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ABSTRACT

Nicotinamide adenine dinucleotide (NAD) serves as a cap-like structure on cellular RNAs (NAD-
RNAs) in all domains of life including the bacterium Escherichia coli. NAD also acts as a key
molecule in phage-host interactions, where bacterial immune systems deplete NAD to abort
phage infection. Nevertheless, NAD-RNAs have not yet been identified during phage infections
of bacteria and the mechanisms of their synthesis and degradation are unknown in this context.
The T4 phage that specifically infects E. coli presents an important model to study phage
infections, but a systematic analysis of the presence and dynamics of NAD-RNAs during T4 phage
infection is lacking. Here, we investigate the presence of NAD-RNAs during T4 phage infection in
a dual manner. By applying time-resolved NAD captureSeq, we identify NAD-capped host and
phage transcripts and their dynamic regulation during phage infection. We provide evidence that
NAD-RNAs are — as reported earlier — generated by the host RNA polymerase by initiating
transcription with NAD at canonical transcription start sites. In addition, we characterize NudE.1 —
a T4 phage-encoded Nudix hydrolase — as the first phage-encoded NAD-RNA decapping enzyme.
T4 phages carrying inactive NudE.1 display a delayed lysis phenotype. This study investigates for
the first time the dual epitranscriptome of a phage and its host, thereby introducing
epitranscriptomics as an important field of phage research.
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INTRODUCTION

Besides its four canonical nucleotides, RNA molecules can be decorated with diverse chemical
modifications at their termini or internally (1,2). For a long time, 5'-cap-like structures on RNA
were thought to exist only in eukaryotes in form of the N7-methylguanosine cap (3). However, we
know today that redox cofactors, including flavin adenine dinucleotide (FAD), dephospho-
coenzyme A (dpCoA) or nicotinamide adenine dinucleotide (NAD, used to refer to its oxidized
form NAD") equip the 5'-end of RNAs as cap-like structures (4-7). NAD-capped RNAs (NAD-RNAs)
are the best-studied type of these cofactor-capped RNA species regarding their identity and
biosynthesis (8).

First evidence for the existence of NAD-caps in vivo was obtained via LC-MS analysis of total RNA
(6), whilst the identity of NAD-RNAs remained unknown due to the required degradation of total
RNA prior to analysis. Therefore, NAD captureSeq was developed, which allows for the
chemoenzymatic capture, enrichment, and sequencing of NAD-RNAs from total RNA (5). Recently,
the NAD captureSeq technology has been optimized to enhance RNA integrity and enable the
sequencing of full-length NAD-RNAs. Therefore strain-promoted (copper-free) azide-alkyne
cycloaddition (SPAAC) (9) and Nanopore sequencing have been applied to identify NAD-RNAs
(10). Overall, based on the NAD captureSeq technology, NAD-RNAs have been identified in
various bacteria (11,12), including Escherichia coli (5,10), archaea (13,14) and eukaryotes (9,15-21),
highlighting the universal existence of this cofactor-capped RNA species (8).

The predominant — and to this day the only described — biosynthesis mechanism of NAD-RNAs
involves the RNA polymerase (RNAP) that uses NAD as a non-canonical initiating nucleotide
(NCIN). Instead of ATP, it incorporates NAD (with an adenosine moiety involved in base pairing)
at the 5-end of RNA ab initio during transcription initiation (8,22). In bacteria, the NAD-cap
provides a stabilizing effect to the RNA, whilst it promotes RNA decay in eukaryotes (8). NAD-
RNA decapping and subsequent degradation can occur via two pathways. DeNADding refers to
the removal of the entire NAD-cap and has only been described in eukaryotes to this day (8,21,23).
NAD-cap hydrolysis by Nudix hydrolases cleaves the diphosphate moiety within the NAD-cap,
releasing 5'-monophosphorylated RNA, which can be subjected to cleavage afterwards (5,8,24).
Apart from that the roles of NAD-RNAs are poorly understood (8).

In order to study potential roles of NAD-RNAs it may seem promising to look beyond a single
organism and instead focus on, for instance, pathogen-host interactions. Such pathogen-host
interactions have been studied using dual sequencing (dual-seq) approaches that simultaneously
assess both the host and pathogen transcriptome (25). Dual-seq can reveal the intricate interplay
of host and pathogen, but has not yet been applied to study these interactions on the level of the
epitranscriptome. NAD-RNAs have only been indicated to exist during infection by the eukaryotic
Dengue virus using LC-MS (7) and HIV-1 infection of human cells (26). Surprisingly, NAD is a key
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regulatory molecule in the interactions between phages and their bacterial hosts. Bacteria have
evolved phage defense strategies that involve the depletion of NAD to abort phage infection and
phages restore NAD to counteract the defense (27-30). Despite the central role of NAD in phage
infections, the dual NAD-cap epitranscriptome has not yet been studied in phage-host
interactions.

As mentioned above, NAD-RNAs have been initially discovered in E. coli (5,31) which is — among
others — infected by bacteriophage T4 (T4 phage) (32). It infects E. coli by injecting its 169 kb
dsDNA genome and protein effectors (32). Then, a fine-tuned infection program begins to take-
over the host’'s gene expression machinery including the RNAP and ribosomes to express phage
genes (32). Therefore, the T4 phage creates the ideal environment for self-reproduction starting
with host reprogramming in early, DNA replication in middle and structural phage proteins
biosynthesis in late phase of infection (33,34). Moreover, the phage triggers the shut-off of host
gene transcription and RNA degradation (32-34). Albeit these processes have been fundamentally
understood, detailed mechanistic insights, e.g. how the RNA degradation machinery distinguishes
between phage and host RNA, remains elusive. Epitranscriptomic mechanisms may provide a
regulatory layer to achieve these characteristics (35). However, epitranscriptomics has only
scarcely been applied to phage research. Just recently, NAD-RNAs have been found to serve as
substrates for an ADP-ribosyltransferase (ART) from bacteriophage T4 (T4 phage) (36). The ART
ModB uses NAD-RNAs in an RNAylation reaction, by which it covalently attaches NAD-RNAs to
ribosomal proteins of its host Escherichia coli including ribosomal proteins S1 and L2 (36). This
may provide a means for the T4 phage to regulate gene expression during infection on the
translational level. Further, it indicates a distinct biological function of NAD-RNAs, namely
activation of the RNA for the enzymatic transfer to a target protein (36). Apart from this role of
NAD-RNAs in RNAylation of host proteins during infection, the abundance, identity, biosynthesis
and degradation of NAD-RNAs during T4 phage infection are uncharacterized to this day.

Here, we study for the first time the time-resolved dual NAD-cap epitranscriptome of T4 phage
infection of E. coli. This enables to determine the dynamic modulation of NAD-RNAs across
various infection phases characterized by specific gene expression patterns. Therefore, we
establish an optimized NAD captureSeq protocol including SPAAC and Nanopore sequencing
allowing for accurate 5'-end determination and full-length transcript identification. Thereby, we
identify the infection phase-dependent occurrence of NAD-capped T4 phage transcripts, while
host NAD-RNAs decrease in abundance throughout infection. Time-resolved differential RNA-Seq
suggests NAD-capping of both host and phage transcripts to occur through the host RNAP.
Moreover, we present evidence for the role of the T4 phage Nudix hydrolase NudE.1 (37) in the
hydrolysis of NAD and NAD-RNAs. T4 phages with catalytically inactive NudE.1 display delayed
lysis indicating the important auxiliary role of this Nudix hydrolase during T4 phage infection.
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Together, we here present the first study of an RNA modification in a phage-host interaction by
identifying and characterizing the dynamic landscape of NAD-RNAs during T4 phage infection.
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MATERIALS AND METHODS

General

All DNA and RNA oligos were purchased from Integrated DNA Technologies. Chemical
compounds were obtained from Sigma Aldrich or Carl Roth GmbH, if not indicated otherwise.
RNA was precipitated in the presence of 0.3 M NaOAc pH 5.5 and 1 volume isopropanol by
centrifugation at 21,000 x g or 18,500 x g, 4 °C for 90 min after incubation at -20 °C overnight, if
not indicated differently.

Strains, media and cultivation

Cultivation of E. coli strains (Supplementary Table S1) was conducted in lysogeny broth (LB)
medium supplemented with the 30 pg/uL kanamycin (for pET28a-based expression strains) or
without antibiotic (E. coli B strain) at 37 °C, 180 rpm.

Determination of E. coli cell concentration

E. coli cell concentration was determined by diluting an E. coli culture at an optical density at
600 nm (ODego) = 0.84 1:2,000 in isotone (Sigma Aldrich) and measuring 75 uL thereof at a Coulter
counter (Multisizer 4e (Beckman Coulter)). Cells counts in the range of 1 -2 pum particle size were
summed and blank background was subtracted to obtain the measure of 3 * 108 E. coli cells per
mL at ODeoo = 0.8.

T4 phage infection

Bacteriophage T4 infection of E. coli strain B was performed in LB medium, supplemented with
1 mM CaCl; and 1T mM MgCl,, either at room temperature (rt) shaking at 120 rpm or at 37 °C
shaking at 180 rpm. ODeoo of E. coli culture used for infection varied between 0.2 — 0.8 and phages
were added to a final multiplicity of infection (MOI) ranging from 0.2 — 5.0.

T4 phage production

E. coli BL21 DE3 pET28a was grown to ODego = 0.6 in LB medium with kanamycin at 37 °C, 180 rpm.
T4 phage solution was added to a multiplicity of infection (MOI) of 0.2 and the culture incubated
at room temperature, 120 rpm overnight. Unlysed cells were pelleted by centrifugation at
5,000 x g, 4 °C for 25 min and supernatant was filtered through 0.22 um filters. The resulting T4
phage solution was stored in glass bottles at 4 °C.

Determination of T4 phage titer via plaque assay

T4 phage solution was diluted 10" to 107" in LB medium. 300 L of E. coli B strain bacterial culture
(ODeoo = 1.0) and 100 pL of respective diluted phage solution were mixed each and incubated for
2-3 min at rt. Then, samples were mixed each with 4 mL of soft agar (2 % w/v agar, 1.5 % w/v
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pepton, 0.75 % w/v yeast extract, 1.5 % w/v NaCl) preheated to 55 °C. Whole mixtures were poured
onto LB agar plates and incubated at 37 °C overnight. The titer was determined using equation 7:

Number of plaques x dilution factor _ Number of phages in pfu

(1)

Volume of the phage lysate in mL ~ Volume of phage lysate in mL

Lysis assay

E. coli B strain was grown at 37 °C, 180 rpm in LB medium supplemented with T mM CaCl; and
1 mM MgCl, to ODsoo = 0.8. Then, cultures were transferred to rt shaking at 120 rpm and phage
solution was added to an MOI of 1.5 — 5.0. ODsoo Was regularly monitored to determine cell lysis.
Alternatively, the same assay was performed in a BioTek plate reader (Agilent) measuring cell
density as ODsoo in a 48-well format at rt shaking at 300 rpm every 3 min. For the plate reader
measurement of ODsoo, OD values were normalized to 1 at time point O before plotting.

Burst size assay

50 mL of E. coli B strain culture in LB medium supplemented with 1 mM CaCl; and T mM MgCl,
that was grown to ODego 0.8 was infected with T4 phage (WT or NudE.1 E64,65Q) at MOI 0.01 and
incubated in a water bath at 37 °C. To determine the amount of all phages added, 50 pL of
appropriately diluted culture at 6 minutes post infection was subjected to plaque assay as
described above. At the same time point and all other subsequent time points, the culture was
diluted according to the expected amount of phages (that can be assessed by plaque assay) and
1 mL free-floating phages were specifically isolated with 50 pL chloroform. 50 pL thereof were
used for plaque assay as described above. The amount of initially infecting phages was calculated
as the difference between all phages and free-floating phages at 6 min post infection. This was
used to calculate the burst size during the first 60 min of infection.

T4 phage mutant generation and screening

Mutagenesis

E. coli BL21 DE3 containing plasmids pET28a_NgTET_NudE.1-E64,65Q and pCpf1_NudE.1 was used
for mutagenesis. The cells were grown to ODeoo = 0.4 at 37 °C, 160 rpm, when NgTET expression
was induced by addition of 50 uM IPTG and cells were grown further to ODgoo = 0.8. The cultivation
was proceeded until ODeoo of 0.8. At this point, the cultures were adjusted to room temperature
shaking at 120 rpm and supplemented with T mM MgCl. and 1 mM CaCl,. Infection was carried
out with NgTET-treated T4 phage WT set to a multiplicity of infection (MOI) of 0.5 as described
previously (38). The infection was performed for 3 h, at 130 rpm and 23 °C after which the cells
were pelleted and supernatant filtered through 0.45 um filters. The titer of the newly generated
phages was determined via plaque assay and the phages were used for the counter-selection via
infection of E. coli Cas13a_NudE.1 (plasmid pBA560-Cas13a-NudE.1). The counter-selection was
performed under the same conditions as the mutagenesis. The counter-selected phages were
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filtered through 0.45 pum filter and used for a plaque assay with E. coli B strain. 144 individual
plaques were picked and resuspended in 200 uL Mg-Pi-buffer (26 mM Na,PHO4 68 mM NaCl,
22 mM KH2PO4, 1 mM MgSOy, pH 7.5) supplemented with 2 pyL Chloroform and incubated at room
temperature shaking at 500 rpm for 1 h. Plaques in solution were stored at 4 °C.

Mutant identification using long-read amplicon sequencing

Phages were screened for mutations by Nanopore sequencing as described previously (35,39).
1 pL resuspended plaque were used for each PCR in 10 uL scale in the presence of 1 x High Fidelity
PCR Master Mix (NEB) and 500 nM NudE.1 fwd and rev screening primer (Supplementary Table 2)
using 98 °C for 3 min followed by 30 cycles of 98 °C for 10 s, 60 °C for 10 s and 72 °C for 1 min
with a final hold at 72 °C 10 min. A second dual barcoding PCR was performed using KAPA HiFi
HotStart ReadyMix (Roche) in the presence of 1 pL of a 1:10 dilution of the initial PCR as template
and 0.3 uM of the barcoding primers (38,39) in 7 uL reactions. PCRs were conducted at 95 °C for
3 min followed by 20 cycles of 98 °C for 20 s, 66 °C for 15 s and 72 °C for 60 s with a final extension
of 72 °C for 5 min. All the barcoded PCR reactions were pooled and purified using an open source
purification procedure using the NucleoMag kit for NGS library preps (Macherey Nagel) (40).
Briefly, DNA was bound to magnetic beads, washed twice with 80 % ethanol and eluted in 100 pL
elution buffer (5 mM Tris-HCI pH 8.5). Concentration was determined with NanoDrop
(ThermoFisher Scientific) and Qubit (Invitrogen) using the broad range and/or high sensitivity
assay. Sequencing libraries were generated with the SQK-LSK109 Ligation Sequencing kit (Oxford
Nanopore Technologies) according to the manufacturer’'s guidelines starting with 1 pg of input
DNA. Sequencing was performed on Flongle flow cells (R9.4.1 chemistry) on a MinlON device.

Analysis of long-read sequencing data

Nanopore raw reads were basecalled using guppy (v6.4.2). Reads were analysed using the
CRISPRT4 pipeline (35) (https://github.com/MaikTungsten/CRISPRT4). In a miniconda
environment, reads were demultiplexed using minibar (41) and mapped to the T4 phage reference
genome (NCBI: NC_000866.4, accessed 15t September 2023) using minimap2 (version 2.24) (42).
The resulting SAM files were converted to BAM files, sorted, and indexed with samtools (version
1.4.1) (43). Variant calling in the target region of mutagenesis was subsequently performed using
longshot (version 0.4.1) (44) and resulting VCF files were inspected for desired point mutants with
Integrative Genomics Viewer (IGV 2.16.0) (45).

Recovery of T4 NudE.1 E64,65Q mutant phage

Candidate mutants were propagated by the addition of 10 pL resuspended phage plaque to 10 mL
E. coli B strain culture in LB medium supplemented with 1T mM MgCl, and 1 mM CaCl, and
incubation at room temperature, 120 rpm overnight. Sanger sequencing was performed to
validate the mutation. As a small fraction of the phage population contained the WT locus of
NudE.1, the phage mutant candidate was counter-selected against WT. Therefore, 10 mL E. coli
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BL21 DE3 with plasmid pBA560-Cas13a-NudE.1 was grown in LB medium supplemented with
30 pg/mL chloramphenicol to ODggo = 0.4, when the expression of the Cas13a system was induced
by addition of tetracycline to final concentration 1 nM. After 10 min incubation, 10 pyL phage was
added and incubated at 37 °C for 1 h. Thereafter, phage was purified by filtration through 0.45 ym
filters, diluted in LB medium and used for plaque assay with E. coli BL21 DE3 with plasmid pET28-
NudE.1T induced with T mM IPTG. Single plaques were picked again, screened with Sanger
sequencing and mutant phage amplified as described above.

Total RNA isolation

100 mL LB medium with 1T mM MgCl; and 1 mM CaCl, were inoculated with overnight culture of
E. coli strain B, E. coli IM109 + pUC19 (with ampicillin as an to antibiotic) ODeoo = 0.1. The culture
was incubated at 37 °C, 160 rpm to ODego= 0.8. Then, the culture was transferred to rt and the first
5 mL sample was taken (0 min). Subsequently, the bacterial culture was infected with T4 phage
solution to a multiplicity of infection of 1.5 or 5.0, respectively. The T4 phage-infected culture was
incubated at rt, 120 rpm and 5 mL samples were taken at 1, 4, 7, 10 and 20 min of post-infection
or as indicated. After sampling, cells were lysed immediately using one volume (5 mL) of the 90
°C lysis solution (2 % SDS, 4 mM EDTA) and incubated at 90 °C for 2 minutes. RNA was extracted
in one volume (10 mL) of Roti-Aqua-Phenol (Carl Roth) by incubating at 67 °C for 10 min and
centrifuging for 10 min and at 18,500 x g, rt. RNA was extracted again from the upper phase using
one volume (10 mL) of Roti-Aqua-P/C/I (Carl Roth) and samples were centrifuged at 18,500 x g,
4 °C for 10 min. Upper phases were mixed with one volume of ice-cold isopropanol and
0.1 x volume of 3 M NaOAc pH 5.5 and incubated at -20 °C overnight. RNAs were precipitated by
centrifugation at 18,500 x g at 4 °C for 2 h. RNA-pellets were resuspended in 450 pL RNase-free
water. RNA was digested in 1 x DNasel buffer with 0.8 U/uL of DNasel (Roche) to remove residual
DNA. Reactions were incubated at 37 °C for 40 min. DNasel digestion was stopped by addition of
one volume of Roti-Aqua-P/C/I. Samples were centrifuged at 17,000 x g, 1 min, rt. P/C/I-extraction
was performed twice. Residual phenol was removed by diethylether extraction using one volume
diethylether and phase separation by short centrifugation. The extraction was performed three
times. The residual diethylether was evaporated using the SpeedVac (Thermo Fisher). RNAs were
ispropanol precipitated and RNA pellets were resuspended in 20 — 100 pL RNase-free water. Final
RNA concentrations were determined using the NanoDrop (Thermo Fisher). RNAs were analyzed
by 10 % PAGE as well as 1 % agarose gel electrophoresis. Gels were imaged at ChemiDoc (Bio-
Rad) using either SYBR Gold (Invitrogen) or PeqGreen (PreqlLab) staining. Further, RNAs were
analyzed using Agilent RNA 6000 Nano Kit and the Bioanalyzer system (Agilent). Thereby, RNA
integrity was determined and only RNAs with RNA integrity numbers (RINs) greater than 9.0 were
used for further analysis.
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Preparation and characterization of NAD-RNAs by in vitro transcription

Amplification of Qf and RNAI dsDNA templates

PCR of QB and RNAI dsDNA template for in vitro transcription was performed using 50 nM fwd
and 50 nM rev ultramer (Supplementary Table S2) in the presence of 1 x GC buffer, 5 % DMSO,
0.1 mM of dNTP mix, 500 nM fwd primer, 500 nM rev primer and 0.01 U/uL Phusion polymerase
(Thermo Fisher). The PCR products were analyzed by 2 % agarose gel electrophoresis and purified
using the Qiagen PCR purification kit. DNA concentrations were measured using the NanoDrop.

IVT transcription of 5-PPP-RNA and 5 -NAD-RNA

In vitro transcription (IVT) of 5'-triphosphate (PPP) QB-RNA and RNAI was performed in a 20 uL
scale using the HighYield T7 RNA Synthesis Kit (Jena Bioscience) according to manufacturer’s
instructions in the presence of 1 ug dsDNA template. NAD-capped RNA was synthesized using
the same conditions except for the presence of 3.75 mM ATP and 7.5 mM NAD. The IVT reactions
were incubated at 37 °C for 3 h. Residual DNA was removed by DNase | digestion using 20 U
DNase | and 1 x DNase | incubation buffer and incubating the mixture at 37 °C for 30 min. In vitro
transcribed 5'-PPP-RNAs and 5'-NAD-RNAs were purified by 10 % preparative PAGE. RNA bands
were visualized by UV shadowing. The bands were excised, and RNA was eluted from the gel
material by incubation in 4 mL 0.3 M NaOAc pH 5.5 by shaking at 600 rpm, 14 °C overnight. An
additional elution step was performed for 3 h at the same settings. After removal of gel pieces,
RNA was isopropanol precipitated, RNA pellets were air-dried and resuspended in 200 pL RNase-
free water, isopropanol-precipitated again and resuspended in a final volume of 50 pyL RNase-free
water. RNA concentrations were measured on the NanoDrop. NAD-RNAs were analyzed using
10 % PAGE. The presence of the NAD-cap was confirmed by 6 % APB-PAGE and NudC digest as
described before (46) except for the usage of a HEPES buffered system. Reactions were prepared
for analysis in a 10 pL scale by incubating 100 ng of each RNA, 1 x degradation buffer and 4.2 uM
NudC (1 pL) or 1 uL RNase-free water, respectively. The reactions were incubated at 37 °C, 30 min
and applied to 6 % (w.rt. final acrylamide concentration) APB-PAGE. Gels were imaged at
ChemiDoc after staining in SYBR Gold (Invitrogen).

NAD captureSeq library prep

NAD captureSeq was performed in a similar manner as described in (47).

Chemo-enzymatic labelling of total RNA

Labelling of total RNA was performed in two subsequent steps: ADPRC and SPAAC reaction.
ADPRC reactions were performed in a 100 pL scale in the presence of 1 x ADPRC buffer, 10 % 3-
azido-1-propanol, 70 pg total RNA from E. coli (before and after 1,4, 7, 10 and 20 min of infection),
10 ng of 100 nt control NAD- RNA (spike-in, Supplementary Table S3) and in the presence or
absence of 0.85 pM ADPRC. The mixtures were incubated at 37 °C for 45 min. Reactions were
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stopped by Roti-Aqua-PCl extraction, followed by diethylether extraction. Then, reactions were
isopropanol-precipitated in the presence of 40 ug RNA-grade glycogen. Pellets were resuspended
in 20.3 pL RNase-free water.

SPAAC reactions were performed in a 40 uL scale in the presence of 20 uL RNA (~ 70 pg), 1 x PBS
and 0.25 mM biotin-PEG4-DBCO (in DMSO). Reactions were incubated at 37 °C, 2 h. Then, 160 pL
RNase-free water were added. Reactions were stopped by Roti-Aqua-PCl extraction, followed by
diethylether extraction Samples were isopropanol-precipitated in the presence of 40 ug RNA-
grade glycogen. RNA pellets were resuspended in 40.3 pL Immobilization buffer (10 mM Na-
HEPES pH 7.2, 1T M NaCl, 5 mM EDTA). The integrity of RNAs after both ADPRC and SPAAC
reactions was analyzed by applying of 0.3 pL (~ 1 pg) of each sample to 1 % agarose gel
electrophoresis.

Preparation of streptavidin beads and capture

Mobicol classic columns (MoBiTec) were assembled with small filters and placed into 2 mL reaction
tubes. 50 pL streptavidin Sepharose were added to each column. The streptavidin beads were
equilibrated by washing three times with 200 puL immobilization buffer. The columns were then
centrifuged at 17,000 x g, 1 min, rt, and the supernatants were discarded. All further wash steps
mentioned were performed three times with the same volume of respective buffer with an
exception for washing with streptavidin wash buffer (8 M urea, 50 mM Tris-HCI pH 7.4) and 0.25 x
streptavidin wash buffer (2 M urea, 50 mM Tris-HCl pH 7.4). In these cases, the beads were washed
five times. After washing, the beads were blocked by addition of 100 pL immobilization buffer,
supplemented with 100 pug/mL acetylated BSA and by incubation at 20 °C, 1,000 rpm for 20 min.
Then, blocking reactions were centrifuged at 17,000 x g, rt for 1 min and flow-through was
discarded. Blocking steps were always performed in the same manner with 100 pL of respective
buffer and 100 pg/mL acetylated BSA. After blocking, the streptavidin beads were washed with
immobilization buffer as previously described. The biotinylated RNAs were captured by
streptavidin beads by addition of their complete volume of 40 pL (~ 70 pg) to each column and
incubation at 20 °C, 1,000 rpm for 1 h. The mixtures were centrifuged at 17,000 x g, rt for 1 min
and the supernatants were discarded. Then, the beads were washed with streptavidin wash buffer.

RNA 3'-adaptor ligation

The streptavidin beads were equilibrated, blocked, and subsequently washed in the same manner
as described earlier with 1 x standard ligation buffer (500 mM Tris-HCI pH 7.4, 100 mM MgCly).
For the RNA 3" adaptor ligation, the adaptor ligation mixture consisting of 5 yM adenylated 3'-
adaptor, 1 x standard ligation buffer, 15 % DMSO, 50 pg/mL adenylated BSA, 50 mM 2-
mercaptoethanol, 0.5 U/uL T4 RNA ligase 1 (NEB) and 10 U/pL T4 RNA ligase 2, truncated K227Q
(NEB) was prepared on ice. 30 pL of this mixture were added to the beads and the columns were
incubated at 4 °C overnight. Then, NaCl was added to the beads to a final concentration of 1.5 M
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and the columns were incubated at 20 °C, 1,000 rpm for 1 h. After incubation, reactions were
centrifuged at 17,000 x g, rt for 1 min. The supernatants were discarded, and the beads were
washed with streptavidin wash buffer.

Reverse transcription

The streptavidin beads were equilibrated, blocked, and subsequently washed in the same manner
as described with 1 x first-strand buffer (250 mM Tris-HCl pH 8.3, 375 mM KCl, 15 mM MgCl). For
the reverse transcription, the reaction mixture containing 5 uM RT primer, 0.5 mM dNTP mix,
50 pg/mL adenylated BSA, 5 mM DTT, 1 x first-strand buffer and 10 U/uL Superscript IV reverse
transcriptase (Invitrogen) was prepared on ice. 30 pL of this mixture were added to the beads and
the reactions were incubated at 40 °C for 1 h. Then, dissociated hybrids of biotin—-RNA and cDNA
were rebound by addition of NaCl to a final concentration of 1.5 M and incubation at 20 °C,
1,000 rpm for 1 h. Thereafter, reactions were centrifuged at 17,000 x g, rt for 1 min. The
supernatants were discarded, and the beads were washed with 0.25 x streptavidin wash buffer.

Removal of free primers by Exol digest

The streptavidin beads were equilibrated, blocked, and subsequently washed in the same manner
as described above with 1x Exonuclease | buffer (670 mM glycine-KOH pH 9.5, 67 mM MgCla,
100 mM 2-mercaptoethanol). For the Exol digest, the Exol reaction mixture containing 1 x Exol
buffer and 1 U/pL Exol (NEB) enzyme was prepared. 30 pL of this mixture were added to the beads
and the reactions were incubated at 37 °C for 30 min. After 30 min of incubation, 1.5 pL of Exol
enzyme were added and reactions were incubated for another 20 min. Then, reactions were
centrifuged at 17,000 x g, rt for 1 min. The supernatants were discarded, and the beads were
washed with 0.25 x streptavidin wash buffer.

Release of cDNA into solution by alkaline digest and precipitation

The streptavidin beads were washed with immobilization buffer. The alkaline digest was
performed by addition of 100 pL 0.15 M NaOH to the beads and incubation at 55 °C for 25 min.
The columns were centrifuged at 17,000 x g, rt for 1 min. The flow-throughs were collected in
1.5 mL Eppendorf DNA LoBind tubes. The beads were washed by addition of 100 pL RNase-free
water and centrifugation at 17,000 x g, rt for 1 min. Both flow-throughs were combined and
neutralized by addition of 25 pL 3 M sodium acetate. The cDNAs were precipitated in the presence
of 40 pg glycogen molecular grade and 500 pL ice-cold ethanol at -20 °C overnight.

C-tailing of cDNA with TdT

cDNA was precipitated by centrifugation at 21,000 x g, 4 °C for 2 h. The cDNA pellets were
resuspended in 19 pL terminal deoxynucleotidyl transferase (TdT) mixture, which contained 1
x TdT buffer (Thermo Fisher) and 1.25 mM CTP. Subsequently, 1 pL (20 U) TdT enzyme was added

11


https://doi.org/10.1101/2024.04.04.588121
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.04.588121; this version posted April 4, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

to the mixtures which were incubated at 37 °C for 30 min, and then inactivated by incubation at
70 °C for 10 min.

Second adaptor ligation

Second adaptor ligation mixture was prepared on ice in an 80 pL scale in the presence of 1 x
Standard ligation buffer, 5 uM each pre-annealed cDNA anchor fwd and rev, 10 uM ATP, 1.5 Weiss
U/uL T4 DNA ligase HC (Thermo Fisher) and the 20 pL TdT reaction. The mixtures were incubated
at 4 °C overnight, were inactivated by heating to 65 °C for 10 min and were precipitated by
addition of 20 pL 3 M sodium acetate, 100 pL H,O, 2 pL (40 pg) glycogen molecular grade and
500 ul 100 % ethanol and incubation overnight at -20 °C and subsequent centrifugation. cDNA
pellets were dissolved in 30 pl RNase-free water.

Test PCRs for determination of required PCR cycles

Test PCRs on cDNA were performed in a 50 pL scale using 1.0 pL precipitated cDNA in the
presence of 1 x High-Fidelity PCR MasterMix (NEB), 2 uM forward primer with native barcode and
2 UM reverse primer with native barcode. PCR products were analysed after 10, 12, 14, 16, 18, 20,
22 and 24 cycles by 2 % agarose gel electrophoresis. 15 PCR cycles were chosen for the final PCR
settings.

Final PCR and native PAGE purification

Final PCRs on ¢cDNAs were performed in a 100 pL scale using 2.0 uL precipitated cDNA in the
presence of 1 x High-Fidelity PCR MasterMix (NEB), 2 uM forward primer with native barcode and
2 UM reverse primer with native barcode (e.g BC1 fwd and rev, Supplementary Table 2). 15 PCR
cycles were performed. The PCR reactions were purified by 10 % native PAGE. dsDNA was
visualized using the Typhoon scanner and the smear was excised above 150 bp. dsDNA was eluted
from the gel material by incubation in 4-5 mL 0.3 M NaOAc pH 5.5 while shaking at 350 rpm, 20 °C
overnight. Then, the eluates were filtered through small 0.45 pum filters by recurring centrifugation
at 5,600 x g, for 1 min. Filtered dsDNAs were precipitated by adding 2.5 x volumes of ice-cold
ethanol, incubating at -20 °C and centrifuging at 18,500 x g at 4 °C for 2 h. Supernatants were
discarded, and dsDNA-pellets were air-dried for a few minutes and resuspended in 200 pL RNase-
free water. dsDNAs were ethanol-precipitated again and dsDNA pellets were resuspended in
10 pL RNase-free water. DNA concentrations were measured using the Quantus Fluorometer and
QuantiFluor dsDNA System (Promega). Equimolar amounts (~ 33 fmol) of each sample were
pooled for the subsequent Nanopore sequencing. The final volume was reduced to 25 L using a
SpeedVac concentrator.

Nanopore sequencing of enrichment libraries

Sequencing libraries were generated with the SQK-LSK109 Ligation Sequencing kit (Oxford
Nanopore Technologies) according to the manufacturer’s guidelines starting with 390 fmol of
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input dsDNA. Sequencing was performed on Flongle flow cells (R9.4.1 chemistry) on a MinlON
device. Sequencing data of biological duplicates and 6 time points each is available under
BioProject PRINA1073512.

NAD captureSeq data analysis

Nanopore sequencing data was basecalled using the guppy basecaller (version 6.1.3). Reads were
demultiplexed and trimmed with Porechop (version 0.2.4, https://github.com/rrwick/Porechop).
Quality control was performed using pycoQC (48). Full-length reads were subsequently detected

and re-oriented, if the reads belonged to the reverse strand (classification) by Pychopper (version
2.5.0, https://qgithub.com/epi2me-labs/pychopper). Classified or non-classified reads were

subsequently mapped to the reference genomes of E coli K12 (U00096.3,
https://www.ncbi.nlm.nih.gov/nuccore/U00096.3), T4 phage (NC_00086.4,
https://www.ncbi.nlm.nih.gov/nuccore/NC 000866.4) and 100 nt control RNA (spike-in,
Supplementary Table S3) with minimap2 (version 2.21) (42). The resulting sam files were sorted,
filtered for primary alignments and converted to bam files using samtools (version 1.7) (43). Reads

mapping to features were counted using featureCounts (from subread package version 2.0.1) (49)
allowing for multioverlapping reads and using the respective gff3 annotation files from NCBI as
well as a self-composed annotation file for the 100 nt control RNA as reference annotations for
the feature “gene”. Reads were subjected to manual inspection in Integrative Genomics Viewer
(IGV, version 2.13.0) (45).

Counted reads were further analyzed using R (version 4.1.2) using ggplot2 (version 3.3.5), dplyr
(version 1.0.7), tidyverse (version 1.3.1), reshape (version 0.8.8) and VennDiagram (version 1.7.3).
The custom script is available at https://github.com/MaikTungsten/PhageEpitranscriptomics.

For analysis of promoters of identified NAD-RNAs, the following approach was used. T4 phage
promoter information was retrieved from PhiSite
(http://www.phisite.org/main/index.php?nav=home). The information about E. coli promoters was

collected from two sources: the EcoCyc scientific database (https://ecocyc.org) and an existing
differential RNA sequencing (dRNA-seq) dataset (50). The promoter sequences were manually
identified using IGV and were compared with the sources mentioned above. Then, collected
promoter sequences were used to generate MEME promoter motifs (51).

dRNA-Seq library prep

Differential RNA-Seq (dRNA-Seq) was performed on total RNA from a single biological replicate
including the time points t0, t4, t10 and t20 isolated as described above. dRNA-Seq library prep
was conducted by vertis Biotechnologie AG. Briefly, RNA was fragmented by sonication, followed
by treatment with polynucleotide kinase (NEB). Subsequently, half of the RNA was subjected to
TEX treatment, whilst the other half was mock-treated. The RNA samples were polyA-tailed and
5'-PPP-ends were trimmed to 5'-P-ends via RNA 5'-polyphosphatase (Epicentre). First-strand
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cDNA synthesis was performed using an oligo(dT)-adapter and M-MLV reverse transcriptase
followed by high-fidelity PCR amplification of the cDNA using primers suitable for [llumina TruSeq
sequencing. Resulting dsDNA was purified with Agencourt AMPure XP beads (Beckman Coulter
Genomics) and analysed by capillary gel electrophoresis (Shimadzu MultiNA microchip
electrophoresis system). Equimolar amounts of each sample were pooled and size fractionated
yielding a size range of 200 — 600 bp. The final library pool was sequenced on an lllumina NextSeq
500 system using 75 bp read length. dRNA-Seq data is available under accession code GSE255091
at the GEO database.

dRNA-Seq data analysis

Data analysis was performed in a miniconda environment with Python 3.9. Data quality was
confirmed using FastQC (version 0.11.9). Reads from fastq files were mapped to the reference
genomes of E. coli K12 (U00096.3, https://www.ncbi.nlm.nih.gov/nuccore/545778205, accessed
10t October 2022) and T4 phage (NC_000866.4,
https://www.ncbi.nIm.nih.gov/nuccore/nc_ 000866.4, accessed 10" October 2022), which were

retrieved from NCBI database, using the READemption pipeline (version 2.0.3) at standard settings
(52). Alignments were converted to wiggle files using the coverage function of READemption (52).

Wiggle files from READemption pipeline were used as input for transcription start site prediction
with Annogesic (Docker image retrieved 15t November 2022 from
https://hub.docker.com/r/silasysh/annogesic/), which makes use of TSS predator (53,54). In order
to optimize the prediction parameters, transcription start site annotations of E. coli U00096.3 were
retrieved from RegulonDB (accessed 13t November 2022,

https://requlondb.ccg.unam.mx/menu/download/datasets/index.jsp) and the TSSs from the first

200,000 genomic bases were gathered in a gff3 annotation file. The reference TSS file and the
wiggle files for E. coli K12 and t0 were used to run TSS optimization with Annogesic at standard
settings. The optimized prediction parameters were used to predict TSSs for all time points for T4
phage and E. coli wiggle files.

Comparison of dRNA-Seq and NAD captureSeq data

TSSs of NAD-capped transcripts called by the parameters mentioned above were retrieved from
alignments in IGV and gathered in a gff3 file for T4 phage and E. coli separately. A custom R Script
(R version 4.2.1) was compiled to search for the nearest TSS (within +/- 8 bp window), respectively,
generated by TSS prediction based on the dRNA-Seq data. The custom script is available under
https://github.com/MaikTungsten/PhageEpitranscriptomics.

NAD-capping of purchased RNAs in vitro

Capping reactions were performed in a 50 yL scale using 40 uM 5'-P-RNA-Cy5 (Supplementary
Table S3), 50 mM MgCl, and approx. 5 mg of imidazolide nicotinamide mononucleotide (Im-
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NMN) as previously described (55). Reactions were purified by centrifugation at 14,000 x g, 4 °C
in 0.5 mL 3 kDa Amicon filters and washing with four column volumes of RNase-free water. RNAs
were eluted in a final volume of 50 pL and stored at — 20 °C. RNA concentrations and NAD-capping
efficiencies were determined by 20 % PAGE or 20 % APB-PAGE analysis using unmodified input
RNA as a reference and Imagelab 6.1 for quantification of band intensities. NAD-capping
efficiencies accounted for around 50 %.

Synthesis of *’P-labelled NAD

500 uM nicotinamide mononucleotide (NMN), 10 mM DTT, 1 uCi/uL alpha-*?P-ATP, 1 x
degradation buffer and 2.14 uM NadR (self-purified) were incubated at 37 °C for 1 h. The reaction
was purified by P/C/I extraction and monitored by thin layer chromatography (TLC) using a 60:40
mixture of 100 % ethanol and 1 M NH4OAc, pH 5 as mobile and Alugram TLC plates (Macherey
Nagel) as stationary phase.

Cloning of vectors for protein expression

The nudE.1 (GenelD: 1258692; UniprotID: P32271, Suplementary Table S2) was amplified from T4
phage DNA by high-fidelity PCR using forward and reverse primers introducing sites for
restriction-based cloning as indicated in Supplementary Table S2. PCR products, purified via
QIAQuick PCR purification kit (Qiagen), and pET28a vector, purified via Genelet Plasmid Mini Prep
Kit (Thermo Fisher), were both digested with Ncol and Xhol (both Thermo Fisher) and purified via
PCR purification or gel extraction kit (both Qiagen). Vector and insert were ligated using T4 DNA
ligase (Thermo Fisher) according to manufacturer's instructions and ligation products transformed
into chemically competent E. coli BL21 DE3 cells. Plasmids isolated from clones were validated for
correct insert via Sanger sequencing (Microsynth Seqlab) and finally transformed into chemically
competent E. coli BL21 DE3 cells again for protein expression (Supplementary Table S4).

A similar workflow was employed for site-directed mutagenesis of plasmids replacing the
restriction-based approach with a primer-driven site-specific mutagenesis approach with 5'-
monophosphorylated primers by PCR amplification and re-ligation of the PCR product with
mutation. The plasmids containing the mutations in the insert were retrieved as described above.

Expression and purification of proteins

Proteins were expressed from the respective plasmid (Supplementary Table S1, S4) in E. coli BL21
DE3. Cells were grown in LB medium at 37 °C, 180 rpm to an ODsoo of 0.8, when protein expression
was induced by addition of Isopropyl-beta-D-thiogalactoside to a final concentration of 1 mM.
Bacteria were pelleted after incubation at 37 °C for 3 h. Pelleted bacteria were resuspended in Ni-
NTA buffer A (50 mM Tris-HCIl, pH 7.5, 1 M NaCl, T M urea, 5 mM MgSOs;, 5 mM f-
mercaptoethanol, 5 % glycerol, 5 mM imidazole, one tablet complete EDTA-free protease inhibitor
cocktail (Roche) per L) and lysed by sonication (2 x 5 min at 80 % amplitude, 0.5 s pulse). The

15


https://doi.org/10.1101/2024.04.04.588121
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.04.588121; this version posted April 4, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

lysate was cleared by ultra-centrifugation at 37,000 x g, 30 min, 4 °C and the supernatant was
filtered through 0.45 pm filters. Proteins were purified from the supernatant by Ni-NTA affinity
chromatography using either Ni-NTA agarose beads (Jena Bioscience, for gravity-based
purification) or 1T mL Ni-NTA HisTrap column (GE Healthcare, for fast performance liquid
chromatography (FPLC)-based purification). Proteins were eluted either with Ni-NTA buffer B (with
300 mM imidazole added, gravity-based) or a gradient using Ni-NTA buffer B (FPLC-based) and
analysed by SDS-PAGE. An NGC system (Bio-Rad) was used for all FPLC-based protein
purifications.

Proteins were further purified by size-exclusion chromatography (SEC) using a Superdex 200
10/300 GL column (GE Healthcare) integrated in the NGC system. SEC buffer containing 300 mM
NaCl and 50 mM Tris-HCI, pH 7.5 was used as running buffer. Fractions of interest were analysed
by SDS-PAGE, pooled and concentrated in Amicon Ultra-4 centrifugal filters (molecular weight
cut-off (MWCO) 10 kDa with centrifugation at 5,000 x g, 4 °C). Protein concentration was measured
with a NanoDrop ND-1000 spectrophotometer (Thermo Fisher). Finally, proteins were stored in
SEC buffer supplemented with 50 % glycerol at -20 °C. For the estimation of the oligomeric state
of the proteins, 150 pL protein analysed on a Superdex 200 10/300 GL column (GE Healthcare)
integrated in an NGC system via constant flow of SEC buffer with known monomeric proteins
serving as calibration standards. Python package seaborn was used to perform linear regression
of calibration standards and estimate the oligomeric state of analysed proteins.

AlphaFold2 prediction of NudE.1

The protein sequences of nudE.T WT (Supplementary Table S3) were used to predict structures via
the Google Colab Tool of AlphaFold2 — named ColabFold (version 1.5.2, access date 20" June
2023) (56). Standard settings were applied expecting NudE.1 to occur as a monomer. Prediction
from rank 1 was further analysed each in PyMol (version 2.4.1).

In vitro decapping and hydrolysis assays

500 nM NAD-capped RNA-Cy5 (Supplementary Table S3) were incubated in the presence of 1 mM
DTT, 1 x degradation buffer (12.5 mM Tris-HCl pH 7.5, 25 mM NaCl, 25 mM KCI, 5 mM MgCl,) and
either 25 nM NudE.1T WT or NudE.1 E64,65Q or NudC WT (NEB). For NAD spike-in kinetics, NAD
was included in the reaction at final concentrations of 350 uM (700-fold molar excess over NAD-
RNA) or 750 uM (1,500-fold molar excess over NAD-RNA) and a spike-in of radioactive **P-NAD
(if indicated, 2.6 nM). Reactions were incubated at 37 °C and samples taken throughout time-
course of the reaction were immediately stopped by addition of one volume 2 x APB loading dye
(8.3 M urea, 0.05 % (w/v) bromophenol blue, 0.05 % (w/v) xylene cyanol). A sample was taken
before addition of enzyme each. Samples were analyzed by 20 % APB-PAGE and gels were imaged
at ChemiDoc (Bio-Rad) using the Cy5 channel. Reactions using **P-NAD were stopped by heating
samples at 90 °C for 1 min and were subsequently analysed by TLC. TLC plates were imaged by
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autoradiography using a Typhoon Imager (Amersham Biosciences). Intensity-based band
quantification was performed in ImageLab (Bio-Rad).

NAD only hydrolysis assays were performed using the same settings with the following
abberations. A final concentration of 25 uM NAD and a spike-in of radioactive **P-NAD (2.6 nM)
were used instead of NAD-RNA-Cy5 in the presence of 1 uM NudE.1 WT or NudE.1 E64,65Q or
NudC WT. Reactions were analysed by TLC and autoradiography as described above.

Determination of cellular metabolite/cofactor levels

Cultures were quenched by adding 1 mL culture to 1 mL 70 % methanol at -80 °C and harvested
by centrifugation at 13,000 x g, -5 °C, 5 min. Supernatant was carefully removed and pellets stored
at -80 °C. Intracellular metabolites were extracted adding a mixture of 50 % methanol and 50 %
TE buffer pH 7 (10 mM Trizma base and 1 mM EDTA)) at -20 °C to the frozen cell pellets. The
volume of extraction fluid per cell was kept constant throughout all experiment by adjusting it
according to the amount of cells in each pellet (volume per pellet calculated according to ODsoo
measurement). For membrane desintegration, an equal volume of -20 °C chloroform was added
to each pellet, pellets were resuspended by vortexing, and extraction was performed by shaking
at 4 °C, 1,000 rpm for 2 h. Organic and aqueous phase were separated by centrifugation at
21,000 x g, -10 °C for 10 min and aqueous upper phase was filtered through 0.2 um PFTE filters
(Phenomenex) and stored at -80 °C until analysis.

Quantitative determination of NAD, FAD, and UDP-GIcNac was performed using a LC-MS/MS.
Chromatography was performed on an Agilent Infinity Il 1290 HPLC system using a SeQuant ZIC-
PHILIC column (150 x 2.1 mm, 5 um particle size, peek coated, Merck) connected to a guard
column of similar specificity (20 x 2.1 mm, 5 um particle size, Phenomenex) at a constant flow rate
of 0.1 mL/min with mobile phase composed of fractions of buffer A (10 mM ammonium acetate
in water, pH 9, supplemented with 5 yM medronic acid) and buffer B (10 mM ammonium acetate
in 90:10 acetonitrile to water, pH 9, supplemented with 5 uM medronic acid) at 40 °C.

2 pL sample were injected. The mobile phase profile consisted of the following steps of linear
gradients: 0 — 1 min constant at 75 % B; 1 — 6 min linear gradient from 75 to 40 % B; 6 to 9 min
constant at 40 % B; 9 — 9.1 min linear gradient from 40 to 75 % B; 9.1 to 20 min constant at 75 %
B. An Agilent 6495 ion funnel mass spectrometer was used in negative and positive ionisation
mode with an electrospray ionization source and the following conditions: ESI spray voltage
3500 V, nozzle voltage 1000 V, sheath gas 300 °C at 9 L/min, nebulizer pressure 20 psig and drying
gas 100 °C at 11 L/min. Compounds were identified based on their mass transition and retention
time compared to standards (Supplementary Table 5). Chromatograms were integrated using
MassHunter software (Agilent). Absolute concentrations were determined based on an external
standard curve.
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According to our Coulter counter measurement an average E. coli culture at an ODgo of 0.8
contains 3 * 10° cells per 1 mL (cellsper extraction volume). Applying an average single cell volume (Veer)
of 1 fL per cell (57,58), the intracellular volume of all cells in a pellet derived from 1 mL of sample
at an OD of 0.8 thus amounts to 3 * 108 fL (=3 * 107 L). As all metabolites detected in the extract
are derived from that volume, the intracellular concentration can be calculated by determining
the amount of metabolites in the extract (Vextract * Cmetabolite) USiNG a correction factor of 107'% to
yield a molar concentration and divided by the intracellular volume of all cells in the pellet (prior
to extraction). Thus, the concentration of each metabolite per cell (Cper cell [M]) can be calculated
with equation 2:

c [uM]%10~12xextraction volume [ul] ©)

c M| =
per cell [ ] cells in extraction volume*volume per cell

LC-MS analysis of NAD-caps in total RNA

Total RNAs were washed using 0.5 mL 3 kDa spin filters by centrifugation at 14,000 x g, 18 °C.
200 pg total RNA were heated at 90 °C for 3 min and washed once with 8.3 M urea (at 90 °C),
followed by two washing steps with 8.3 M urea (at room temperature), one washing step with
Millipore water, two washing steps with 4.15 M urea and four washing steps with Millipore water.
RNA was recovered by washing the filter four times with 200 pL Millipore water. RNA was
concentrated using vacuum concentration and RNA concentration determined at NanoDrop.

40 ug of total RNA were hydrolyzed by a two-step protocol using first 0.1 U nuclease P1 and 0.1 U
phosphodiesterase 1 in the presence of 2.5 mM ammonium acetate pH 5.3 and 0.2 mM ZnCl; at
37 °C for 2 hours. The resulting nucleotides were dephosphorylated by addition of 2 U calf
intestine phosphatase and Tris-HCl pH 8 to a final concentration of 5 mM and incubated for
another hour at 37 °C. (Note: enzymes should not be dissolved in glycerol stocks, as ribo-
nicotinamide signals experience severe ion suppression in glycerol-containing hydrolysates.) As
an internal standard (SILIS) E. coli total RNA with complete carbon-13 labelling (59) was digested
as described above and co-injected into the LC-MS.

For NAD-cap quantification, an Agilent 1290 Infinity Il equipped with a diode-array detector (DAD)
combined with an Agilent Technologies G6470A Triple Quad system and electrospray ionization
(ESI-MS, Agilent Jetstream) was used.

Nucleosides were separated using a Synergi Fusion-RP column (Synergi® 2.5 um Fusion-RP
100 A, 150 x 2.0 mm, Phenomenex®, Torrance, CA, USA). LC buffer consist of 5 mM NH40Ac pH
5.3 (buffer A) and pure acetonitrile (buffer B) were used as buffers. The gradient starts with 100%
buffer A for 1 min, followed by an increase to 10% buffer B over a period of 4 min. Buffer B is then
increased to 40% over 2 min and maintained for 1 min before switching back to 100% buffer A
over a period of 0.5 min and re-equilibrating the column for 2.5 min. The total time is 11 min and
the flow rate is 0.35 mL/min at a column temperature of 35 °C.
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An ESI source was used for ionization of the nucleosides (ESI-MS, Agilent Jetstream). The gas
temperature (N2) was 230 °C with a flow rate of 6 L/min. Sheath gas temperature was 400 °C with
a flow rate of 12 L/min. Capillary voltage was 2500 V, skimmer voltage was 15 V, nozzle voltage
was 0V, and nebulizer pressure was 40 Psi. The cell accelerator voltage was 5 V. For quantification,
a DMRM and positive ion mode was used (Table 1).

Table 1: MS parameters for quantification of canonical nucleosides and ribo-nicotinamide (r-NA).

Rt [min] m/z precursor m/z product
A 53 268,1 136
A SILIS 53 278 141
C 1,8 244,1 112
C SILIS 1,8 253 116
G 4,2 284,1 152
G SILIS 4,2 294 157
r-NA 1,5 255,1 123
rNA SILIS 1,5 266,2 129
U 2,9 245,1 113
U SILIS 2,9 254 117

For calibration, synthetic nucleosides were weighed and dissolved in water to a stock
concentration of 1-10 mM. 2.5 mM ribo-nicotinamide (r-NA) was prepared from a 10 mM NADP
solution hydrolyzed with NP1 and phosphatase as described for the sample preparation above
(phosphodiesterase was omitted). Calibration solutions ranged from 5 pmol to 5000 pmol for each
canonical nucleoside and from 0.5 pmol to 500 pmol for ribo-nicotinamide (r-NA). Analogous to
the samples, E. coli *C-SILIS was co-injected with each calibration. The calibration curve and the
corresponding evaluation of the samples were performed using Agilent's qualitative MassHunter
software. All modification abundances were normalized to the amount of RNA injected using the
sum of all canonicals.

CircNC-like protocol for NAD-RNA validation

The circNC-like protocol was conducted similar as described by Sharma and colleagues (60). In a
100 pL scale, 8 ug total RNA from E. coli IM109 + pUC19 or E. coli B strain was dephosphorylated
with 0.4 U/pL QuickCIP (NEB) in 1 x rCutSmart buffer (NEB) at 37 °C for 1 h. The RNA was purified
using the Zymo RNA Clean and Concentrator kit eluting the RNA in 15 uL. Subsequently, 4 uL
dephosphorylated RNA were subjected to NudC treatment by incubation in the presence of 1 mM
DTT, 1 x degradation buffer (see composition above) and 1.5 uM NudC (or an equivalent volume
of RNase-free water as negative control) in 50 pL scale at 37 °C for 1 h. A non-enzyme sample
serves as negative control. RNA was then purified again and the eluate was subjected to

19


https://doi.org/10.1101/2024.04.04.588121
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.04.588121; this version posted April 4, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

circularization with T4 RNA Ligase 1 (NEB). Briefly, 15 uL RNA was incubated in the presence of
10 % PEG8000, 0.5 U/uL T4 RNA Ligase 1, 1 U/puL murine RNase inhibitor (NEB), 50 uM ATP and
1 x RNA ligation buffer (NEB) at 25 °C for 16 h. RNA was purified again and concentration
determined at NanoDrop. 50 ng purified RNA was then subjected to reverse transcription with
Superscript IV (Invitrogen) according to manufacturer’s instructions using 100 nM RNA-specific
reverse transcription primer followed by RNase H digest with 5 uL RNase H (NEB) at 37 °C for
20 min. 1 uL of RT reaction were used as template for gPCR in 10 uL scale and technical duplicates
per sample with iTaq Universal SYBR Green Supermix (Bio-Rad). Log2 Fold Changes were
calculated as the difference between the cq-value of the control sample and the NudC WT treated
sample.

Data visualization and statistics

If not indicated otherwise, statistical tests and plots were performed with R (version 4.2.2) using
ggplot2 (version 3.4.1) and ggpubr (version 0.6.0).
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RESULTS

The NAD-RNA pool is dynamically reshaped during T4 phage infection

NAD-RNAs have been reported to exist in exponentially growing E. coli (5,10). Phages most
efficiently infect their bacterial hosts during exponential growth phase (61). Therein, nucleotides,
ribosomes and RNAP are highly abundant allowing for efficient reproduction (62,63). When T4
phage infects E. coli, the host transcriptome is rapidly modulated alongside dynamic phage gene
expression (34). It stands to debate, whether infection induces changes in the host's NAD-RNA
pool and whether even T4 phage transcripts are NAD-capped. Moreover, mechanisms that result
in the dynamic regulation of NAD-RNAs upon phage infection are currently uncharacterized.

In order to comprehensively determine the occurrence of both NAD-capped host and phage
transcripts during infection, we made use of the NAD captureSeq technology (5,47). To sequence
full-length NAD-RNAs, we implemented SPAAC in our NAD captureSeq approach by using 3-
azido-propanol as substrate for the ADP-ribosyl cyclase (ADPRC) and biotin-dibenzocyclooctyne
(DBCO) for the subsequent biotinylation by SPAAC (9,10) (Figure 1). Further, in order to sequence
full-length NAD-capped transcripts, we introduced a custom barcoding PCR in the final
amplification of the resulting cDNA. This can be subjected in a multiplexed fashion to Oxford
Nanopore sequencing using an affordable Flongle flow cell (~ 175 € for one sequencing
experiment) (Figure 1). We included a 100 nt control NAD-RNA (Supplementary Table S3) from
the beginning of the NAD captureSeq workflow to monitor the success of the extensive capture
and sequencing protocol.

We applied our NAD captureSeq pipeline to comprehensively determine the occurrence of NAD-
RNAs before (t0) and during T4 phage infection (1, 4, 7, 10, 20 min post infection) (Supplementary
Figure S1). By sequencing 12 samples per replicate on individual Flongle flow cells (6 time points,
in the presence (+) and without (minus) ADPRC per time point) we obtained 220,028 (R1) or
499,383 (R2) pass reads, respectively (Supplementary Figure S2). After demultiplexing, we gained
an average number of 14,777 or 36,255 reads per barcode (sample), respectively.
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cell.

Oxford Nanopore (ONT)
Flongle sequencing

We measured enrichment of the 100 nt control NAD-RNA in both replicates and all time points
(Figure 2A,B, Supplementary Table S6A,B, Supplementary Figure S3, S4) indicating that our
NAD captureSeq workflow successfully captured NAD-RNAs in all samples. E. coli NAD-RNAs that
we identified before infection (Figure 2A, Supplementary Table S6A,B, Supplementary Figure S3A,
S4A) agree well with previously reported small regulatory RNAs (sSRNAs) such as GevB, McaS, GImY
or GadY or mRNAs such as from acpP or aspA genes (5,10). Further, we found several E. coli tRNA
transcripts from the valU-valX-valY and metZ-metW-metV operons to be enriched in the + ADPRC
sample (Figure 2A, Supplementary Table S6A,B, Supplementary Figure S3A,S4A). This was
unexpected due to the post-transcriptional processing of tRNAs from an RNA precursor into
mature tRNA molecules (64). Closer inspection of the read distribution at the respective tRNA loci
demonstrated that tRNAs are NAD-capped as polycistronic precursor transcripts spanning the
entire operon (Supplementary Figure S5). This exemplifies the power of the SPAAC- and ONT-
based NAD captureSeq approach to enrich full-length NAD-capped transcripts or longer
fragments thereof.
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Figure 2: Identification of NAD-RNAs using time-resolved dual NAD captureSeq.

(A, B) MA (log ratio, mean average) plots showing enrichments of NAD-capped RNAs before infection (t0,
A) and 4 min post infection (t4, B) for replicate 1 at an MOI of 1.5 (Supplementary Figure S1B). y-axis
represents the log2 fold change in normalized read counts comparing fully-treated sample (+ ADPRC) and
negative control (-ADPRC), x-axis shows log2 transformed mean normalized read counts for genes from +
and —ADPRC samples. Plots for all time points and replicates are shown in Supplementary Figures S2 and
S3. (C) Bar plot depicting the number of NAD-RNAs over the time course of infection per entity as identified
by time-resolved NAD captureSeq for replicate 1. (D) Distribution of NAD-RNAs across different infection
phases for replicate 1. (E) Distribution of E. coli and T4 phage NAD-RNAs identified in different replicates.

Next, we set out to investigate the changes in the NAD-cap epitranscriptome during T4 phage
infection. Previous studies have shown that the host (E. coli) transcriptome is rapidly degraded
upon infection, while T4 phage genes are expressed in a temporally tightly-regulated manner
(33,34). Early during infection, genes for host takeover and control are transcribed, followed by
middle genes for DNA replication and late genes involved in phage assembly and host cell lysis
(33,34). We made similar observations for the NAD-cap epitranscriptome during T4 phage
infection. First, the number of identified E. coli NAD-RNAs decreases over the time-course of
infection (Figure 2C) ranging from 46 RNAs before infection to only 10 RNAs 20 min post infection.
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In parallel, throughout infection, T4 phage NAD-capped RNAs vary in their number and identity.
Predominantly, T4 phage mRNAs appear to be NAD-capped. The functions of NAD-RNAs vary
with the respective infection phase. Early NAD-capped RNAs play roles in host takeover, whilst
middle and late T4 NAD-RNAs are encoded by genes for DNA replication or structural phage
proteins, respectively (Supplementary Table S6A,B). This demonstrates the dynamic nature of the
NAD-cap epitranscriptome during T4 phage infection. Sequence analysis of the identified NAD-
RNAs yielded two distinct features. For one, NAD-RNAs share a 5'-adenosine — a prerequisite for
RNAP-mediated NAD-capping (5,22). Also, for some NAD-capped T4 mRNAs we detected a Shine
Dalgarno sequence within the 50 nt downstream the 5'-end indicating that they have a coding
function and could possibly be translated.

A total of 5 E. coli NAD-RNAs are found across all time points and replicates (Table 2). These E.
coli NAD-RNAs encompass two sRNAs, GevB and GImY, two mRNAs encoding SodB and AcpP
proteins, and the valU tRNA precursor (Table 2). These transcripts fulfil various functions ranging
from regulation of amino acid metabolism (GcvB) (65), fatty acid biosynthesis (acpP) (66) to
protection from oxidative stress (sodB) (67). Dual RNA-Seq has previously identified the sRNA
GImY, a regulatory RNA involved in, for instance, response to cell envelope stress (68), to be stable
throughout T4 phage infection, while the abundance of the other four transcripts declines
throughout infection (34). Thus, host NAD-RNAs can be both stable and instable transcripts during
infection. In contrast to the set of continuously detected E. coli NAD-RNAs, T4 NAD-RNAs are only
shared by two or three adjacent time points of infection or are unique for one time point
(Figure 2D, Supplementary Table S6A,B). The T4 protein-coding genes dda.1, srd, 56, 55.6 and frd.3
encode the most abundant T4 phage NAD-RNAs (based on detection in both replicates and
highest mean expression) (Table 2). Most of the proteins encoded by these NAD-RNAs are
functionally uncharacterized except for Srd that induces RNase E-mediated RNA decay (69) and
56 that is part of a complex for nucleotide dephosphorylation (70). Importantly, these abundant
T4 phage NAD-RNAs do not belong to the top 10 most highly expressed T4 genes at any time
point of infection as indicated by existing RNA-Seq data (34). Thus, the detection of these NAD-
RNAs does not result from the general high abundance of these transcripts during T4 phage
infection.

To determine the robustness of the NAD captureSeq workflow, we compared the E. coli and T4
phage NAD-RNAs that were overall identified in both replicates. We recorded a good overlap
between both replicates (Figure 2E), indicating that most NAD-RNAs are reproducibly detected.
Finally, we validated our data by performing qPCR on the cDNAs used for final library amplification
and sequencing. We recorded enrichments for NAD-RNAs in the +ADRPC-sample compared to
the minus-ADPRC control as reflected in the NAD captureSeq data (Supplementary Table S7).

These data provide the first comprehensive insights into the dual NAD-cap epitranscriptome of
the T4 phage and its host E. coli. The identified NAD-RNAs are in agreement with the infection

24


https://doi.org/10.1101/2024.04.04.588121
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.04.588121; this version posted April 4, 2024. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

phase-specific expression of T4 phage genes and the overall degradation of host transcripts and
indicate a dynamic regulation of the NAD-RNA pool during T4 phage infection.

Table 2: Abundant E. coli and T4 phage NAD-RNAs identified by NAD captureSeq.

Abundant E. coli NAD-RNAs during infection
Gene RNA type, occurrence Function
gcvB sRNA, entire infection regulation of amino acid metabolism (65)
glmy sRNA, entire infection response to cell envelope stress (68); regulation of
GImZ (71); stable during T4 phage infection (34)
acpP MRNA, entire infection acyl carrier protein in fatty acid biosynthesis (66)
sodB MRNA, entire infection protection from oxidative stress (67)
valUu valine-tRNA, entire infection | valine-tRNA
Most abundant T4 phage NAD-RNAs
Gene RNA type, occurrence Function
dda.1 mMRNA, middle to late phase uncharacterized protein
srd mMRNA, middle to late phase inducer of RNase E-mediated RNA decay (69)
56 MRNA, early to middle phase | involved in a protein complex for nucleotide
dephosphorylation (70)
55.6 MRNA, early to middle phase | uncharacterized protein
frd.3 MRNA, early phase uncharacterized protein

Validation of NAD-capped phage and host transcripts

In order to obtain qualitative proof for the NAD-RNAs identified by NAD captureSeq, we
employed a ligation-based assay to verify specific NAD-RNAs of interest — similar to circNC (60)
In brief, this method includes the removal of all phosphates from uncapped RNAs, whilst leaving
NAD-capped RNAs intact. Subsequently, the cleavage by NudC generates 5'-P-RNAs from NAD-
RNAs only, which can then be circularized through RNA ligation (Figure 3A). After reverse
transcription, a unique cDNA is created that is amplified by specific primers in a qPCR. We first
executed this workflow on RNA from E. coli IM109 + pUC19 that contains NAD-capped RNAI (5).
Upon gPCR comparing both a NudC- and a mock-treated sample, we detected a difference in cq
values of 3.5 (Figure 3B). This corresponds to a log2 fold change of 3.5 comparing NudC- and
mock-treated samples. Further, this demonstrates that the unique cDNA derived from NAD-
capped RNAI is approx. 11-fold (2**-fold) more abundant in the NudC-treated sample according
to our expectations. Importantly, 5S rRNA, which is not NAD-capped as described before (5,10),
was not found enriched in the NudC-treated sample compared to the control (Figure 3B).
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Using this methodology, we validated that E. coli SRNA GcvB as well as T4 phage dda. 7 mRNA are
indeed NAD-capped 7 minutes post infection (Figure 3B). We note, that we cannot conclude on
their abundance relative to their 5'-triphosphorylated transcripts (PPP-RNA). Nevertheless, we
provide essential proof for the existence of distinct NAD-RNAs that is independent from the NAD
captureSeq workflow.
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Figure 3: Validation of NAD-RNAs via a circNC-like assay and LC-MS.
(A) Ligation-based assay to prove the existence of specific NAD-RNAs. Briefly, total RNA is subjected to

QuickCIP-treatment followed by NudC digest leaving a monophosphate only on formerly NAD-capped
RNAs. RNA is then circularized by ligation and reverse transcribed with a target specific RT primer creating
a unique cDNA spanning over the +1A position. The cDNA serves as a template for gPCR with target-specific
primers to assess cDNA abundance in a NudC-treated and control sample as log2 fold change (LFC). (B)
Log?2 fold changes between control and NudC-treated total RNAs in qPCR targeting selected E. coli and T4
phage NAD-RNAs using our ligation-based assay (n=3). (C) NAD-cap levels in E. coli total RNA before
infection (t0) and after 7 minutes (t7) in the absence of phage (uninfected) or in the presence of T4 phage
as measured by LC-MS (n=3). NAD-cap levels are given as NAD-caps per million nucleotides, where 0.52
NAD-caps per million nucleotides correspond to approx. 1.56 fmol NAD-caps/ug total RNA. Boxplots
indicate individual data points including their median. NAD concentrations before infection (t0) and 7 min
post infection (t7) were compared using Welch two-sample t-test (psignit < 0.05, ns: non-significant).
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To validate the general existence of NAD-capped RNAs in E. coli we employed LC-MS to
determine NAD-cap levels in E. coli total RNA. We detected 0.53 NAD-caps per million nucleotides
(corresponding to approx. 1.56 fmol NAD-caps/ug total RNA) in E. coli total RNA before infection
(Figure 3C). This agrees well with previously reported 2.2 fmol NAD-caps/ug total RNA in E. coli
(7). 7 minutes post infection, NAD-cap levels were identified at similar concentrations in
uninfected E. coli (0.31 NAD-caps per million nucleotides) and T4 WT-infected E. coli (0.35 NAD-
caps per million nucleotides) (Figure 3C). Thus, while we found dynamic modulation of the NAD-
cap epitranscriptome already 7 min post infection (Figure 2C), overall NAD-RNA levels remain
constant during infection. Moreover, this further validates the existence of both phage and host
NAD-RNAs as identified by NAD captureSeq.

NAD-capping is performed by the host RNAP

The E. coli RNAP, which caps host NAD-RNAs ab initio during transcription (22), is also responsible
for the transcription of T4 phage genes during infection (32). Thus, we supposed that T4 phage
transcripts are analogously NAD-capped by the host RNAP. Therefore, we performed differential
RNA-Seq (dRNA-Seq) (72-74) to determine the global transcription start sites (TSSs) in E. coli B
strain before and at three time points of T4 phage infection. Thereby, we identified in total 5341
E. coli TSSs and 150 T4 phage TSSs including 22 phage antisense TSSs (Figure 4A,B, Supplementary
Table S8A,B). The number of identified TSSs decreases for E. coli over the time course of infection
(from 4830 TSSs (t0) to 2996 TSSs (t20)), whilst the number of T4 phage TSSs is increasing with no
meaningful TSS identified prior to infection (Supplementary Table S8A,B). When comparing the
positioning of the “canonical” TSSs to the TSSs of the NAD-RNAs identified by NAD captureSeq,
we observed a good overlap for both E. coli and T4 phage NAD-RNAs (Figure 4C,D). The mean
displacement of NAD-RNA to canonical TSSs accounted for 1.5 bp (R1) or 2.0 bp (R2) for E. coli
NAD-RNAs or 3.3 bp (R1) or 3.0 (R2) bp for T4 phage NAD-RNAs, respectively (Figure 4E,F).
Importantly, the TSSs of NAD-capped tRNA precursors (Supplementary Figure S5A,B) agree with
the TSSs of these tRNA primary transcripts without any displacement.

The general E. coli promoter motif identified by dRNA-Seq is characterized by an AT-rich -10
element and predominant occupancy of the TSS by A or G (Supplementary Figure S6A). Among
the E. coli NAD-RNA promoters only, a + 1A TSS is shared (Figure 4E), which is an essential feature
for ab initio NAD-capping of transcripts by the RNAP (5,22). Apart from that distinct feature of
E. coli NAD-RNA promoters, they share the AT-rich -10 element and a T-rich -35 element with the
E. coli consensus promoter identified here. The consensus T4 phage promoter also contains an
AT-rich -10 element and displays a tendency towards +1A TSSs (Supplementary Figure S6B) in
agreement with the previously studied T4 promoter motif (32). 60 % (90 in total) of the T4 phage
promoters identified here initiate with adenosine. For 63 % of these promoters, we identified NAD-
RNAs by NAD captureSeq. Similar as for E. coli NAD-RNA promoters, T4 NAD-RNA promoters
share the +1TA TSS and the AT-rich -10 element, too (Figure 4F). Interestingly, a comparison to our
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T4 consensus promoter indicates enrichment of thymine at -35 position and a GTG motif
downstream of the -10 element. The -35 element of strong promoters is typically AT-rich to enable
the binding of the RNAP and efficient transcription (75). Importantly, the features of the T4 NAD-
RNA promoters are not enriched among the 90 T4 phage +1A promoters (Supplementary
Figure S6C). Thus, these distinct promoter elements may drive NAD-capping of the observed set
of T4 phage NAD-RNAs during infection.
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Figure 4: Global transcription start site (TSS) and NAD-RNA TSS analysis in E. coli and T4 phage.
(A, B) Types and distribution of all transcription start sites (TSSs) in E. coli (A) and T4 phage (B) during

infection as revealed by time-resolved dual differential RNA-Seq (dRNA-Seq) during T4 phage infection of
E. coli before (0 min) and 4, 10, 20 min post-infection (n=1). (C, D) Displacement of TSSs of NAD-RNAs
identified by NAD captureSeq from “canonical” TSSs derived from dRNA-Seq data for E. coli (C) and T4
phage (D) NAD-RNAs from replicate 1. (E, F) Motifs of promoters of all identified E. coli (89 promoters) (E)
and T4 phage (42 promoters) (F) NAD-RNAs including the TSS (+1) and the -10 and -35 element. Motifs
were created using Meme Suite (51).

In conclusion, we provide evidence — in agreement with the known biosynthesis mechanism of
NAD-RNAs — that NAD-capping during T4 phage infection is performed by the E. coli RNAP by
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initiating transcription with NAD. TSSs of primary and NAD-capped transcripts are overlapping for
both phage and host. Promoter sequences of both phage and host NAD-RNAs indicate +1A TSSs
as an expected requirement for NAD-capping. Further, T4 phage promoters may harbor additional
regulatory sequences that could orchestrate NAD-capping of the observed subset of T4 phage
transcripts. In addition, this demonstrates the power of dual-dRNA-Seq to complement the
findings from our dual NAD captureSeq approach.

The T4 phage Nudix hydrolase NudE.1 hydrolyses NAD-caps in vitro

In E. coli, degradation of NAD-RNAs is initiated by NAD-RNA decapping by the Nudix hydrolase
NudC (8,24). We wondered whether additional Nudix hydrolases may play a role in NAD-RNA
decapping during T4 phage infection. The T4 phage encodes one Nudix hydrolase — termed
NudE.1 — that has been described to hydrolyze adenosine-derived cofactors and metabolites,
primarily ADP-ribose, ApsA and FAD, within their pyrophosphate moiety (37). Notably, no activity
of NudE.1T on NAD was reported (37).

We used AlphaFold2 (56) to predict the structure of NudE.1, which reveals a wide-open cleft in
which the catalytically relevant Nudix motif is located (Figure 5A, Supplementary Figure S7A,B).
Based on this potential active site conformation, we speculated that NudE.1 may also accept
substrates such as NAD and NAD-RNA for hydrolysis. We expressed and purified NudE.1
migrating as an apparent monomer during size exclusion chromatography (Supplementary
Figure S7C). Initially, we assessed the activity of NudE.1 on NAD using site-specifically **P-labelled
NAD. We observed that NudE.1 efficiently hydrolyses NAD into nicotinamide mononucleotide
(NMN) and AMP, whilst a mutant of the catalytic site E64,65Q (NudE.1 E64,65Q) did not show
hydrolysis activity on NAD (Figure 5B). Notably, NudC hydrolyses NAD less efficiently at the same
substrate and enzyme concentrations indicating NudE.1 as a more efficient Nudix hydrolase under
these conditions in vitro (Figure 5B).
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Figure 5: NAD hydrolysis by the T4 phage Nudix hydrolase NudE.1 in vitro.
(A) Alphafold prediction for NudE.1 indicating E64 and E65 whose mutation to glutamines inactivates

NudE.1 (E64,65Q). Prediction metrics are shown in Supplementary Figure S5A. (B) Activity of NudE.1T WT,
NudE.1 E64,65Q and NudC WT on radiolabeled 3P-NAD in vitro as monitored by thin-layer chromatography
(TLC) and autoradiography. NudE.1 and NudC WT hydrolyze NAD giving rise to AMP and NMN (n=3).

Next, we set out to test its potential NAD-RNA decapping activity on a 10-nucleotide NAD-RNA
with a 3'-Cy5-label (NAD-10mer-Cy5) (Figure 6A). Similar to the known decapping enzyme NudC,
NudE.1 efficiently decapped NAD-RNA in vitro, whilst the inactive mutant showed no measurable
decapping activity (Figure 6B). We then tested whether NudE.1 preferentially decaps distinct RNA
structures at the 5'-NAD-cap revealing no clear preference for the structure of the 5'-ends
(Figure 6C). The Nudix hydrolase NudC has been reported to act preferentially on NAD-RNA rather
than NAD due to its RNA binding affinity. Thus, in vivo, where NAD is way more abundant than
NAD-RNA (approx. 700-fold molar excess) (6,36,62), NudC hydrolyzes NAD-RNA rather than NAD.
To mimic these conditions in vitro, we assessed NAD-RNA hydrolysis by NudE.1 and NudC in the
absence and the presence of 700- and 1,500-fold molar excess of NAD over NAD-RNA. Notably,
increasing NAD levels did not affect decapping by NudC, whilst NAD-cap hydrolysis by NudE.1
was reduced (Figure 6D). However, under physiologically relevant ratios of NAD and NAD-RNA
(700:1), NudE.1 still efficiently decapped NAD-RNA in vitro. Assessing the levels of NAD over the
time course of the kinetic experiments, we barely saw any effects for both NudE.1 and NudC
(Supplementary Figure S7D) indicating that both enzymes seem to exert an overall preference for
NAD-RNA as substrate in vitro. Looking at the structure of NudE.1 in more detail, a positively
charged surface is located closely to the negatively charged catalytic site (Supplementary
Figure S7B), which may help in recruiting and positioning the NAD-RNA for decapping by NudE.1.
This would resemble a mechanistic model similar to the one reported for NudC (24).

30


https://doi.org/10.1101/2024.04.04.588121
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.04.588121; this version posted April 4, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

"o 8 C

;

PPR NudE. 1 RpP 4 PR
—
NAD-RNA NMN P-RNA
B ‘-— NudE.1 WT = NudE.1 E64,65Q - NudC WT1
time [min]
0 1 3 5 10 30 60 120
> 1.0
NUdE.1 WT [== = 2
L
£
NudE.1 E64‘65C1| - - - l 0
= 0.54
o
Q
NudC WT| | e
20 % APB-PAGE, Fluorescence (Cy5) 0.0+ ! !
T T T T T
0 30 60 90 120
Time [min]
Cc time [min] | 3'-overhang = 5'-overhang = blunt - linear
0 1 3 5 10 30 60 120
linear I ‘ > 107
NppA 2 i
blunt 2
NepATT ) | = | 5
) £ 0.5+
3'-overhang i
NppA K - ‘ P
3
5’-overhang
NppA-CDIK )\ - gy = ‘ 0.04
0 30 60 90 120
20 % APB-PAGE, Fluorescence (Cy5) Time [min]
D | Molar excess NAD vs. NAD-RNA O-fold - 700-fold - 1500-fold |
104 NudC 104 NudE.1
= =
= Z
c c
2 L
£ =
£ 054 2 0.5-
ke k]
& 4
0.0 . . . . 0.0, . . . .
0 30 60 20 120 0 30 60 90 120
Time [min] Time [min]

Figure 6: NAD-RNA decapping by the T4 phage Nudix hydrolase NudE.1 in vitro.

(A) Reaction scheme for the NAD-RNA decapping by NudE.1 by hydrolysis of the pyrophosphate moiety in
the NAD-cap. The resulting monophosphorylated RNA is separated from NAD-RNA during APB-PAGE. (B)
NudE.1 WT efficiently decaps NAD-RNA in vitro. Cy5 scan visualizes NAD-RNA and 20 % APB-PAGE is
employed to separate NAD- and PPP-RNA thereby indicating the specific decapping activity on NAD-RNA
substrate (n=3). (C) Decapping activity dependence of NudE.1 on RNA substrate’'s secondary structure
analyzed by 20 % APB-PAGE and fluorescent Cy5 scan (n=3). (D) Effects of molar excess of NAD over NAD-
RNA on the decapping activity of NudE.1 in vitro (n=3). Increasing the molar excess of NAD gradually
decreases NudE.1 mediated NAD-RNA decapping (right panel), whilst decapping by NudC was barely
affected (left panel).
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Influence of NudE.1 on T4 phage infection of E. coli

To elucidate the functional role of NudE.1 in vivo, during T4 phage infection, we created a T4
phage with catalytically inactive NudE.1 (T4 NudE.1 E64,65Q) and characterized the phenotype of
the latter (38). T4 NudE.1 E64,65Q displayed a lysis delayed significantly by approx. 15 minutes
compared to T4 WT (Figure 7A,B). Further, we detected similar amount of progeny released by T4
NudE.1 E64,65Q and T4 WT and similar burst sizes of both phages (Figure 7C, Supplementary
Table S9). This agrees with previous studies that assessed a NudE.1 deletion T4 phage (37) and
described the auxiliary role of nudE.7 gene during T4 phage infection (32).

To characterize the function of NudE.1 in vivo - in the context of infection — we first assessed
potential changes of the metabolome of T4 phage infected E. coli induced by loss of NudE.1
catalytic activity. Therefore, we compared the endometabolome of T4 WT and T4 NudE.1 E64,65Q
infected E. coli B strain using LC-MS. The analysis was directed at NAD and two other metabolites
that serve as cofactor caps, namely FAD and UDP-N-acetylglucosamine (UDP-GIcNAc) (1), to
monitor potential influences of T4 phage infection and NudE.1 on the various cofactor-caps
existing in a bacterial cell. We assessed the levels of the three metabolites per E. coli cell before
(t0) and at two time points post infection (t10, t20). In average, we detected 1.01 x 10 M FAD,
2.34 x 10> M NAD and 1.09 x 10 M UDP-GIcNAc per E. coli cell before infection (t0). The measured
FAD and NAD concentrations agree well with previously reported metabolite concentrations in
E. coli (FAD: 1.7 x 10* M; NAD: 2.6 x 102 M) (62). UDP-GIcNAc concentrations deviate from
previously reported values by approx. 9-fold (UDP-GIcNAc: 9.6 x 10 M) (62). Upon T4 phage
infection the FAD pool did not seem to be affected compared to uninfected E. coli (Supplementary
Figure S8A). In contrast, we detected a slight increase of UDP-GIcNACc levels over the time course
of infection (Supplementary Figure S8B). Interestingly, the NAD pool significantly decreased by
almost half upon T4 phage infection (still at approx. 1.5 mM) while remaining constant in
uninfected E. coli (Figure 7D). In comparison, several phage defense systems employ NAD
depletion to abort infection (27-29), which reduce NAD levels by almost half (28) to 5-fold (27,29).
Thus, the NAD levels in E. coli decrease in a similar manner during T4 phage infection as induced
by some phage defense systems. Comparing T4 WT and T4 NudE.1 E64,65Q infection, all three
analyzed cofactors displayed similar trends (Figure 7D, Supplementary Figure S8). Consequently,
one cannot clearly conclude that NudE.1 specifically modulates cofactors, such as NAD, during T4
phage infection.

In order to investigate a role of NudE.1 in decapping NAD-RNAs during infection, we used LC-MS
to determine NAD-cap levels in total RNA from E. coli infected with T4 NudE.1 E64,65Q. Upon T4
NudE.1 E64,65Q infection, NAD-cap levels only slightly increased to a median of 0.42 NAD-caps
per million nucleotides compared to T4 WT infection (Figure 7E). Consequently, NAD-cap levels
are similar in uninfected, T4 WT and T4 NudE.1 E64,65Q infected E. coli. This trend in NAD-RNA
levels stands in contrast to NAD reduction observed upon infection (Figure 7D), which indicates
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that the dynamic NAD-RNA pool is not solely regulated by the available cellular NAD pool. Further,
NudE.1 does not appear to exert a specific role in NAD-RNA decapping during T4 phage infection.

In conclusion, our findings indicate NudE.1 as the first phage-derived decapping enzyme in vitro.
Further, our findings do not suggest a unique role for NudE.1 in regulating the NAD or NAD-RNA
pool in vivo, but its catalytic function is required for efficient phage infection.
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Figure 7: Phenotype of the NudE.1 E64,65Q mutant T4 phage compared to T4 phage WT.

(A) Lysis curves of T4 phage WT and T4 phage NudE.1 E64,65Q (T4 NudE.1 E64,65Q) upon infection of E. coli
B strain measured as ODggo over the time course of infection (n=3). ODggo values are normalized relative to
the initial measurement at t0. (B) T-test comparing ODeoo of T4 WT and T4 NudE.1 E64,65Q infected E. coli
B strain at 98 minutes post infection given data presented in A (t-test, two-sided, p = 0.029 at psignit < 0.05).
(C) Progeny released from T4 WT and T4 NudE.1 E64,65Q infected E. coli measured as phages per mL over
the time course of the burst size assay (n=3). (D) Metabolomics analysis of NAD levels in E. coli infected
with T4 WT, T4 NudE.1 E64,65Q or uninfected (none) over the time course of infection (n=3). NAD
concentration [mM] refers to the concentration in an E. coli cell of 1 fL volume. (E) Same data as presented
in Figure 3C complemented by measurements for T4 NudE.1 E64,65Q infection (n=3). We note that the T4
NudE.1 E64,65Q infection sample set likely contains one statistical outlier. NAD concentrations before
infection (t0) and 7 min post infection (t7) were compared for each condition using Welch two-sample t-

test (psignit < 0.05, ns: non-significant).
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CONCLUSION AND OUTLOOK

Here, we present the first study that analyses the presence of an RNA modification in the context
of a phage-host interaction. We used NAD captureSeq to identify NAD-RNAs over the time course
of T4 phage infection of E. coli. Our results indicate that the NAD-cap epitranscriptome is
dynamically modulated during T4 phage infection (Figure 8). Importantly, we show that both host
and phage transcripts possess NAD-caps, which we refer to as the dual NAD-cap epitranscriptome
of T4 phage infection.

T4 phage

™

1A ....’/\/
FZW\\ ATP

‘ T4 PPP-RNA
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RNAP NAD T4 NAD-RNA T4 E coli
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Escherichia coli cell

Figure 8: Proposed model for the dynamic NAD-cap epitranscriptome during T4 phage infection.
Once the T4 phage injects its DNA genome into the E. coli host cell, the host RNAP transcribes T4 phage
genes. At +1A TSS, the host RNAP can either canonically initiate transcription resulting in 5'-
triphosphorylated RNA (PPP-RNA) or NAD-cap transcripts (NAD-RNA). Both host and T4 NAD-RNAs may
be decapped through Nudix hydrolases NudC (host) or NudE.1 (T4 phage). Thereby, NAD-capping through
host RNAP and decapping via Nudix hydrolases dynamically modulates the NAD-cap epitranscriptome
during T4 phage infection. T4 phage and RNAP elements were created with BioRender.com.

Transcription start site analysis via dRNA-Seq suggests that both phage and host NAD-RNAs
during T4 phage infection are indeed synthesized by the E. coli RNAP. However, transcription is a
complex and tightly regulated process during T4 phage infection and phage infections in general
(32,76). It could be an exciting prospect to study how different phage promoters, transcriptional
modulators (76) or the post-translational modification of the RNAP (77) may affect the
incorporation of RNA modifications such as the NAD-cap in both host and phage transcripts. For
instance, T4 phage employs the ADP-ribosyltransferases Alt and ModA to direct the specificity of
the host RNAP towards distinct T4 phage genes in the early and middle phase of infection (77,78).
Moreover, other phages encode diverse single- and multi-subunit RNA polymerases (79,80), such
as T7 RNAP, which perform cofactor-capping of RNAs, such as NAD-capping, with high efficiency
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in vitro (81). This suggests that NAD-caps and other RNA modifications may be widespread across
different clades of phages infecting different bacterial species (35).

Yet, it remains to be addressed, which purposes the NAD-cap may serve during T4 phage
infection. Just recently, the NAD-cap was found to activate RNAs for enzymatic transfer to host
proteins by the T4 phage ADP-ribosyltransferase ModB in an RNAylation reaction (36). Both phage
and host transcripts were identified as substrates for the RNAylation — specifically being covalently
attached to the ribosomal protein S1 during T4 phage infection (36). Here, we are able to validate
some of these substrate RNAs from both phage and host by identifying them as NAD-capped,
such as phage mRNAs from genes 56, 59 or rlll or host mRNAs derived from aspA or acpP genes.
This further supports the role of NAD-RNAs in RNAylation, as NAD-capping of substrate RNAs is
a prerequisite for this reaction (36).

NAD serves as a central regulatory molecule in phage infections and we now show that it caps
not only host but also phage RNAs. Many phage defense systems employ NAD depletion as a
strategy (27-29) exemplifying that the bacterial host can actively control the NAD pool to
counteract phage infection. Thus, it is surprising that T4 phage transcripts are NAD-capped per
se. We detected that the NAD levels decrease upon T4 phage infection, which could potentially
be triggered by a phage defense system such as the Thoeris system (82). Simultaneously, total
NAD-RNA levels appeared comparably stable upon T4 phage infection. On this basis, one could
speculate that NAD may be more stable, when incorporated into RNA as a cap than its free form.
Nevertheless, given the dynamic nature of the NAD-cap epitranscriptome during infection, both
host and phage NAD-RNAs may be subject to active RNA decay.

What are the underlying principles of NAD and NAD-RNA regulation during T4 phage infection?
NAD-RNA decapping could also involve a host factor, for instance, the host Nudix hydrolase NudC
that mediates NAD-RNA decapping in E. coli (24). Interestingly, available proteomics data suggest
that NudE.1 is up to 60-fold more abundant than E. coli NudC during T4 phage infection (34). With
NudE.1 the T4 phage could exploit its own factor to regulate the NAD-RNA and NAD pool.
Therefore, we characterized the phage Nudix hydrolase NudE.1, which was described to exert
activity on various cofactors (37), in vitro and in vivo. Thereby, we identified NudE.1 to act as an
NAD hydrolyzing and NAD-RNA decapping enzyme in vitro. This could equip the phage with a
means to regulate the NAD and NAD-RNA pools during infection resembling an additional way
to fine-tune the takeover and control of the host cell (32,76). Based on the T4 NudE.1 E64,65Q
mutant, we did not record an influence of NudE.1 on NAD and NAD-RNA in vivo. However, the
delayed lysis phenotype of T4 phage with catalytically inactive NudE.1 E64,65Q highlights its
assistant function in driving an efficient phage infection. Thus, the role of NudE.1 in vivo still needs
to be deciphered. Nevertheless, NudE.1 may become a useful molecular biology tool given the
activities reported in this and a previous study (37) and exemplifies the rich resource of versatile
enzymatic activities that phages provide. The Vibrio phage KVP40, for instance, employs a Nudix
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hydrolase in a NAD salvage pathway to actively synthesize NAD during infection (83). Given the
predicted existence of Nudix hydrolases in other phages (83), this class of enzymes may harbor
the potential to target specific metabolites and cofactor-caps to modulate the infection process.
For instance, homologues of NudE.1 can be found in various phages targeting Escherichia,
Salmonella and Shigella (Supplementary Table S10).

Overall, this study is — to our knowledge — the first to identify viral NAD-RNAs and assess their
dynamics during infection. We thereby underline bacteriophage epitranscriptomics as an
important field of research. Given that cofactor-capping also plays a role in eukaryotic viruses
preventing immune recognition (4), RNA modifications could play yet unidentified roles in
(prokaryotic) virus-host interactions such as defense mechanisms in the interplay of phages and
bacteria (35).
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