Da less than 

G and the HRMS of its protonated [M + H] + ion ( m / z
67.1094) matches well with the theoretical mass of the pro- 
onated [M + H] + ion of the decarboxylated deri vati v e of 
CDG , 2 

′ -deoxy-7-deazagunine (dDG , m / z 267.1093, mass 
rror = 0.37 ppm). We analyzed a synthetic dDG standard 

 y L C-UV-MS / MS and found that its retention time and 

ID MS / MS spectra matched those of the unknown non- 
anonical nucleoside (Supplementary Figure S8), confirm- 
ng that the unknown modification was dDG. The same 

odification was found in Cellulophaga phages phi19:2 and 

hi13:1 (Supplementary Figure S9), which are related to 

hage phiST ( 34 ). 

rediction of a decarboxylase leading to 7-deazaguanine 

he discovery of dDG suggested that phiST encodes a CDG 

ecarboxylase that could remove the carboxyl moiety of 
DG to form DG. Between the CDG pathway and the 
olymerase genes of phiST lie fiv e genes coding for pro- 
ein of unknown function: CGPG 00064, CGPG 00065, 
GPG 00066, CGPG 00067 and CGPG 00068. Other 
ha ges containing 7-deaza guanine modifica tions pa thway 

o not encode CGPG 00064 and CGPG 00066 homologs 
Supplementary Data S7 and S8). CGPG 00068 encodes a 

UTPase (99.15% probability matching to PF08761.14 by 

Hpred, Supplementary Data S9) or MazG (98.4% prob- 
bility matching to PF12643.10 by HHpred, Supplemen- 
ary Data S9), which has been shown to hydrolyze dNTP 

n phages ( 38 ). CGPG 00065 is a distant homolog of a 

GT / DpdA (98.83% probability matching to PF01702.21 

y HHpred, Supplementary Data S10) and its function is 
iscussed in the sections below. CGPG 00067 is highly sim- 

lar to QueD (99.89% probability matching to PF01242.22 

y HHpred, Supplementary Data S11). T-fold enzymes like 
ueD bind pterins or purines ( 39 ), and three of them are 

nvolved in preQ 0 synthesis ( 3 ). This gene was also found in 

ther phages encoding for a DpdA, FolE, QueE, and QueD 

ut not QueC (Figure 1 B; Supplementary Data S1 and S12). 
ecause of these findings, CGPG 00067 was chosen as the 
est candidate for the missing CDG decarboxylase and re- 
amed DpdL. 
To investigate structural differences between QueD and 

pdL, we aligned the sequences of QueD from E. coli 
NP 417245.1) and B. subtilis (NP 389256.1) with all the 
roposed decarboxylase phage protein sequences (Align- 
ent S3). Both proteins share three histidines and two glu- 

amic acids, but the position of the fourth histidine differs 
n the multiple alignment. The signature motif of QueD 

xxxHGH ( 40 ) is also changed to LxxxHRHxF in DpdL. 
oth histidines of the motif coordinate the zinc ion in the 
cti v e site, and the cysteine is r equir ed for the ca talyza tion
f the reaction. Because the glycine residue is not involved 

n ligand binding or catalysis, changing it to arginine would 

ot change any essential properties of the acti v e site. The 
onversion of cysteine to leucine does, as QueD is inac- 
i v e without this cysteine ( 41 ). The pr edicted structur e of
pdL indica ted tha t it would ca talyze the reaction on the 

ase (Supplementary Text, Supplementary Figure S10) via 

n alkaline decarboxylation mechanism involving zinc or 
ther bound metal. This would imply that the specificity 
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Figur e 3. Anal ysis of Cellulopha ga pha ge phiSM DpdM pr edicted structur e. Electr omagnetic surface charges of both pr oteins were visualized on two 
opposite faces of the proteins ( A and B ), blue are positi v e charges and red negati v e charges. Conserv ed r esidues wer e added to the structur es with a 60% 

transparency on the electromagnetic surface ( C and D ). Conserved cysteines predicted to bind metal are colored in y ellow, or ange, and red as described in 
the text. Visualization of these cysteines were zoomed in to view both metal pockets ( E and F ). 
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of the co-encoded DpdA would be changed from preQ 0
to DG. 

We expressed dpdL genes from phage phiST and Acidovo-
rax phage ACP17 in E. coli alongside their respecti v e dpdA
genes, but we were unable to detect any dDG in this heterol-
ogous system (data not shown). Proteins may be inacti v e in
E. coli due to temperature, salt, or codon optimization dif-
ferences with their host organisms, or other unknown en-
zymes may be r equir ed to complete the reaction. 

A DpdA is encoded in all phages that harbor 7-deazaguanine
deri vati ves 

As previously stated, CGPG 00065 is a distant homolog of
a TGT / DpdA and is also found in Campylobacter phages
(Figure 1 B; Supplementary Data S1 and S13), which have
been previously shown to be modified by ADG ( 6 ). This
DpdA3 family had not previously been identified ( 6 ) and
is the most logical candidate for the enzyme inserting a
7-deazaguanine derivate in the DNA of both phiST and
Campylobacter phages ( 6 ). 

It is difficult to predict the substrate specificity of the
DpdA3 family (Figure 1 A). DpdA3 is unlikely to insert
preQ 0 as the full pathways are absent in phiST and the
Campylobacter phages stop the synthesis at CDG ( 6 ). As
a result, DpdA3 may insert CDG, a common precursor of
dADG and dDG. Because the nucleoside form of ADG was
detected in the cytoplasm of Campylobacter jejuni infected
with phage CP220 ( 6 ), the DpdA3 might have shifted their
substrate specificity to insert DG or ADG. 

With the discovery of the DpdA3 subfamil y, onl y a few
of the phages / viruses identified in our previous study re-
mained with no encoded DpdA ( 7 ). We reanalyzed the
genome of Halovirus HVTV-1, which is modified with
preQ 1 . HVTV1 69 gene product had a 100% probability of
matching with PF20314.1, a domain of unknown function
(DUF6610), by HHpred, but also 92.5% with PF01702.21,
a tRN A-guanine transgl ycosylase (Supplementary Data
S14). Furthermore, homologs of this protein were found to
be encoded in other archaeal viruses that also contain preQ 1
synthesis genes, as well as a singleton modification gene in a
few other viral genomes, including Halorubrum phage HF2
(Figure 1 B; Supplementary Data S1 and S15). With the dis-
covery of this final DpdA subgroup, renamed DpdA4, all
phages known to harbor a 7-deazaguanine in their DNA
encode a DpdA family protein, which now could be con-
sider ed a signatur e protein family for the presence of such
DNA modifications. 

7-(Formylamino)-methyl-7-deazaguanine in flavobacterium
phage vB FspM immuto 2-6A DNA 

Flavobacterium phage vB FspM immuto 2–6A resisted to
a wide variety of restriction enzymes containing at least a
guanine in their specific recognition site (Supplementary
Figure S2C). In addition, vB FspM immuto 2–6A encodes
DpdA3, FolE, QueD, QueE, QueC and QueF (Figure 1 ,
Supplementary Data S1) and should thus have complete
guanosine replacement to preQ 1 . Howe v er, dPreQ 1 was
not detected in this phage genome using LC–UV–MS / MS
anal ysis. Meanw hile, peaks corresponding to three of the
canonical nucleosides, dA, dC and dT, as well as an un-
known peak at a retention time of 9 min with a mass of
324 Da were observed in the LC-UV-MS / MS analysis of
this phage DNA (Figure 2 A). The CID MS / MS spectra
of the unknown peak re v ealed fragment ions at m / z 208,
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17, 99 and 81, which could be attributed similarly to the 
oss of 2 

′ -deoxyribose to form [B + H] + ion and proto- 
ated 2 

′ -deoxyribose ion and its further dehydration ions, 
especti v ely, confirming the unknown peak is a noncanoni- 
al nucleoside (Figure 2 B). The dG peak was not detected, 
ndica ting tha t it has been completely replaced by the un- 
nown non-canonical nucleoside. The CID MS / MS spectra 

f pr eQ 1 , mdPr eQ 1 and the unkno wn modification sho wed 

ery similar pattern, with fragment [M + H] + ions observed 

t m / z 163 and m / z 279 for all three compounds, indicat-
ng that the unknown modification could also be a dPreQ 1 
eri vati v e (Figure 2 B). The [B + H]+ ion of fdPreQ1 is
tronger than the [B + H]+ ion of mdPreQ1 and dPreQ1, 
ut the predominant ion of all three modifications is at m / z 
63, which corresponding to the loss of 2 

′ -deoxyribose ( m / z 
16) together with the amino group for dPreQ1 and the 
ethylamino group ( m / z 31) for mdPreQ1. The unknown 

odification had a mass of 28 Da greater than dPreQ 1 , 
orresponding to one additional carbon and one oxygen 

formyl group) or two additional carbons and four hydro- 
ens (ethyl or dimethyl group). The unknown modifica- 
ion mass ( m / z 324.1313) matched well with the theoretical 
ass of protonated [M + H] + ion of formyl-dPreQ 1 ( m / z 

24.1308, mass error = 1.56 ppm, Supplementary Figure 
9) but not with the theoretical mass of protonated ethyl- 
r dimethyl-dPreQ 1 ( m / z 324.1672, mass error = 112.32 

pm). The MS / MS spectra of the unknown modification 

t low CID energy re v ealed a fragment ion with a loss of 45
a ( m / z 324 → m / z 279), corresponding to a formylamino

roup. This suggested that the formyl group was most likely 

inked to the 7-amino group, which is less stable than the 
-amino group in CID MS / MS experiment. To test our 
ypothesis, we chemically synthesized fdPreQ 1 , which was 
hen purified using HPLC and characterized using NMR 

nd HRMS. (Supplementary Scheme S2, Supplementary 

igure S11). The standard was then analyzed using LC-UV- 
S / MS. The standard retention time and MS / MS spectra 

ere identical to those of the unknow noncanonical nucleo- 
ide, confirming that the unknown modification is fdPreQ 1 
Supplementary Figure S12). This finding suggested that 
he vB FspM immuto 2–6A genome ma y encode a f ormy- 
r ansfer ase that adds a formyl group to dPreQ 1 . 

rediction of a preQ 1 formyltransferase 

 protein annotated as PF00551 formyltr ansfer ase is en- 
oded close to the 7-deazaguanine insertion gene cluster of 
hage vB FspM immuto 2–6A (locus tag KNV73 gp067, 
igure 1 B, Supplementary Data S1). This protein was used 

o identify similar proteins in other viral genomes (Figure 
 B; Supplementary Data S1, S16). We found six phages 
hat encode a similar protein and shared the entire pathway 

rom FolE to QueF, including a DpdA, and 15 other phages 
hat encode a similar protein but lacked any 7-deazaguanine 
odification genes. These sequences could be divided into 

hree groups, according to a multiple sequence alignment 
Alignment S4) and a clustering cladogram (Supplementary 

igure S13). One of them include four proteins that are co- 
ncoded with the modification pathway (DpdA and FolE 

o QueF, Supplementary Data S1): YP 010114479.1, of 
hage vB FspM immuto 2–6A, as well as CAB5226463.1, 
AB4142580.1 and CAB5221950.1, all three encoded by 

ncultured Caudoviral phages and renamed DpdN. The two 

ther groups appear to be unrelated to the fdPreQ 1 modi- 
cation because group 2 is encoded by phage that do not 
ncode the proteins involved in the modification pathway 

nd group 3 contains members that are longer forms of 
he formylase, which are likely to be involved in other re- 
ctions (Supplementary Data S1). As DpdN is a member 
f the same superfamily as the enzyme PurN, which cat- 
lyzed the formylation of 5-phospho-ribosyl-glycinamide 
n the purine synthesis pathway ( 42 ), it likely uses the 
ame formyl donor 5-meth yl-5,6,7,8-tetrah ydrofolate (Sup- 
lementary Text and Supplementary Figure S14). 

-Carboxy-7-deazaguanine in sulfolobus virus STSV-2 

ecause Sulfolobus virus STSV-2 encodes DpdA and ArcS 

Figure 1 , Supplementary Data S1), it should harbor dG 

+ 

n its genome . As we previously described ( 4 , 7 ), we used LC-
V-MS / MS to analyze the nucleosides obtained from enzy- 
atic digestion of STSV-2 genomic DNA. dCDG, but not 

G 

+ , was detected at a rate of 0.04% of the Gs (149 mod-
fications per 10 

6 nucleotides, Supplementary Figure S15, 
able 1 ). 
There was no other neighboring gene that was clearly 

hared with other phages or viruses (data not shown). 
urprisingly, the host archaeon, Sulfolobus tengchongen- 
is , does not encode any proteins involved in the Q or G 

+ 

iosynthesis pa thway (da ta not shown). We belie v ed that 
ts ArcS e volv ed to re v ert preQ 0 into CDG. To inv estigate
his, we aligned STSV-2 ArcS sequence with canonical ArcS 

roteins ( 21 ) and with homologs previously identified in 

ther viruses ( 7 ) (Alignment S5). The phage / virus ArcS cor- 
esponds to only the core catalytic domain of the canoni- 
al ArcS (PF17884.4 annotated as DUF5591, 99.9% similar 
or STSV2 16 encoded by Sulfolobus virus STSV2, Supple- 

entary Data S17, and 99.9% for VPFG 00169 encoded by 

ibrio phage nt-1, Supplementary Data S18). It has previ- 
usly been demonstra ted tha t the ArcS have a high degree 
f di v ersity ( 21 ). Initially, four domains were identified in 

rcS (Nt, C1, C2 and PUA). The PUA domain is specific 
o RNA binding, the Nt domain is similar to the TGT cat- 
lytic domain and the C1 domain is specific to ArcS and 

ontains the catalytic core of the functions. These four do- 
ains are found in others, but in some organisms, the Nt 

omain is separated from the other three domains. In some 
rchaea, the C1 domain is encoded independently, as in the 
hages. The C1 domain’s specific motif, PC-X3-KPY-X2- 
-X2-H ( 21 ), was conserved in STSV2 ArcS but slightly de- 
enerated in Vibrio phage nt-1 ArcS (Supplementary Figure 
16, Alignment S5). 
We decided to test the ArcS of phage nt-1 because the 
rcS from a hyperthermophile organism might be inacti v e 

n our E. coli double plasmid test system, as hypothesized 

reviously ( 7 ). Both nt-1 dpdA2 and arcS were cloned in 

BAD24 and pBAD33 v ectors, e xpressed in E. coli , and the 
lasmids were extracted. We found that dPreQ 0 is inserted 

nto DN A w hen nt-1 DpdA2 is expressed alone, and dG 

+ 

s present when nt-1 ArcS is co-expressed (Table 3 ). This 
uggested that STSV2 ArcS, which is less degenerate than 

t-1 ArcS, may have the same function, generating dG 

+ . 
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Table 3. Quantification of 7-deazaguanine derivate DNA modifications 
per 10 6 nucleotides in plasmids encoding for Vibrio phage nt-1 system ex- 
pressed in E. coli strains 

Background pBAD24 pBAD33 dPreQ 0 dG 

+ 

WT empty empty 0 0 
DpdA2 empty 926 0 
empty ArcS 0 0 
DpdA2 ArcS 0 4 
ArcS empty 0 0 
empty DpdA2 1607 0 
ArcS DpdA2 11 7 

� queD empty empty 0 0 
DpdA2 empty 0 0 
empty ArcS 0 0 
DpdA2 ArcS 0 0 
ArcS empty 0 0 
empty DpdA2 0 0 
ArcS DpdA2 0 0 
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Ther efor e, additional STSV2 proteins yet to be identified
ar e r equir ed to catal yze the insertion of CDG in DN A in
this virus. 

DISCUSSION 

In this current era of acti v e discov eries of ne w bacterial de-
fence systems against phages dri v en by genomic data min-
ing ( 12–14 ), the identification of phage counter defences
( 11 ), including DNA modifications, is also rising. This study
focused on a group of guanine modifications, known as 7-
deazaguanines, where the nitrogen in position 7 of guanine
is replaced by a carbon allowing an easier addition of var-
ious side chains at this position. In a previous study, we
presented four side chains, namely dPreQ 1 and dG 

+ ( 7 ) in
the genome of some viruses, and dADG and dPreQ 0 in
both phage and bacterial DNA ( 4 , 7 ). Here, we have dou-
bled the number of 7-deazaguanine derivatives identified in
DNA, with the description of four new epigenetic marks
(a) two modifications that r epr esent further modification of
dPr eQ 1 , namely mdPr eQ 1 and fdPr eQ 1 ; (b) one pr ecursor
of preQ 0 , namely dCDG; (c) and one unprecedented nat-
ural 7-deazaguanine, dDG. In addition, we identified fiv e
previously undescribed families of viral enzymes involved
in the synthesis of these modified bases (Figure 1 ). 

When entering a cell, viral DNA may face various types
of host nucleases. As such, 7-deazaguanines present chem-
ical properties that enhance the persistence of viral DNA
upon infection. For instance, deazanucleosides lower the
general binding affinity of protein to DNA ( 43 ). We previ-
ously showed that 7-deazaguanines pr otect DNA fr om re-
striction enzymes at various le v els depending on the type
of modification ( 7 ). It has been demonstrated that the re-
placement of the guanine by a 7-deazaguanine in the recog-
nition site of EcoRV protected against cleav age b y the en-
donuclease ( 44 ). Viruses have likely evolved different DNA
modifica tion stra tegies, including the addition of deaza-
purines in their genome, to counteract nucleic acid-based
defence systems ( 11–16 ). It is also tempting to speculate
that bacteria likely have evolved anti-phage systems target-
ing 7-deazaguanine. Consequently, in this ‘arms race’ with
their hosts, viruses may have been dri v en to di v ersify their
7-deazaguanine into various deri vati v es in their genome,
thereby explaining the presence of various deazapurines in
viral DNA. 

Additionally, the study of these 7-deazaguanine modi-
fica tion pa thways in both RN A and DN A offers exam-
ples of paralogous enzymes shifting substrate specificity ( 4 ),
or the catalyzed reaction ( 40 ), non-orthologous displace-
ments ( 22 , 45 ) and the involvement of yet to be discovered
enzymes. In this study, we discovered and annotated two
proteins that hypermodified dPreQ 1 : a dPreQ 1 methytrans-
ferase, now named DpdM, found in Cellulophaga phage
phiSM, and a potential pr eQ 1 or dPr eQ 1 formyltr ansfer ase,
DpdN, leading to fdPreQ 1 , in the genome of Flavobac-
terium phage vB FspM immuto 2–6A. We showed that the
Vibrio phage VH7D DpdM homolog methylated dPreQ 1 
into mdPreQ 1 in vivo (Table 2 ). Based on the analysis of the
protein structures, we propose that DpdM methylates preQ 1
already inserted in DNA using two metal groups (Figure 3
and Supplementary Figure S5). We also identified a paralog
of QueD in Cellulophaga phage phiST, DpdL, that we pro-
pose to promote alkaline decarboxylation of CDG to lead
to the dDG modification. 

The DpdA family is a good example of substrate speci-
ficity shift. Indeed, we showed that the substrate speci-
ficity of some DpdA has changed toward different 7-
deazaguanines. For example, the change in substrate speci-
ficity between dPreQ 0 and dPreQ 1 seems to have occurred
se v eral times in evolution, as phages acquired both unimod-
ular and bimodular QueF (Figure 3 ), and almost all DpdA
sub-families have a member that may insert preQ 1 into
DNA (Supplementary Data S1). We predict that dPreQ 0
was the first 7-deazaguanine DNA modification, as it is
the modifica tion tha t r equir es the fewest enzymes. Inter-
estingly, Vibrio phage VH7D DpdA2 inserted various 7-
deazaguanine deri vati v es in its DNA with dif ferent ef fi-
ciencies (Table 2 ). Vibrio phage nt-1 DpdA2 did not insert
preQ 1 in DNA in our assay but could insert preQ 0 and pos-
sib ly G 

+ (Tab le 3 ). It was pre viously reported that this phage
harbor ed thr ee 7-deazaguanine DNA modifica tions, a t var-
ious le v els ( 7 ). DpdA2 family e xhibits promiscuity for sub-
strate specificity. 

The DpdA family is also a good example of proteins
changing slightly their affinity to fit the needs of organ-
isms, and a good case study for protein classification. Thus
far, the DN A transgl ycosylases that insert preQ 0 into DN A
have been classified into three subfamilies: bDpdA ( 4 ),
DpdA1, and DpdA2 ( 7 ). We identified two other subfam-
ilies in viruses, DpdA3 and DpdA4. All viruses encoding
7-deazaguanine synthesis genes now encode a member a
DpdA subgr oup. Thus, we pr opose that all 7-deazaguanine
DNA modifications reported to date are post-replication
modifica tions. Interestingly, the ef ficiency of insertion by
DpdA members varied between subgroups. bDpdA ap-
pears to have a low insertion rate, less than 0.1% of
the Gs ( 4 ), similar to what was observed for DpdA2 ( 7 )
(Tab le 1 ). Howe v er, modification le v els vary from 0.1 to
30% of the Gs for DpdA1 ( 7 ). The genome of the only
DpdA4 encoding virus tested (Halovirus HVTV-1) was
modified at 30% ( 7 ). DpdA3 is the most efficient, com-
pletely modifying the genomes of Campylobacter phage
CP220 ( 6 ), Cellulopha ga pha ge phiST, and Flavobacterium
phage vB FspM immuto 2–6A (Table 1 ). Our attempts to
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est members of the DpdA3 and DpdA4 families in our E. 
oli model were unsuccessful. 

Finally, these pathways still leave opened questions, such 

s the presence of dCDG in Sulfolobus virus SVST-2. 
his virus only encodes DpdA and ArcS homologs. Fur- 

hermore, its host does not modify its tRNA with 7- 
eazaguanines. The proteins encoded in the vicinity of dpdA 

nd arcS were not found in any other phage or virus en- 
oding a 7-deazaguanine modification pathway. We do not 
now what the source of 7-deazaguanine for this virus is, 
or how it ends up on dCDG. Indeed, we expected dG 

+ in- 
tead because Vibrio phage nt-1 ArcS produces dG 

+ (Ta- 
le 3 ). Hence, we renamed this enzyme ArcS2 to differen- 
iate from its tRNA-acting homolog ( 21 ). Future research 

ill be needed to answer these questions. 
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rotein model predicted by AlphaFold2 were deposited in 
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Cellulopha ga pha ge phiST DpdL DOI: https://www. 
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Flavobacterium phage vB FspM immuto 2–6A DpdN 
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