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Summary

In Escherichia coli, NudC pl ays a cruci al r eNAB-RNAnInitially elentdiedc a p p |
as a Nudix hydrolase capable of hydrolyzing NAD+ into adenosine monophosphate (AMP) and
nicotinamide mononucleotide (NMN), recent studies have shown that NudC has a stronger
substrat e pr ef efNADRMNA fowver5 6NAD+. This preference rec:c
NAD-R N A, p r o dR4RNA angl NND The association between NudC and RNA was first
observed during protein purification in 1995, but this interaction remained unexplored until recent
next-generation sequencing (NGS) data revealed that the RNA binding by NudC is independent

of RNA size and sequence. However, the mechanism in which NudC binds to RNA substrates and

the biological implications that this interaction might regulate, remain unexplored. Therfore, this

work aims to extend the knowledge gap of NAD-RNA decapping mediated by NudC and further
implications of it in E. coli.

Hereby we present an extensive structural, biochemical, and phenotypical analysis demonstrating
the mechanism in which NudC decapping activity, localization, and protein interactions are
mediated by RNA binding.

Therefore, in section 3.1 we identified by an in silico approach the critical residues of NudC
involved in RNA interaction. By in vitro data demonstrated that residues R120 and R122 mediate
NudC-RNA binding, which facilitates the decapping of NAD-RNA. By in vivo assays, we
demonstrated that the absence of these residues increase up to 10 times the half-life of NAD-
RNAs transcripts. Motivated by these results, in section 3.2 we demonstrated that Nud-RNA
binding is crucial to promote NudC localization and diffusion towards the inner membrane, and

intracellular RNA drives such behavior.

Additionally, in section 3.3 we showed for the first time by in vivo and in silico evidence, the
association between NudC and the RNA polymerase complex, proposing that decapping and
transcription, are coupled processes in E. coli. We also identified the interaction between NudC
and PNPase pr op odegemdgnt NAD-RNAWegladaon by PNPase facilitated by
NudC-RNA binding. Ultimately, in section 3.4 we identified protein dysregulation upon NudC-RNA
binding disruption, which leads to impaired Biofilm formation in E. coli, possibly linked to
untranslated NAD-mRNAs.



Zusammenfassung

In Escherichia coli spielt NudC eine entscheidende Rolle bei der Decappung von 5'-NAD-RNA.
Urspringlich als Nudix-Hydrolase identifiziert, die NAD+ zu Adenosinmonophosphat (AMP) und
Nicotinamidmononukleotid (NMN) hydrolysieren kann, haben neuere Studien gezeigt, dass NudC
eine starkere Substratpraferenz fur 5'-NAD-RNA gegenliber NAD+ aufweist. Diese Praferenz fuhrt
zur Decappung von 5'-NAD-RNA und zur Produktion von 5'-P-RNA und NMN. Die Assoziation
zwischen NudC und RNA wurde erstmals 1995 bei der Proteinreinigung beobachtet, blieb jedoch
unerforscht, bis aktuelle Daten der Next-Generation-Sequenzierung (NGS) zeigten, dass die
RNA-Bindung durch NudC unabhangig von RNA-Gro3e und -Sequenz ist. Der Mechanismus,
Uber den NudC an RNA-Substrate bindet, und die biologischen Auswirkungen, die diese
Interaktion moglicherweise reguliert, sind jedoch noch unerforscht. Daher zielt diese Arbeit darauf
ab, die Wissenslicke zur durch NudC vermittelten NAD-RNA-Decapping und weiteren
Auswirkungen davon in E. coli zu schliel3en.

Hiermit prasentieren wir eine umfassende strukturelle, biochemische und phénotypische Analyse,
die den Mechanismus demonstriert, in dem die NudC-Decapping-Aktivitat, Lokalisierung und
Proteininteraktionen durch RNA-Bindung vermittelt werden.

Daher identifizierten wir in Abschnitt 3.1 mittels eines in silico Ansatzes die kritischen NudC-
Reste, die an der RNA-Interaktion beteiligt sind. In vitro Daten zeigten, dass die Reste R120 und
R122 die NudC-RNA-Bindung vermitteln, welche die Decapping-Funktion von NAD-RNA
erleichtert. In vivo Tests zeigten wir, dass das Fehlen dieser Reste die Halbwertszeit von NAD-
RNA-Transkripten um das bis zu Zehnfache verlangert. Motiviert von diesen Ergebnissen zeigten
wir in Abschnitt 3.2, dass die Nud-RNA-Bindung entscheidend fiir die Lokalisierung und Diffusion
von NudC in Richtung der inneren Membran ist und dass intrazellulare RNA dieses Verhalten
steuert.

Daruiber hinaus haben wir in Abschnitt 3.3 erstmals durch in vivo und in silico Beweise die
Assoziation zwischen NudC und dem RNA-Polymerasekomplex nachgewiesen und legen nahe,
dass Decapping und Transkription in E. coli gekoppelte Prozesse sind. Wir identifizierten
auBerdem die Interaktion zwischen NudC und PNPase und vermuten einen neuartigen 3'-
abhangigen NAD-RNA-Abbau durch PNPase, der durch die NudC-RNA-Bindung erleichtert wird.
SchlieRlich identifizierten wir in Abschnitt 3.4 eine Proteindysregulation nach Unterbrechung der
NudC-RNA-Bindung, die zu einer beeintrachtigten Biofilmbildung in E. coli fihrt, mdglicherweise
im Zusammenhang mit nicht-translatierten NAD-mRNAs.



1. Introduction

1.1 RNA modifications

RNAs play a key role in a wide range of biological processes, such as coding information,
transporting amino acids, catalyzing reactions, and regulating genes. Traditionally, RNAs have
been recognized as nucleic acids comprising only four nucleosides: adenosine (A), guanosine
(G), cytidine (C) and uridine (U) [1].

Research over the last decades have unveiled more than 170 modifications presents in RNAs
across all kingdoms of life [2, 3]. Whether they are internal, & 10 - t&rrdinal modifications, RNAs
undergo several co-transcriptional and post-transcriptional providing RNAs with additional

physical and biological properties [1, 4].

For example, the most known internal modification is Pseudouridine, a uridine isomer recently
applied in COVID-19 mRNA vaccines, which increases stability and enhances translation
efficiency [5]. Mor eover, 3 06 e n d-tramderiptRimally be attached vite a polp(A) t
tail, critical for RNA stability, enhanced translation, and mRNA transport [6] (Figure 1).

Bacterial RNAs are typically transcribed with a triphosphorylated nucleoside (NTP) (Figure 1). This

560 end modification protects RNA from degradatic
RppH, by removing pyr-&@RPRRINSAp hi arP-BINATWHIch mesultshirea f&std

RNA decay [7, 8].

Eukaryotic50 end -aranpgpositpti onal | -methylgudriodine ead (miG).This a 506
cap modification plays a crucial role in various processes, such as pre-mRNA splicing, poly (A)
tailing, nuclear mRNA export, translation, and mRNA stability. Notably, bacterial RNAs lack this

cap modification [9] (Figure 1).



For decades, -tapwastoasidéredad a definirfg @haracteristic of bacterial RNAs.
However, recent r esear emoffpolaryaticRNA @h e chodifidd dytthet h e
cofactor nicotinamide adenine dinucleotide (NAD") [10]. Unlike the post-transcriptional addition of
m’G-cap in eukaryotes, NAD-capping is a co-transcriptional modification in bacteria (Figure 1) [9,

11].

RNA modifications

3'-Poly A
e mRNA maturation

5'-PPP-RNA

* RNA stability

5'-m’G-RNA Pseudouridine
¢ RNA stability ¢ Increased stability

Figure 1 | RNA modifications. Ov er vi e smermmdl ( NBD-RN A, -PPP-RNA , a-mG-R8A), internal
(Pseudour i dti emremi, Peyy MARNB d@odifications.# Cr eat ed wi t h Bi oRender . como

1.2 NAD metabolism

Nicotinamide adenine dinucleotide (NAD") is a vital coenzyme in E. coli, that mediates various
biological processes, including energy production, DNA repair, and gene expression [12, 13]. As
an essential cofactor in redox redactions, NAD* plays a crucial role in the regulation of metabolic

pathways such as glycolysis and the tricarboxylic acid cycle [14].



E. coli synthesizes NAD* through two primary pathways: the de novo biosynthesis pathway and
the salvage pathway. The first pathway synthesizes NAD* with the oxidation of aspartate (Asp)
[15, 16], whereas the second predominantly recycles NAD* from its degradation product
nicotinamide (NA, NaMN, NMN, and NaAD) as a precursor, which is further adenylated to form
NAD*[14, 17].

During energy production, NAD* acts as an electron carrier and it cycles between its oxidized from
(NAD") and reduced from (NADH) [18]. Subsequently, E. coli balances intracellular NAD* and
NADH levels by breaking them down through degradation pathways to regenerate the structural

components of the cofactors by the Nudix hydrolases NudC and NudE [14, 19, 20].

1.3 Discovery of NAD-RNA in E. coli

Recent studies aimed to identify the transcripts in Escherichia coli (E. coli) that undergo NAD*
capping, lead to the development of the NAD captureSeq. A technology that allows specific
isolation of NAD-capped RNAs from a total RNA sample and subsequent sequencing using Next-
Generation sequencing (NGS). The findings revealed that NAD capping is predominantly
observed in short regulatory sSRNAs (<200nt), as well as mRNAs in a lesser extent (Figure 2) [2].
Originally developed with a specific focus in bacteria, the NAD captureSeq has undergone
significant advancements in recent years, including the development of NAD captureSeq2. As a
result, this technology has enabled the identification of NAD-capped transcripts across all
kingdoms of life [21-24].

Total RNA NAD captureSeq

5-P-RNA Streptavidin

5-NAD-RNA Biotin Reverse
- ) transcription &
b NAD-RNA Streptavidin K Next-generation
biotinylation enrichment sequencing
—_— —_—) ——
l 5-PPP-RNA % %’
K N N
e, ! )

Figure 2 | Workflow overview of the NAD captureSeq. 5-NAD-RNA from a total RNA sample is selectively modified
and biotinylated, first by ADP-ribosylcyclase (ADPRC), followed by azide-alkyne cycloaddition (SPAAC). Biotinylated
5 -&AD-RNA is enriched by streptavidin, reverse transcribed, PCR amplified and subjected for Next-Generation
sequencing (NGS) [2,25].iCr eat ed wi th Bi oRender . como
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1.4 NAD-RNA function

It has been reported that NAD-cap promotes RNA stability in bacteria, but foster RNA decay in
eukaryotes. Aseukary ot imZG-6 ap, t he -NADecapgmvidasiRNA piotection against
5 -@nd-dependent nucleases, such as RNase E in E. coli [2], or RNaseJl in B. subtilis [26]
However, e uUNAB-RNAohias acsho&ed half-l i f e i n ¢ o rAPR-RNAS lieing
more susceptible for cap-removal and further RNA processing (Figure 3) [24].

Recent studies showed that during T4 phage infection, an ADP-ribosyltransferase (ART) called
ModB, can accept not only NAD but also NAD-RNA as substrate. Thereby covalently linking an
entire RNA chain into an acceptor protein, revealing a novel post-translational modification named,
RNAylation. ModB specifically RNAylates the E. coli ribosomal proteins rS1 and rL2, which is

proposedasa phage strategy to hijackFiglre33[278s tr ans|l

RNA protection RNA decay
RNase E 9 ® DXO1
{7 S5-NAD-RNA o
(S—e N S
B 5NAD-RNA
NAD-RNA function
Translation O Untranslated E_NAD-RNA
ot Ribo_sor_je E.coli 5-NAD-RNA Human ¢  Ribosome
o | — o
‘ - (eams) Q] >
5“NAD-RNA - - - \ o 7 ) 53
N : ‘ 5-m’G-RNA -
RNAylation ModB T4 phage A. thaliana Translation Q
O ~ s& ‘ ‘ Ribosome
~ L A\ ~ :
e | ™ o9 | |
. rs1 L L 5-NAD-RNA -
5-NAD-RNA s :

Figure 3 | NAD-RNA functions. Overvi ew o fNAD-RNA fukctioosadescriball in Eschericha coli (RNA
Protection and Translation), T4 phage (RNAylation), Human (RNA decay and Translation), and Arabidopsis thaliana

(Translation).iCr eat ed wi th Bi oRender. como



As a novel RNA modification, it was of high interest to elucidate if NAD-capped mRNAs could be
translated, similarly as the canonical m’G-cap [24]. First evidence of transfected human cells with
NAD-mRNA showed that they are i neff i-m7GenRNA [34].
However, further evidence in Arabidopsis thaliana, showed that NAD-capped mRNAs are spliced,
polyadenylated, and associated with active translating ribosomes [28]. Moreover, recent studies
in E. coli, showed that NAD-mRNAs with and without ribosome binding site (RBS) are efficiently
transl at ed -RPP-mRNAS, indicating tfabthe NAD-cap does not provide additional

translation improvement over non-capped mRNAs (Figure 3) [29].

In summary, contradictive evidence has been observed in both prokaryotes and eukaryotes, and

the question whether NAD-mRNAs are translated or not remains elusive.

15 NAD-RNA decapping

NAD-RNA decapping is the process in which specific enzymes target the NAD cap structure from
the 56 end of R ¥ ARNA susceptible tfor degradation [2h &oth bacteria and
eukaryotes have evolved specialized mechanisms for NAD-RNA decapping involving different

catalytic mechanisms.

In eukaryotes, the enzymes involved in the removal of the NAD- cap from the RNA fall into the
deNADing category, meaning that they catalyze the removal of the intact NAD* moiety from the
RNA. DeNADing enzymes like DXO1 (human and plants) and Rail (Yeast) modulate the entire
NAD-RNA degradation pathway by first deNADding and releasing NAD* a n d -P-RNA, and

trans

subsequently degrade mono-p hosphoryl at ed t ria3nds cerxioprtisb omiuac | ietas

(Figure 4) [24].

In bacteria, any deNADing enzyme has been described, and the NAD-cap removal from RNAs fall
into a different mechanism than in eukaryotes. In E. coli, the responsible enzyme that catalyzes

this reaction is the Nudix hydrolase, NudC. An enzyme that instead of excising the entire NAD+



moiety, it hydrolyses the NAD diphosphate linkage to produce nicotinamide mononucleotide
( NMN) aPPRINA. Brdike DXO1, NudC has no exoribonuclease activity, indicating that the
NudC role in NAD-RNA processing is only for decapping and other players may be involved for

subsequent degradation (Figure 4) [2].

DeNADing Decapping
5-NAD-RNA [E NAD* 5NAD-RNA (P T
) DXO1/Rail ,/" ® Nude [~
LA @ [“ ° 5'P-RNA LA G + Q? 5-P-RNA
- + d //

Figure 4 | NAD-cap removal mechanisms. Overview of the DeNADiI ng-NAERNAvi ty
hydrolyzed into NAD*a n d-P-R8 A, and Decappi ng aNAD-RNAhydyr obyy zNwd G nit-® SNGMN

RNA.iCreated with Bi oRender. como

1.6 NudC as NAD-RNA decapping enzyme

The NAD-RNA decapping enzyme NudC, was originally described as a Nudix hydrolase that
carries out the hydrolysis reaction of NAD into NMN (Nicotinamide mononucleotide) and AMP
(Adenosine monophosphate) [19]. However, recent studies showed that NudC has a stronger
substrate preference towards 5 -NAD-RNAandhy dr ol yze it -P-RNA¢FighhdB)Nisa n d

single-strand specific, and binds to a diverse set of cellular RNAs in an unspecific manner [2, 30].

NAD hydrolysis NAD-RNA Decapping

5-NAD-RNA

NMN
, NMN Q
NAD (P NudC Q Q NudC [

@ o Oiiﬂp @:‘ @ . @:i_p_RNA

—_— —_—

b

a

Figure 5 | NudC activity. Overview of the NudC activity for NAD*hy dr ol ysi s i nt o NMAD-RNAd AMP,

decapping acti vi-B-BRNAifinCtroe aNMNl awmid h5Bi oRender . como
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Pioneering studies by enzymatic assays and crystallographic evidence defined active NudC in a
homodimer conformation with two catalytic sites, one for each monomer (Figure 6A) [30, 31].
Several amino acids within the catalytic site were shown to interact with an NAD substrate, where
replacement of a single carboxylate group with an amide in the central glutamate E178 completely
abolished activity for both NAD hydrolysis a n d-NADSRNA decapping [30].

Up to date, there is no structural evidence of NudC bound to an RNA substrate, and the
mechanism into how NudC coordinates this interaction remains unexplored. Although there is no
known RNA binding motif in NudC, the crystallographic evidence revealed some positively
charged surface around the entrance of the catalytic center (Figure 6B), and it has been proposed
that residues in that area might mediate RNA binding in a primarily electrostatic manner [30].

A
Figure 6 | Crystal structure of E. coli
NudC with NAD. A) NudC homodimer
(PDB:5IW4) [30], highlighting the
catalytic pocket with an NAD molecule
B and the E178 residue. B) Electrostatic

surface  visualization,  highlighting
positively charged residues nearby the

catalytic pocket.

Recent studies in NudC have revealed further involvement of the enzyme into additional biological
processes. Including the decapping of a novel describednon-c anoni cal 506 [8hlts cap
association with ribosomal proteins, the RNA chaperones Hfqg, and the RNA helicase CsdA under

specific stress conditions to control bacterial motility [33].

11



1.7 RNA degradation

In bacteria, RNAs undergo multiple cleavage and modifications events during either maturation or
degradation [34, 35]. Although few RNAs are processed to become functional, they are degraded
by the same enzyme that mature ribosomal (rRNAs) [36, 37] and transfer (tRNASs) transcripts [38,
39], RNase E [40, 41] .

In E. coli, a membrane-located, multi-enzyme complex called the degradosome coordinates RNA
processing, where RNase E forms the core of the complex. RNase E has an endonucleolytic N-
terminal domain, and a C-terminal domain that works as a scaffold to recruit the exoribonuclease
PNPase [42], the glycolytic enzyme enolase [43], and the RNA helicase RhIB [44], to archive
efficient and complete substrate turnover [40]. Moreover, under certain conditions, RhIB can be
substituted by other helicases, including the cold shock DEAD box protein A, CsdA [45], and RhIE
[46].

Notably, RNase E is not the only RNase that can initiate RNA turnover in E. coli, since others like
RNase G, RNase P, the double-stranded specific RNase Ill, and RNases from the toxin/antitoxin
families, can catalyze the initial cleavage of RNAs. The fate of any RNA processed by RNase E
or another RNase is determined by enzyme substrate specificity and accessibility [47, 48].

RNaseEisa 506 end dependent endori bonucl ease, whi ch
stranded RNA (-mmosRNAhosamlidoByBINAt)edov@siophdsphoeryl at
PPP-RNA) RNAs [40, 41]. Susceptible RNAs are internally cleaved by RNase E, and RNA
fragments are then col |lTé&dt edd raercd i prno de/s 4 dhk ierx oa i
[40], releasing nucleoside diphosphates (NDPs). RNA degradation products can be recycled by

NDK, phosphorylating NDPs into nucleoside triphosphates (NTPs) [49] for subsequent
incorporation into new RNA chains by the RNA polymerase (RNAP) [11] (Figure 7).
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Additionally, RNase E and other RNases accessibility to their substrates is modulated by RNA-
binding proteins like the RNA chaperone, HFQ [50], and the ribosomal protein, rS1 [51], which
can hinder RNase E recognition sites and protect RNAs against degradation [40, 48].

RNA degradation RNA synthesis
Membrane
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NDK NTPs
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Degradosome 8 p AN
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Figure 7 | RNA degradation and recycle process in E. coli. Schematic overview of RNA degradation by the
degradosome coordinated by RNase E, RhIB, and PNPase. Degradation products (NDPs) are phosphorylated by PDK
into NTPs, and recycl éBP-BNA S haer R NAAdPc PiRppatny Rpphb idhule NudC decaps
5&NAD-RNA i APtRIA.5&r eated with Bi oRender . como
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1.8 Motivation

Although over recent years NudC has gain attention of the community to understand the relevance
of NAD-RNA in living organisms, little is known about the NAD-RNA decapping mechanism behind
it. Several questions like; why NudC displays a stronger substrate preference towards NAD-RNA
than to NAD", and how NudC coordinates RNA binding.

Studying the intracellular localization of an enzyme is highly relevant to understand if it affects its
function, or if its related to other biological processes. Although NudC localization was described
recently to be primarily cytosolic, little is known of how NudC distribution across the cell is
influenced by binding to RNA substrates, or if there are transcient interactions with unknown
partners that decrease or increase NudC diffusion in the cell.

The coupled of RNA degradation, translation, and transcription, is the result of a highly coordinated
process in which multiple enzymes efficiently regulate RNA metabolism. Weather NudC plays a
mayor role related to such processes remains a mystery, and it is of high interest to demonstrate
a link between them to elucidate a clear picture into how NAD-RNAs are synthesized, decapped,
and further degraded.

Although not many mRNAs have been described to be NAD-caped, it is still not clear if NAD-
MRNAs are translated or not. Therefore, it is of great importance to elucidate if NudC could
influence the E. coli proteome upon RNA binding and decapping, thus indicating a role of NAD-

MRNAs in translation.

This work aims to improve the molecular understanding of the NAD-RNA decapping process by
NudC. How this process is controlled by RNA binding, and how it influence NudC association with

RNA transcription, translation, and degradation processes in E. coli
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2. Materials and Methods

2.1  Strain List
Strain Plasmid Source
BL21 (DE3) - [52]
60 pET28c_NudC WT [2]
60 pET28c_NudC R120K R122K This work
60 pET28c_NudC R120K R122N 60
66 pET28c_NudC E178Q
60 pET28c_NudC WT i mNeongreen i 6XHIS 60
60 pET28c_NudC R120K R122K i mNeongreeni 6XHIS 60
60 pET28c_NudC R120K R122N i mNeongreen i 6XHIS 60
60 pET28c_NudC E178Q i mNeongreen i 6XHIS 60
DH5-U api - [53]
60 pKD3_NudC WT i 6XHIS_CmR This work
60 pKD3_NudC R120K R122K i 6XHIS_CmR 60
60 pKD3_NudC R120K R122K i 6XHIS_CmR 60
66 pKD3_NudC E178Q i 6XHIS_CmR 66
60 pKD3_RNase E i mScarletl_CmR 60
60 pKD3_UltralD_CmR 60
DH5-U - [53]
60 pTAC101_NudC WT i mNeongreeni 6XHIS This work
60 pTAC101_NudC R120K R122K i mNeongreen i 6XHIS 60
60 pTAC101_NudC R120K R122N i mNeongreen i 6XHIS 60
66 pTAC101_NudC E178Q i mNeongreen i 6XHIS 60
60 pTAC101_mNeongreen i 6XHIS 60
Strain Genomic modification and/or Plasmid Source
BW25113 - [54]
60 nudC WT i 6XHIS_cmR This work
60 nudC R120K R122K i 6XHIS_cmR 60
60 nudC R120K R122K i 6XHIS_cmR 60
60 nudC E178Q i 6XHIS_cmR 60
60 nudC WT i 6XHIS_cmR + pUC19 60
66 nudC R120K R122K i 6XHIS_cmR + pUC19 60
66 nudC R120K R122K i 6XHIS_cmR + pUC19 60
60 nudC E178Q i 6XHIS_cmR + pUC19 60
66 nudC R120K R122K i 6XHIS_cmR + pUC19_NudC WT 60
60 nudC WT i turbolD_cmR [55]
66 nudC WT i microlD_cmR 660
60 nudC WT i ultralD_cmR 60
60 turbolD i nudC WT_cmR 60
60 microlD i nudC WT_cmR 60
60 ultralD i nudC WT_cmR 60
60 nudC R120K R122K i ultralD_cmR [56]
60 nudC R120K R122N i ultralD_cmR 60
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60 nudC E178Q i1 ultralD_cmR 60
60 ultralD i nudC R120K R122K_cmR 60
60 ultralD i nudC R120K R122N_cmR 60
60 ultralD i nudC E178Q_cmR 60
60 ultralD_cmR This work
BW2 5 1 1midCqy cmR This work
60 + pTAC_NudC WT i mNeongreen i 6XHIS 60
60 + pTAC_NudC R120K R122K i mNeongreen i 6XHIS 60
60 + pTAC_NudC R120K R122N i mNeongreen i 6XHIS 60
60 + pTAC_NudC E178Q i mNeongreeni 6XHIS 60
60 + pTAC_mNeongreen i 6XHIS 60
® rpoB S512F 60
60 rpoB S512F + pTAC101_NudC WT i mNeongreen i 6XHIS 60
60 rne i mScarletl_KanR 60
60 rme i mScarletl_KanR + pTAC101_NudC WT i mNeongreen i 6XHIS 60
2.2 Plasmid List

Plasmid Source
pET28c_NudC WT [2, 30]
pET28c_NudC R120K R122K This work
pET28c_NudC R120K R122N 606
pET28c_NudC E178Q [2, 30]
pKD3 [57]
pKD3_NudC WT i 6XHIS_CmR 66
pKD3_NudC R120K R122K i 6XHIS_CmR 60
pKD3_NudC R120K R122K i 6XHIS_CmR 60
pKD3_NudC E178Q i 6XHIS_CmR 66
pKD46 [57]
pSG1164 [58]
pET28c_NudC WT i mNeongreen i 6XHIS This work
pET28c_NudC R120K R122K i mNeongreen i 6XHIS 60
pET28c_NudC R120K R122N i mNeongreen i 6XHIS 60
pET28c_NudC E178Q i mNeongreen i 6XHIS 60
pTAC [59]
pTAC_NudC WT i mNeongreen i 6XHIS This work
pTAC_NudC R120K R122K i mNeongreen i 6XHIS 60
pTAC_NudC R120K R122N i mNeongreen i 6XHIS 60
pTAC_NudC E178Q i mNeongreen i 6XHIS 60
pTAC_mNeongreen i 6XHIS 60
pMScarletl [60]
pKD4 [57]
pKD3_RNase E i mScarletl_CmR This work
pKD3_UltralD_CmR 60
puC19 [2]
pUC19 _NudC WT 1 6XHIS This work

*See Table S1 for plasmid maps
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2.3 Primer, Oligos, and Probes List

Primer Sequence 5 6 3 0
DRM1 AGCCATTGCAAAGAGAAATACTACCCGCAAATC
DRM2 AGCCATTGCAAAGAGAACTACTACCCGCAAATC
DRM3 GCACAGCATCGCCCATTCGGTTTTGCTCGGATA
DRM4 GGAACACTTAACGGCTGACATGGGAATTAGCCATGGATGGATCGTATAATTGAAAAATTAGATCACGGC
DRM5 GCTCAGTGGTGGTGGTGGTGGTGCTCATACTCTGCCCGACACATCGCCACCG
DRM6 GCAGAGTATGAGCACCACCACCACCACCACTGAGCTCCATATGAATATCCTCCTTAGTTCC
DRM7 ggﬁé;l:égTTCGGTCATTTTGGCTGTTCCTTAGTGCGTCAGGCGGTCAGTGTATCAGTGTAGGCTG GAGCTGCTTC
DRM8 i;?CA_I'I_’égACTGACCGCCTGACGCACTAAG GAACAGCCAAAATGACCGAACTAATCGCTCAAGACGTGTAATGCTGC
DRM9 CCATGGCTAATTCCCATGTCAGCCGTTAAGTGTTCC
DRM10 GCCACGAGCAGATGCTTACGTACATGTAGCC
DRM11 CCGGTTTGCTGGCAGAACATGGCG
DRM12 CGGTGGCGATGTGTCGGGCAGAGTATGAGGGGCCCGGCCTATCTGGCCTG
DRM13 CACCACCACCACCACCACTGAGAATTCCCCGGGTACC
DRM14 CACCACCACCACCACCACTGAGATCCGGCTG
DRM15 GCCCCTCATACTCTGCCCGACACATCGCCACCG
DRM16 GGAGATATAATATGAAGCTTATGGATCGTATAATTGAAAAATTAGATC
DRM17 GGTACCCGGGGAATTCTCAGTGGTGGTGGTGGTGGTGCTCGAGTGCGGCC
DRM18 GGAGATATAATATGAAGCTTATGGTGAGCAAGGGCGAGGAGGATAACA
DRM19 éAAAACCATGTTAAACATGCCAGTGATG CAAAGGTAGTGCAAGAGCTATGGCTCCATATGAATATCCTCCTTAGTTC
DRM20 TCTCAGACAGCGGGTTGTTCTGGTCCATAAACTGAAACAGCTGGCTGGAACCGAAGAACTCTTTCACTGC
DRM21 CGTGAAGCAGCTGAAAGCCTGTTCGAG
DRM22 CAACGGCAACAGCACGTTCCATACCAG
DRM23 CCTCTGCCGCTCCTGCGCGTCCGCAACCTGTTGAGGGCGGCGGCTCGGGCGGCGGCACCATGGTGAGCAAGGG
CGAGGAGGATAACATGG
DRM24 GTATAGGAACTTCGAAGCAGCTCCAGCCTACACTTATTTGTATAGTTCATCCATGCCACCG
DRM25 GTGTAGGCTGGAGCTGCTTCGAAGTTCCTATAC
DRM26 GAAATAAAAAAGCCCTGGCAGTTACCAGGGCTTGATTACTTTGAGCTAATTACCATATGAATATCCTCCTTAGTTCC
DRM27 GCCCTGGTAACTGCCAGGGCTTTTTTATTTCAATCGCTCAAGACGTGTAATGCTGCAATCTGC
DRM28 GCAGGAGCGGCAGAGGCATGATGTGTTGCCGCCATGGCTAATTCCCATGTCAGCCGTTAAGTGTTCC
DRM29 CGGCAACACATCATGCCTCTGCCGCTCCTGC
DRM30 CGTAGAAGCCCCCGTTCAGGTTGCCGAAC
DRM31 GCAGCAAACGGCATTGCAGGCATCG
DRM32 igEEIAC;C?ATAGAAGATACGGTGGCGATGTGTCGGGCAGAGTATGAGTGAGCAAAGGTAGTGCAAGAGCTATG GA
DRM33 GGAATAGGAACTAAGGAGGATATTCATATGGAGCTCACTTCTCCTTGAACTTCTTCAGGTTCTC
DRM34 GCTCCATATGAATATCCTCCTTAGTTCCTATTCC
DRM35 GACACATCGCCACCGTATCTTCTATCAGACGGCCCATGGCTAATTCCCATGTCAGCCGTTAAGTGTTCC
5 -P-8mer /5Phos/rArCrArGrUrArUrU

5°-P-40mer-Cy5

5P/rArCrArGrUrArUrUrUrGrGrUrArUrCrUrGrCrGrCrUrCrUrGrCrUrGrArArGrCrCrArGrurUrArCrUrU/3Cy5Sp/

Cy5.5-RNAI-DNA Probe

/5Cy55/GCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGT

Cy3-5S-DNA Probe

/5Cy3/GCGCTACGGCGTTTCACTTCTGAGTTCGGCATGGGGTCAGGTGGGACCACCGCGCTACTG

Cy5.5-6S-DNA Probe

/5Cy55/CGCGGAGCGCCACATTCTTGTGGTATGAAATATCGGCTCAGGGGACTGGCCCGCTTGCGA
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24 Plasmids and E. coli strains.

The NudC (R120K R122K) and (R120K R122N) mutants were generated by site-directed
mutagenesis using a procedure based on the Phusion Site-Directed Mutagenesis Kit (Thermo
Scientific). Using as a template the previously cloned pET28c_NudC WT [2, 30]and the primers
DRM1 and DRM3 (R120K R120K) and DRM2 and DRM3 (R120K R122N) (Supplementary Table
2). PCR reactions were set for 36 cycles at 98°C for 30s denaturing, 62°C for 30s annealing, and
72°C for 5 min elongation times. PCR products were validated in 1% agarose gels, and purified
with QIAquick PCR purification kit (QIAGEN) according to manufacturer procedure. PCR products
were treated with Dpnl for 2 h at 37°C and purified again. PCR products were transformed by
electroporation into E. coli One Shot BL21 (DE3) strain [52]. Cells were incubated at 37°C
overnight in LB-Kanamycin plates. Selected colonies were grown in 10 ml LB-Kanamycin medium
and the resulting plasmids pET28c_NudC (R120K R122K) and (R120K R122N) were purified
using GenelJet Plasmid Miniprep Kit (Thermo Scientific) and verified by Sanger sequencing
(Microsynth).

To obtain the nudC WT and mutant genes 6xHIS tagged expressed from the chromosome, a
Gibson Assembly strategy was followed. First PCR fragments were amplified using as templates
the previously mentioned plasmids (pET28c_NudC WT, R120K R122K, R120K R122N) and
PET28c_NudC E178Q with 6xHIS C-terminal tags, were amplified by using the primers DRM4 and
DRMS5. As for the second fragment, the chloramphenicol resistance gene cmR was amplified using
as a template the pKD3 vector, and 50 bp of the 3"-UTR nudC region was introduced downstream
cmR for further recombination using primers DRM6 and DRMY. For the last fragment, a fraction
that contains the ampicillin resistance gene ampR and the R6K ori of the pKD3 vector was
amplified using primers DRM8 and DRM9. All the mentioned primers introduced 30 bp overlapping
ends of each fragment. PCR reactions were set for 36 cycles at 98°C for 30s denaturing, 62°C for
30s annealing, and 72°C for 1.5 min elongation times. PCR products were validated in 1% agarose
gels, and purified with QIAquick PCR purification kit (QIAGEN) according to manufacturer
procedure. Purified PCR products were used for Gibson Assembly reactions prepared accordingly

to manufacturer protocols (NEB) and transformed into E. coliDH5-U api r[53st r ai n

18



After Sanger sequencing, the resulting plasmids pKD3_NudC WT i 6XHIS, pKD3_NudC R120K
R122K i 6XHIS, pKD3_NudC R120K R122Ni 6XHIS, and pKD3_NudC E178Q i 6XHIS were
used as templates to amplify nudC i 6XHIST cmR T 3"-UTR nudC region using DRM4 and DRM7

primers.

For homologous recombination, the obtained linear DNA fragments were purified (QIAGEN
purification kit) and 400 nM of each PCR product were transformed into competent E. coli
BW25113 strain cells carrying the pKD46 vector which allows recombination. Cells were
incubated at 37°C for 4h and selected in LB-chloramphenicol plates. After recombination, nudC
loci (rsd, nudC, cmR, hemE, Nfi, and yjaG) was amplified by PCR using primers DRM10 and
DRM11 and verified by Sanger sequencing.

To obtain the nudC WT and mutants, fused to mNeongreen, and 6xHIS tagged, a Gibson
Assembly strategy was followed. First PCR fragment mNeongreen was amplified using as
template the pSG1164 with the primers DRM12 and DRM13. As for the second fragment, the
nudC genes (WT and mutants) and the rest of the pET28c plasmid was amplified using as
templates the pET28c_NudC WT, R120K R122K, R120K R122N, and E178Q plasmids with
primers DRM14 and DRM15. PCR reactions were set for 36 cycles at 98°C for 30s denaturing,
62°C for 30s annealing, and 72°C for 1 and 5 min (15t PCR and 2" PCR, respectively) elongation
times. PCR products were validated in 1% agarose gels, and purified with QIAquick PCR
purification kit (QIAGEN) according to manufacturer procedure. Purified PCR products were used
to set Gibson Assembly reactions prepared accordingly to manufacturer protocols (NEB) and
transformed into E. coli BL21 (DE3) strain. Selected plasmids were purified and verified by Sanger

sequencing.

To clone nudC WT and mutants, fused to mNeongreen, and 6xHIS tagged into the pTAC plasmid,
a classic cloning by enzymatic digest was followed. PCR fragments nudC WT, R120K R122K,
R120K R122N, and E178Q i mNeongreen i 6XHIS were amplified using as templates
pPET28c_NudC WT, R120K R122K, R120K R122N, and E178Q i mNeongreeni 6XHIS using the
primers DRM16 and DRM17. PCR reactions were set for 36 cycles at 98°C for 30s denaturing,
62°C for 30s annealing, and 72°C for 1 min elongation times. PCR products were validated in 1%

agarose gels, and purified with QIAquick PCR purification kit (QIAGEN) according to manufacturer
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procedure. 300 ng of Purified PCR products were digested with EcoR1 and Hindlll (Thermo
Scientific) for 1 h at 37°C, followed by overnight ligation at room temperature with a previously
digested pTAC plasmid with the same restriction enzymes. Ligations were transformed into E. coli
DH5-U strain. Saslwerepurdied am lvesifieardy Sanger sequencing.

To clone unfused mNeongreen - 6xHIS tagged into the pTAC plasmid, the same classic cloning
by enzymatic digest was followed. PCR fragment mNeongreen was amplified using as template
the pSG1164 using the primers DRM18 and DRM17. PCR reaction was set for 36 cycles at 98°C
for 30s denaturing, 62°C for 30s annealing, and 72°C for 1 min elongation time. PCR product was
validated in 1% agarose gels, and purified with QIAquick PCR purification kit (QIAGEN) according
to manufacturer procedure. Pure PCR product was digested with EcoR1 and Hindlll (Thermo
Scientific) for 1 h at 37C, followed by overnight ligation at room temperature with a previously
digested pTAC plasmid with the same restriction enzymes. Ligations were transformed into E. coli

DH5-U strain. Selected plasmids were purified

To generate gnudC knockout strain, a PCR product was performed to amplify the chloramphenicol

resistance gene cmR using as a template the pKD3 vector and introducing 50 bp ofthe 5 6 a@én d

UTR nudC regions up and downstream cmR with primers DRM19 and DRM7. PCR reaction was
set for 36 cycles at 98°C for 30s denaturing, 62°C for 30s annealing, and 72°C for 1 min elongation
time. PCR product was validated in a 1% agarose gel, and purified with QIAquick PCR purification
kit (QIAGEN) according to manufacturer procedure. 400 nM of the Purified PCR product was
transformed into competent E. coli BW25113 strain cells carrying the pKD46 vector and cells were
incubated at 37°C for 4h and selected in LB-chloramphenicol plates. After recombination, nudC
loci was amplified by PCR using primers DRM10 and DRM11, PCR product was purified and
verified by Sanger sequencing. Afterwards, the obtained strain was transformed with the
previously mentioned pTAC _NudC WT, R120K R122K, R120K R122N, and E178Q i
mNeongreen i 6XHIS, pTAC_mNeongreen, and pUC19 plasmids.

To obtain the rifampicin resistant strains, competent E. coli BW25113 and BW25113_gnudC::.cmR
strain cells carrying the pKD46 vector with 5 pL of primer DRM20, which introduces a two-base
substitution to generate a single point mutation in the RpoB Serine 512 by Phenylalanine that

confers Rifampicin resistance [61]. Transformed cells were incubated at 37°C for 4h and selected
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in LB-rifampicin plates. After recombination, rpoB gene was amplified by PCR using primers
DRM21 and DRM22. PCR reaction was set for 36 cycles at 98°C for 30s denaturing, 62°C for 30s
annealing, and 72°C for 1 min elongation time. PCR product was validated in a 1% agarose gel,
and purified with QIAquick PCR purification kit (QIAGEN) according to manufacturer procedure.
PCR product was verified by Sanger sequencing. Afterwards, the obtained
BW25113 gnudC::cmR_rpoB S512F strain was transformed with the previously mentioned
PTAC_NudC WT 1 mNeongreen i 6XHIS plasmid.

To generate an RNase E i mScarletl chromosomal phusion, a Gibson Assembly strategy was
followed. First mScarletl PCR fragment was amplified using as templates the plasmid pMScarletl
using the primers DRM23 which introduce the last 50 bp of rne, removes the stop codon, the
coding sequence for an eight-residue linker and the first 30 bp of mScarletl, and primer DRM24
with 30 bp annealing to the kanR. As for the second fragment, the Kanamycin resistance gene
kanR was amplified using as a template the pKD4 vector, and 50 bp of the 3"-UTR rne region was
introduced downstream kanR for further recombination using primers DRM25 and DRM26. For
the last fragment, a fraction that contains the ampR and the R6K ori of the pKD3 vector was
amplified using primers DRM27 and DRM28. All the mentioned primers introduced 30 bp
overlapping ends of each fragment. PCR reactions were set for 36 cycles at 98°C for 30s
denaturing, 62°C for 30s annealing, and 72°C for 2 min elongation times. PCR products were
validated in 1% agarose gels, and purified with QIAquick PCR purification kit (QIAGEN) according
to manufacturer procedure. Purified PCR products were used for Gibson Assembly reactions
prepared accordingly to manufacturer protocols (NEB) and transformed into E. coli DH5-U api r

strain.

For genomic recombination, a PCR product was performed to amplify the mScarletl and kanR
genes using as template the previous plasmid pKD3_RNase E i mScarletl_KanR and introducing
the first 50 bp of 36UTR rne region without stop codon, and the subsequent 50 bp of 36UTR rne
region with primers DRM29 and DRM26. PCR reaction was set for 36 cycles at 98°C for 30s
denaturing, 62°C for 30s annealing, and 72°C for 1.5 min elongation time. PCR product was
validated in 1% agarose gels, and purified with QIAquick PCR purification kit (QIAGEN) according
to manufacturer procedure. 400 nM of the PCR product was transformed into competent E. coli

BW25113 gnudC::cmR strain cells carrying the pKD46 vector. Transformed cells were incubated
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at 37°C for 4h and selected in LB-Kanamycin plates at 37°C overnight. After recombination, rne
gene was amplified by PCR using primers DRM30 and DRM31, PCR product was purified and
verified by Sanger sequencing. Afterwards, the obtained strain was transformed with the
previously mentioned pTAC_NudC WT i mNeongreen i 6XHIS plasmid.

To obtain a control strain for the expression of unfussed UltralD expressed from the native nudCp,
a Gibson Assembly strategy was followed. First PCR fragment was amplified using as template
the pKD3_Myc i UltralD i NudC WT_CmR plasmid, amplification with primer DRM32 Introduced
50 bp of the 36nudC region including nudC stop codon plus a short 36UTR region followed by
nudC Ribosome binding sequence (RBS), while primer DRM33 introduced a stop codon in ultralD
plus 30 bp of the 56cmR region. As for the second fragment, the chloramphenicol resistance gene
cmR was amplified using as a template the pKD3_NudC WT i 6XHIS vector, and 50 bp of the 3"-
UTR nudC region was introduced downstream cmR for further recombination using primers
DRM34 and DRM?7. For the last fragment, a fraction that contains the ampicillin resistance gene
ampR and the R6K ori of the pKD3 vector was amplified using primers DRM8 and DRM35. All the
mentioned primers introduced 30 bp overlapping ends of each fragment. PCR reactions were set
for 36 cycles at 98°C for 30s denaturing, 62°C for 30s annealing, and 72°C for 2.5 min elongation
time. PCR products were validated in 1% agarose gels, and purified with QIAquick PCR
purification kit (QIAGEN) according to manufacturer procedure. Purified PCR products were used
to set Gibson Assembly reactions were prepared accordingly to manufacturer protocols (NEB)

and transformed into E. coliDH5-U apir strai n.

For genomic recombination, a PCR product was performed to amplify the ultralD and cmR genes
using as template the previous plasmid pKD3_UltralD_CmR and introducing the first 50 bp of 36
UTR nudC region without stop codon, and the subsequent 50 bp of 38BUTR nudC region with
primers DRM32 and DRM7. PCR reaction was set for 36 cycles at 98°C for 30s denaturing, 62°C
for 30s annealing, and 72°C for 1.5 min elongation time. PCR product was validated in 1% agarose
gels, and purified with QIAquick PCR purification kit (QIAGEN) according to manufacturer
procedure. Purified PCR product was transformed into competent E. coli BW25113 strain cells
carrying the pKD46 vector. Transformed cells were incubated at 37°C for 4h and selected in LB-

chloramphenicol plates at 37°C overnight. After recombination, ultralD gene in the nudC loci was
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amplified by PCR using primers DRM10 and DRM11, PCR product was purified and verified by
Sanger sequencing.

To clone nudC WT 6XHIS tagged into the pUC19 plasmid, a classic cloning by enzymatic digest
was followed. PCR fragments nudC WT i 6XHIS was amplified using as templates pET28c_NudC
WT i 6XHIS [2] using the primers DRM16 and DRM36. PCR reaction was set for 36 cycles at
98°C for 30s denaturing, 62°C for 30s annealing, and 72°C for 1 min elongation time. PCR product
was validated in a 1% agarose gel, and purified with QIAquick PCR purification kit (QIAGEN)
according to manufacturer procedure. 300 ng of the purified PCR product was digested with
EcoR1 and Hindlll (Thermo Scientific) for 1 h at 37°C, followed by overnight ligation at room
temperature with a previously digested pUC19 plasmid [2] with the same restriction enzymes.
Ligation was transformed into E. coliDH5-U st r ai n. S e | e putifieddandpvéried oyi d  wa
Sanger sequencing. After validation, the resulting pUC19 NudC WT i 6XHIS was transformed
into the BW25113 NudC R120K R122K_cmR strain.

2.5 NudC i RNA Alphafold3 prediction

The protein sequence of nudC WT was used to predict RNA binding residues with Alphafold3
using two subunits of NudC, the first 14 bases of RNAI sequence (ACAGUAUUUGGUAU), and
two NAD* molecules as input via the Google DeepMind Alphafold3 server [62]. Prediction from

rank 1 (ipTM = 0.95) was further analyzed and visualized with ChimeraX (version 1.8)

2.6 Multiple sequence alignment
To find NudC homologues in bacteria, NudC WT Escherichia coli (taxID:562) primary sequence

was used as query for a blastp (protein-protein BLAST) search directed independently in
Salmonella enterica (taxID:28901), Caulobacter vibroides (taxID:155892), Agrobacterium
tumefaciens (taxI|D:358), Burkholderia cepacia (taxID:292), Myxococcus xanthus (taxID:34),
Helicobacter pylori (taxID:210), Bacillus cereus (taxID:1396), Staphylococcus aureus
(tax1D:1280), Mycobacterium tuberculosis (taxID:1773), Lentisphaeria bacterium (taxID:2053569)
, Bacteroides caecigallinarum (taxID:1411144), Deinococcus radiodurans (taxID:1299),
Treponema ruminis (taxlD:744515), and Prochlorothrix hollandica (taxID:1223) genomes. Best-
hits were retrieve using an E-value >0.0005 and identity percentage >50% as selection criteria.

Sequences of decapping enzymes from Human (DXO and NudT12), Yeast (Rail and NPY1), C.
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elegans (NPY1), and A. thaliana (NudT19) were included in a multiple sequence alignment

performed with Clustal Omega, and retrieved alignment was visualized with Jalview.

2.7 Overexpression and affinity purification of NudC.

NudC was overexpressed and purified as previously described [2, 30] with some modifications.
Briefly, Cell cultures inoculated with the strains carrying the respective plasmids (pET28c-NudC
WT, R120K R122K, R120K R122N and E178Q) and (pET28c-NudC WT, R120K R122K, R120K
R122N, and E178Q - mNeongreen) were grown overnight in 10 mL LB-Kan-medium at 37°C at
180 rpm agitation. Next day, subcultures were inoculated with 5 mL of the ON and transferred in
1 L of fresh LB-Kan-medium and incubated at 37°C at 180 rpm agitation until ODggo 0.8 was
reached. Afterwards, cultures were induced by the addition of Isopropyl-beta-D-thiogalactoside
(IPTG) to a final concentration of 1 mM, and incubated for another 3 h at 37°C and 180 rpm
agitation. After expression, cells were harvested by centrifugation at 3,000 x g for 30 min, and the
cell pellets were resuspended in HisTrap buffer A (50 mM HEPES pH 7.5, 1 M NaCl, 5 mM MgSOa,
1 M Urea, 5 mM 2-mercaptoethanol, 5% glycerol, 5 mM imidazole, 1 tablet per 500 ml complete
EDTA-free protease inhibitor cocktail (Roche) per L), followed by three sonication steps for 5 min
at 80% power and 0.5 pulse. The lysates were clarified by centrifugation (37,500g, 30 min, 4°C)
and the supernatant was applied to a Ni-NTA HisTrap column (GE Healthcare). The protein was
eluted with a gradient of HisTrap buffer B (HisTrap buffer A with 500 mM imidazole) using a fast
performance liquid chromatography (FPLC)-based purification system. Purification fractions were
collected and analyzed by 12% SDSi PAGE gels. Eluate fractions of interest were concentrated
with Amicon Ultra-15 10K filter tubes by centrifugation at 2,000 x g 4°C until 1 mL volume was
reached. Samples were further size filtered with a Size exclusion superdex 200 10/300 GL column
(GE Healthcare) integrated in the FPLC system, and eluted with SEC buffer (50 mM HEPES pH
7.5, 50 mM MgClz, 75 mM NacCl, 0.05 mM DTT, 2.5% glycerol, 0.05% Tween-20). Eluate fractions
were collected and concentrated with Amicon Ultra-4 10K filter tubes by centrifugation at 2,000 x
g 4°C until 1 mL volume was reached. Protein concentrations were determined using Pierce BCA
protein Assay Kit i Reducing agent compatible (Thermo Scientific), 50 pL aliquots were prepared
in fresh 1.5 mL low-binding Eppendorf tubes, flash frozen in liquid nitrogen and stored at -80°C

for further use. (Figure S3,8, and 9)
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2.8 NAD-RNA capping by in vitro imidazolide reactions

Sy nt he sANAD capped BNA oligos used for further Hydrogen/deuterium exchange mass
spectrometry (HDX-MS) and Microscale Thermophoresis (MST) assays was performed as
described previously with minor modifications [63, 64]. Briefly, for HDX-MS experiments, a
reaction with 50 uM o fP-RBIA-8mer (IDT) added with 50 mM MgCl, and approximately 5 mg of
imidazolide nicotinamide mononucleotide (Im-NMN) (Lab collection) was incubated at 50°C for 5
h. Afterwards, reactions were purified by centrifugation at 14,000 x g at 4°C in 0.5 mL 3 kDa
Amicon filters and washed for times with column volumes of RNAse-free water. RNAs were eluted
in 50 pL of RNAse-free water by inverting the Amicon filter and collecting the eluate in a fresh
Eppendorf tube.

For MST assays -NAB-RNAt4bneisQyswa® derfoBnéd in a reaction using 50 uM
o f -PHREA-40mer-Cy5 (IDT) added with 50 mM MgCl, and approximately 5 mg of imidazolide
nicotinamide mononucleotide (Im-NMN) (Lab collection), and incubated at 50°C for 5 h.
Afterwards, to remove Im-NMN excess, the entire reaction was purified using the RNA Clean &

Concentrator-25 kit (Zymo Research) foll owi ngNADRBNAuUTf act u

40mer-Cy 5 f r o m u4PiRNAa4OMee- @5, Bldaned RNA sample was loaded in a 6% APB-
PAGE gel [65], run in HAE buffer (20 mM HEPES, 5 mM NaOAc, 1 mM EDTA) at constant 5 W

for 30 min, and gel was visualized using Cy5 scan (Biorad Chemidoc). CorrespNAB-di ng

RNA-40mer-Cy 5 a 4P-dRNAG4Omer-Cy5 bands were cut and gel electroeluted with GeBAflex
Midi Electroelution 6-8 kDa kit (Scienova) according to manufacturer procedure. Eluted fractions
were collected and precipitated by the addition of 1 volume of Isopropanol and 0.1 volume of 3 M
sodium acetate (NaOAc) pH 5.5, and incubated at -20°C overnight. Next day, samples were
centrifuged at 14,000 x g at 4°C for 2 h, supernatants were discarded and RNA pellets were
resuspended in 25 pL of RNAse-free water and 5 pL aliquots were stored at -20°C. Capping and
purity were verified by 6% APB-PAGE analysis and NudC decapping assay.

2.9 Hydrogen/deuterium exchange mass spectrometry (HDX-MS) assays
Two HDX-MS experiments were carried out essentially as described previously with minor

modifications [66]. For experiment 1 the sample stock solutions contained 25 pM NudC E178Q

without further additives (sample 1) or wer e suppl e me n t-RNA 8-mér (sdmpl@ 5

2)or25 OM 5RNA B-A& (sample 3). For experiment 2, the sample stock solutions
contained 50 pM NudC E178Q supplemented with water (sample 1) or 10 mM NAD (sample 2).
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Further preparation of HDX reactions from the sample stock solutions was similar in both
experiments and conducted by a two-arm robotic autosampler (LEAP Technologies).

Inbrief, 7. 5 €L sample stock solution were -QlipK&5
300 mM NacCl, 10 mM MgCl,) prepared with 99.9% D,0. Following incubation for 10, 100, 1,000
or 10,000 s at 25 °C 55 L of the reaction were withdrawn and mixed with 55 puL quench buffer
(400 mM KH2PO4/H3PO4, 2 M guanidine-HCI, pH 2.2) pre-chilled at 1 °C to stop HDX. After mixing
95 L of the quenched reaction were injected into an ACQUITY UPLC M-Class System with HDX
Technology (Waters). Non-deuterated were prepared similarly by 10-fold dilution in buffer
prepared with H.O. The injected samples were delivered with H,O + 0.1% (v/v) formic acid (100
HL/min flow rate) to a column (2 mm x 2 cm) that was packed with immobilized porcine pepsin
temperated at 12°C for proteolytic digestion, and the resulting peptic peptides collected on an
ACQUITY UPLC BEH C18 VanGuard Pre-column (130A, 1.7 um, 2.1 mm x 5 mm, Waters) kept
at 0.5 °C. After 3 minutes of digestion and trapping, the VanGuard Pre-column was placed in line

wi t h

with an ACQUITYUPLC BEH C18 1.7 em 1.0 x 100 mnaphto!l umn

peptide separation at 0.5°C by a gradient of H,O + 0.1% (v/v) formic acid (eluent A) and acetonitrile
+ 0.1% (v/v) formic acid (eluent FKEmn/a5b5%A, 7B
min/6521.5% A, 82.0 min/15% A, 1021 min/5% A, 11216 min/95% A. Eluting peptides were ionized
with an ESI source (250°C capillary temperature, 3.0 kV spray voltage) and mass spectra acquired
in positive ion mode over a range of 50-2,000 m/z on a G2-Si HDMS mass spectrometer with ion
mobility separation (Waters), using Enhanced High Definition MS (HDMSE) or High Definition MS
(HDMS) mode for undeuterated and deuterated samples, respectively [67, 68]. Lock mass
correction was implemented with [Glul]-Fibrinopeptide B standard (Waters). During peptide
separation, the loop and pepsin column were washed three times with 80 pL each of 4% (v/v)
acetonitrile and 0.5 M guanidine-HCI. Blank injections were performed between each sample. All
measurements were carried out in triplicates as independent HDX reactions. NudC E178Q
peptides were identified from the non-deuterated samples acquired with HDMSE with the software
ProteinLynx Global SERVER (PLGS, Waters) employing the amino acid sequences of NudC
E178Q and porcine pepsin as search database, and their deuterium incorporation evaluated with
DynamX 3.0 (Waters) as described [66].

Sample preparation was prepared by David Rodriguez-Méndez. HDX/MS measurement and data
analysis were performed by Dr. Wieland Steinchen at the Center for Synthetic Microbiology

(Synmikro) in the Interaction, Dynamics & Assembly facility. (AG Prof. Dr. Gert Bange)
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2.10 Microscale Thermophoresis

NAD-RNA and NAD-binding assays based on microscale thermophoresis were performed with a
Monolith NT.115 instrument (NanoTemper Technologies GmbH, Germany) using Monolith NT
Premium Capillaries. For NAD-binding assays, Purified proteins were fluorescently labeled using
the RED-Maleimide 2nd Generation Protein Labeling Kit (NanoTemper Technologies GmbH,
Germany) as recommended by the manufacturer. 250 nM | abel ed pr ot ei
NAD at concentrations ranging from 0.02nM to 40 m MMST mctivity buffer ( 5 OM H&EPES pH
7.5, 75 mM NaCl, 50 mM MgClI2, 0,05 mM DTT, 2.5% glycerol, 0.05% Tween 20). For RNA-

binding assays, 50 nM of HDHAADIRNA-Omer-Cyd or & iPeRdlA-e nt | y

40mer-Cy5 were then mixed with purified proteins at concentrations rangi ng fr om

225 pM. Measurements were performed at 25 AC,
100% and the infrared laser set to 40%. Three technical replicates were performed for each
condition. Data were analyzed using MO Affinity Analysis v2.3 (NanoTemper Technologies
GmbH, Germany). To prevent heat-induced artifacts and, at the same time, avoid analyzing only
the signal change induced by the initial temperature jump, the following regions were used for
data analysis: cold regionfrom-1 s t o 0 s, 9OswwtOsr egi on fr om

Sample preparation, MST measurement, and data analysis were performed by David Rodriguez-
Méndez. Data analysis and technical support were provided by Juri HanBmann at the Center for
Synthetic Microbiology (Synmikro) (AG Prof. Dr. Martin Thanbichler).

2.11 Preparation of NAD-RNA by in vitro transcription.

For in vitro transcription (IVT) we used a modification of a previously described method [30]. An
IVT reaction was performed using 0.2 mM of double-stranded DNA (dsDNA) Qbeta ultramer
template (Lab collection) in transcription buffer (40 mM Tris, 1 mM spermidine, 22 mM MgCl.,
0.01% Triton-X-100, 10 mM dithiothreitol (DTT), 5% DMSO, pH 8.1), along with 2 mM of ATP and
4 mM of GTP, CTP, UT P, and NADRNADdymerase (2 dig/nd) lwas added
(laboratory-prepared stock) and the transcription mixture was incubated at 37°C for 2 h. Then, an
additio n a | ofar7 RNA polymerase was added and incubated for 1h. To remove excess of
DNA templ at e, sampl e wiase frecenbihamtRNAge-fted (R&hekahnd
incubated for additional 30 min. The reaction was stopped by the addition of gel loading dye (10%
TBE in formamide containing Xylene cyanol and Bromophenol blue) and purified by a 10%
denaturing polyacrylamide (8.3 M Urea TBE-PAGE) gel using standard electrophoresis conditions

(1X TBE buffer, run at 25 W for 3 h). Transcription products were excised and eluted in 0.3 M
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sodium acetate (NaOAc) pH 5.5 overnight at room temperature. The eluted solution was
isopropanol precipitated by centrifugation at 13,000 x g at 4°C for 2 h, supernatant was discarded
and the RNA pellet was resuspended in50 ¢ L R N-keg water.

2.12 NudC Decapping assays

Kinetic assays were performed with in vitro transcribed NAD-RNA in the presence of 50 mM
HEPES pH 7.5, 50 mM NaCl, 50 mM KCI, 50 mM MgCl,, 1 mM DTT,6e¢ M N-RDNA and
NudC WT, R120K R122K, R120K R122N, or E178Q unfused and fused to mNeongreen. All time
course reactions (1, 5, 10, 30, 60, and 120 min) were incubated at 37°C, and reactions were
stopped by the direct addition of one volume gel loading dye (8.3 M Urea with Bromophenol blue
and Xylene cyanol dyes). Samples were analyzed by 6% APB-PAGE gels using standard
electrophoresis conditions in HAE buffer (20 mM HEPES, 5 mM NaOAc, 1 mM EDTA) run at
constant 5W for 1 h [69]. After running, gels were stained with SYBR-gold in 1X HAE running
buffer for 5 min and visualized using (Biorad Chemidoc) and quantified using ImageLab software
(Biorad).

2.13 NudC Hydrolysis assays

Kinetic assays were performed with 1 mM NAD® in NudC activtybuf f er (50 mM HEPES
50 mM NacCl , 525%nfW) gWgel, 0.05% [v/v] Tween 20) with 8 e M NudC WT,

R120K R122K, R120K R122N, or E178Q unfused and fused to mNeongreen. All time course
reactions (1, 5, 10, 30, 60, 120, and 240 min) were incubated at 37°C, and reactions were stopped
by 95°C heat inactivation for 1 min. Samples were analyzed by Thin Layer Chromatography (TLC)
using 4:6 1 M ammonium acetate (pH 5.0)/ethanol as mobile phase 4.5 ¢ Lof each sample were
loaded into TLC Alugram Silica Gel UV254 plates and run for approximately 5 h. NAD" hydrolysis
was visualized using a hand UV lamp, imaged, and quantified with Fiji.

2.14 NAD-RNA half-life determination by Northern blot

Total RNA was isolated as described previously [2, 25] with some modifications. Briefly, cell
cultures of NudC WT and mutants strains carrying the pUC19 plasmid were grown in 10 mL od
LB-Amp-medium at 37°C at 180 rpm agitation overnight. Next day, subcultures were prepared
transfering 1 mL of the ON cultures into fresh 40 mL LB-Amp-medium and incubated at 37°C at
180 rpm for approximately 2 h until ODeyo 0.8 was reached. Then cultures were transferred at
room temperature (RT) and the first 5 mL samples were taken (0 min). Subsequently, to block

RNA transcription, cultures were treated with rifampicin to a final concentration of 30 pg/mL
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incubated at RT at 180 rpm and 5 mL samples were taken at 1, 5, 10, 15, 30, and 60 min after
rifampicin treatment. 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 at 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 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 xgat4°Cfor2h.RNApel | et s were resuspemaed ir
water. RNA was digested in 1 x DNase | buffer wi tODNasell.Rbchd) togemove f
residual DNA. Reactions were incubated at 37 °C for 40 min. DNase | digestion was stopped by
addition of one volume of Roti-Aqua-P/C/l. Samples were centrifuged at 17,000 x g, 1 min, rt.
P/C/l-extraction was performed twice. Residual phenol was removed by diethyl ether extraction
using one volume diethyl ether and phase separation by short centrifugation. The extraction was
repeated three times. The residual diethyl ether was evaporated using the SpeedVac (Thermo
Fisher). RNAs were isopropanol precipitated and RNA pellets were resuspended in 100 pL
RNase-free water. Final RNA concentrations were determined using the Nano Drop (Thermo
Fisher) [25].

10 pg of RNA per sample were loaded into 10% APB-TBE-PAGE gels using modified
electrophoresis conditions in 1X TBE buffer (25 mM Tris-HCI pH 7.5, 100 mM Boric acid, and 2.5
mM EDTA) run at 5W for 1.5 h. After running, gels were blotted to a Nylon membrane in 0.5X TBE
buffer for 1.5 h at 500 mA. Membranes were cross-linked with UV light, prehybridized in 10 ml of
ROTI® Hybri-Quick (Carl Roth) for 30 min at 45°C. 5 pl of the Cy5.5-RNAI-DNA complementary
fluorescent probe were added to the prehybridized membrane in fresh 10 ml Roti-Hybri-Quick
and incubated ON at 45°C. Membranes were washed twice for 20 min with 10 ml wash solution 1
(2 x SSC, 0.1% SDS) and twice for 20 min with 10 ml wash solution 2 (0.1 x SSC, 0.1% SDS) at
45°C. Membranes were visualized with a Cy5 scan (Biorad Chemidoc), and same procedure was
performed to detect at the same time 5S and 6S RNAs using the probes Cy3-5S-DNA and Cy5.5-
6S-DNA, respectively. Data was analyzed with ImageLab, bands were quantified and normalized
to 5S RNA levels.
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2.15 NAD concentration measured by LC-MS/MS
As described previously [25], 1 ml of exponentially growth cultures at ODsgo 0.8 were quenched

in 1 ml of Ice-cold 70% MeOH (LC-MS grade) solution and stored at -70 °C ON. Cells were
centrifuged at -5 °C for 5 min at 13,000g, Supernatant was discarded, pellets were resuspended
with approximately 200 ul of extraction fluid (MeOH, 50% (v/v) (LC-MS grade) 50% TE-buffer pH
7.0 (10 mM TRIZMA, 1 mM EDTA) (Normalized to OD), 1 volume of Chloroform was added, and
samples were incubated at 4 °C for 2 h at 1000 rpm. Phases were separated by centrifugation at
-10°C for 10 min at 21,000g, upper phases were collected with a syringe equipped with a needle,
filtered with PP 0.2 pm syringe filters (Phenomenex).

Quantitative determination of NAD 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
I 2.1 mm, 5 em particle size, peek coat edr
specificity (20 I 2.1 mm, 5 em particle siz
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 yM medronic acid) at 40°C.

2 uL sample were injected. The mobile phase profile consisted of the following steps of linear
gradients: 01 1 min constant at 75% B; 1 1 6 min linear gradient from 75 to 40% B; 6 to 9 min
constant at 40% B; 97 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 ionization
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. Chromatograms were integrated using MassHunter software

(Agilent). Single cell concentrations were determined as it was previously described [25].

Sample preparation and data analysis were performed by David Rodriguez-Méndez. LC/MS
method and technical support were provided by Dr. Maik Wolfram-Schauerte (AG Prof. Dr.
Katharina Hofer). LC/MS measurements and data quantification were performed at the Max
Planck Institute for Terrestrial Microbiology (Marburg) in the Metabolomics & small molecules MS

facility by Dr. Nicole Paczia.

30

e

Mer
Pt



2.16 Growth curves
E. coli overnight cultures were grown in 10 ml LB medium in 100 ml flasks with or without

antibiotics incubated at 37°C and 180 rpm. Next day, 100 uL of the overnight cultures were
subculture in fresh 10 mL LB medium and incubated at 37°C and 180 rpm until ODego Of ~0.8 was
reached (Approximately 2 h). 96-well clear plates added with 300 pL of fresh LB medium with or
without antibiotics were inoculated with the exponentially grown cultures and normalized to a
starting ODeoo Of 0.1. Inoculated plates were placed in a TECAN plate reader and growth kinetic
was performed at 37°C, with constant orbital agitation, and ODsgo Was measured every 10 min for
8 h. For rifampicin assay, kinetic was paused at ODeoo 0.8 and rifampicin was added at 50 and
200 pg/mL final concentrations, afterwards the kinetic was resumed.

2.17 Genome seqguencing
Genome sequencing was performed as describe in [70] with some modifications. Cell cultures of

E.colistrai ns BMWaEG.dnR 8Genergted in this work by David Rodriguez Méndez) and
gnudC::kanR (From the Keio collection) were grown in 10 mL of LB medium without or with
antibiotics at 37°C and 180 rpm agitation overnight. Next day, subcultures were prepared with 100
pL of the ON cultures in fresh 10 mL of LB medium without or with antibiotics at 37°C and 180
rpm agitation until ODego 0.8 was reached. Cells were harvested by centrifugation at 13,000 x g
for 3 min and cell pellets were used to isolate genomic DNA using DNeasy Blood and Tissue Kit
for DNA isolation (QIAGEN) according to manufacture procedure. DNA quality and concentration
were assessed via a NanoDrop 8000 spectrophotometer and Qubit3 fluorimeter using dsDNA BR
reagents. Library preparation was performed using the Ligation Sequencing kit SQK-LSK109
(Oxford Nanopore Technologies) with NativeBarcoding kits EXP-NDB104 and EXP-NDB114 for
multiplexing. Kits were used according to the manufacturers guidelines. Sequencings were
performed on a MinlONMKk1B device using MinlON Flow Cell type FLO-FLG001

For data analysis, basecalling was performed using Guppy (version: 6.0.1, Oxford Nanopore
Technologies), and reads were mapped against the E. coli BW25113 reference
(NZ_CP009273.1). Canu (version 2.2) was used to perform de novo assembly of linear
chromosomes, and Flye (version 2.9.1-b1780) was used to assemble circular derivatives. To
determine the quality of the assemblies, Quast (version5.2.0) and Inspector (version 1.0.1) were
used, followed by correction based on the reference to remove potential misassembles using

RagTag (version 2.1.0). Variant calling was performed using svim (version 2.0.0), sniffles
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(version2.0.7), and Assemblatycs, and then the detected variants were merged according to its
quality using SURVIVOR(version 1.0.7). Additionally, resulting variants were curated based on
the coverage that supported them using samplot (version 1.3.0). Obtained contigs were analyzed
using SnapGene.

Sample preparation and data analysis were performed by David Rodriguez-Méndez. Genome
sequencing and technical support were provided by Dr. Adan Andrés Ramirez-Rojas, Maria del
Carmen Sanchez-Olmos, and Prof. Dr. Daniel Schindler at the Max Planck Institute for Terrestrial
Microbiology (Marburg) in the MaxGENESY'S Biofoundry facility (AG Prof. Dr. Daniel Schindler).

2.18 Fluorescence and Super resolution microscopy
NudC-mNeongreen fluorescence microscopy combined with super-resolution microscopy was

performed as described previously with minor modifications [71]. E. coli cell cultures inoculated

wi t h EnudCc.amR istraimpexpressing the different NudC WT and mutant versions fused to
mNeongreen expressed from the pTAC plasmid were grown in 10 mL LB-Amp medium at 37°C

at 180 rpm overnight. Next day, 100 pL of the ON cultures were subcultured in fresh 10 mL LB-
Amp-medium and grown until ODego of 0.5, cells were concentrated 5-fold by centrifugation for

2 min at 2,000 X 4g. Cel |l s were fixed for 10 mi
methanol-free formaldehyde (Thermo Fisher Scientific) and 0.05% glutaraldehyde (Electron

Mi croscopy Sciences) in 33 mM sodium phosphate b
reagents were quenched for 2 min using 0.2% ( w/
phosphate buffered saline (PBS, Sigma Aldrich). Bacteria were washed thrice with PBS and
subsequently immobilizedf or 30 mi n on -clysme(Signh Aldrich)l cogiea B-well-
chamberslides (Sarstedt). Multiple regions of interest (ROIs) were selected and positions were

saved for relocation during the sequential imaging approach. mNeongreen images were recorded

at l ow 488 nm | aser densities wusing highly incl
reduce LB autofluorescence. After recording all ROI s , cells were permeabili
0.5% Triton-X100 in PBS and washed twice with PBS. 400 pM Nile Red (Membrane probe) and
JFsss-Hoechst (DNA probe) in Tris/MEA buffer.

Point accumulation for Imaging in Nanoscale Topography (PAINT) super-resolution imaging of all
samples was performed on a home-built microscope as described previously [71]. Laser
intensities for sample excit &M jpreamplifieagaiga anbadt we e n
EM-gain of 200 were used to record 10,0001 15,000 frames at a framerate of 33i50 Hz i n HI L
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mode for PAINT imaging. The generated 2D data was analyzed and post-processed with the
open-source image analysis platform Fiji. 3D data was analyzed using the custom-written software

Insight3. Calibration curves were recorded using TetraSpeck Microspheres (z-stack step size

25 nm) . Quantitative analyses of photon yields pe
precision (NeNA) were performed without tracking subsequent-frame emissions. In all other
cases, a spatiotempor al filter (30 confidence ir
dark frames) was applied after the initial single-molecule fitting routine. For binding-time analysis,

we determined the number of frames a fluorophore emitted light. Single molecule signals were

filtered for PSF width and shape and brightness (>50 photons for Nile Red, >100 photons for JFgss-

Hoechst). For each DNA and membrane-targeted probes, 6 ROIs from 21 3 measurements were

analyzed and normalized distributions were averaged. Normalized intensity profiles were
generated fromsuper-r esol ved i mages that were smoothed wit
Fiji [71].

Sample preparation and cell fixation was performed by David Rodriguez-Méndez. Imaging, data

analysis and technical support were provided by Dr. Christoph Spahn at the Max Planck Institute

for Terrestrial Microbiology (Marburg) (AG Prof. Dr. Helge Bode).

2.19 Fluorescence microscopy and Single-molecule tracking (SMT)
Epi-fluorescence assays were performed as described in [72]. Briefly, microscopy was performed

using a Nikon Eclipse Ti-E, Nikon Instruments Inc with a CFI Apochromatic objective (TIRF 100x
oil, NA 1.49) and an EMCCD camera (ImagEM X2 EM-CCD Hamamatsu Photoniks KK). For SMT,
slim field illumination was obtained using the central part of an expanded beam of a 514 nm laser
diode (max. power 100 mW, TOPTICA Beam Smart) was focused on the back focal plane of the
objective. Up to 20% of the intensity was used via a YFP filter set (BrightLine 500/24, Beamsplitter
520, and BrightLine 542/27). Videos were captured for 5000 frames, with an integration time of 50
ms. Image analysis was done with Oufti to set the cell-meshes. Track generation was performed
with a minimum track length of five steps on U-trac. Analytical evaluation was carried out using
SMTracker 2.0.

Sample preparation, imaging, and data analysis were performed by David Rodriguez-Méndez.
Data analysis and technical support were provided by Dr. Rebecca Hinrichs at the Center for

Synthetic Microbiology (Synmikro) (AG Prof. Dr. Peter Graumman).
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2.20 Rifampicin and sorbitol assays

E. coli overnight cultures were grown in 10 ml LB medium in 100 ml flasks with Ampicillin and
incubated at 37°C and 180 rpm. Next day, 100 uL of the overnight cultures were subculture in
fresh 10 mL LB medium with Ampicillin and incubated at 37°C and 180 rpm until ODsgo of 0.8 was
reached (Approximately 2 h). Afterwards, 1 mL of cultures was transferred to a fresh sterile 1.5
mL Eppendorf tube and cells were either; untreated, treated with Rifampicin to a final
concentration of 30 ug/mL, with Sorbitol to a final concentration 72.8 mg/mL, or both, incubated
for 30 min at 37°C and 180 rpm. 5 L of cells were placed under a 2% agarose pad, dried for 5

min at room temperature, and SMT was performed.

2.21 Western Blot analysis
E. coli overnight cultures were grown in 10 ml LB medium in 100 ml flasks with respective

antibiotics and incubated at 37°C and 180 rpm. Next day, 100 uL of the overnight cultures were
subculture in fresh 10 ml LB medium and incubated at 37°C and 180 rpm until ODego of 0.8 was
reached (Approximately 2 h). Cells were harvested by centrifugation at 13,000x g for 3 min,
supernatant was discarded, washed once, and resuspended in 500 pL PBS. Cells were disrupted
by four sonication steps (30 s, 90% amplitude, constant pulse). Protein concentration was
measured by BCA assay, 15 £g of each lysate samples were applied to 12% SDS-PAGE gels
containing 0.5% (v/v) TCE. SDS-PAGE was performed at 150 V for 60 min. The protein load of
the SDS-PAGE gel was imaged on the ChemiDoc using the stain-free gel channel and auto-

exposure.

PVDF 0.45 em membranes activated in 10 ml methanol for 5 min, followed by 5 min in 10 ml
transfer buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS, and 20% methanol), 5 Whatman paper,
followed by a PVDF membrane, the SDS-PAGE gel, and 5 more Whatman paper were
equilibrated in transfer buffer and stacked for blotting. Blotting was performed at max. 25 V,
constant 400 mA for 60 min on a Trans-Blot Turbo Transfer System. After blotting, the membrane
was blocked in 10 ml methanol for 3 min, washed 3 times in TBST (10 mM Tris-HCI pH 7.5, 150
mM NacCl, and 0.05% Tween-20). The membrane was blocked for 30 min in 10 mL fast-blocking
solution. Afterward, 1 (Ant-HistilinetoriNeutravidirsQylgltd00) waes
added to the blocking solution and the membrane was incubated overnight at 4 °C under rotation.
The next day, membranes were washed 3 times with 10 ml TBST. For anti-His westerns, 1 ¢ Lof
HRP-coupled goat-anti-mouse secondary antibody was added in fresh 10 mL TBST and incubated

for 2 h under rotation ar room temperature. The membrane was washed three times in 10 ml TBST
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and twice with 10 ml PBS. The membranes were incubated in 1 ml SignalFire elite ELC solution
for 3 min and imaged on the ChemiDoc with colorimetric scan for 0.5 sec and chemiluminescence
auto-exposure. If streptavidin Dylight800 antibody was used, the membrane was washed 3 times
with 10 ml TBST, twice with 10 ml PBS, and imaged on the ChemiDoc with colorimetric scan for
0.5 sec, and Dylight800 channel using auto-exposure.

2.22 Pull-down assay
E. coli cultures were grown in LB medium at 37°C and 180 rpm until ODeoo of 0.8 was reached.

Cells were harvested by centrifugation at 17,000 xg for 1 min; then, washed twice in PBS and
resuspended in 500 pL of buffer A (30 mM Tris-HCI pH 7.5, 100 mM NaCl and 5 mM Imidazole).
Cells were disrupted by three sonication steps (5 min, 80% amplitude, 0.5 pulse) and the lysate
were incubated with 50 pL of anti-HIS magnetic beads, incubated for 5 min, 300 rpm, at RT.
Afterwards, beads were separated with a DynaMag, supernatants were discarded, and the beads
were washed twice with buffer A. Finally, proteins were eluted with 100 uL of buffer B (30 mM Tris-
HCI pH 7.5, 100 mM NaCl and 500 mM Imidazole). Factions were collected at each step and
analyzed by Western blotting using anti-RFP (1:5000) and anti-HIS (1:10000) antibodies.

2.23 BiolD assay for Western Blot analysis

For the BiolD proximity labelling approach, we used a modification of a previously described
method [73, 74]. Briefly, E. coli overnight cultures were grown in 10 ml LB medium in 250 ml flasks
without or with respective antibiotic and incubated at 37°C and 180 rpm. Next day, 1 mL of the
overnight cultures were subculture in fresh 50 ml LB medium and incubated at 37°C and 180 rpm
until ODeoo of 0.8 was reached (Approximately 2 h). Cells were harvested by centrifugation at 3,
000xg for 30 min at RT. Supernatant was discarded and cell pellets were flash frozen and stored
at -80 °C until further use. Cells were resuspended in 1.8 mL of 50 mM Tris-HCI, pH 7.5, and lysed
by sonication 4 times at 90% amplitude and constant pulse for 30 s. Cell debris were removed by
centrifugation at 15,000 xg, 4 °C, for 10 min. The lysates were transferred to fresh Eppendorf

tubes, 1% SLS was added, and samples were boiled at 95 °C for 5 min.

The protein concentration was measured by BCA assay and 1 mg of protein from each sample
was appliedto20elL. Dynabeads E MyOneE Stpredquslyequilitdaied twicel s | u |
with 1 mL RIPA buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% SDC, and
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0.5% SLS) and incubated under constant rotation for 1 h at 4 °C. Beads were separated with
magnetic racks, 50 eL samples of the flow-through were taken for Western blot analysis, and
beads were washed twice with 1 mL RIPA buffer, twice with 1 mL 1 M potassium chloride (KCI),
three times with 1 mL 50 mM Tris-HCI pH 7.5, and twice with 1 mL 100 mM ammonium bicarbonate
(ABC). 5 ¢L bead aliquot was taken, mixed with 50 eL 1 x Laemmli buffer, boiled at 95 °C for 10
min to elute the bound proteins and samples were used for Western blot assays.

2.24 On-bead digest

Leftover beads were resuspended in 300 L ABC, beads were collected with magnetic racks and
ABC was removed. 150 €L on-bead digestion buffer (50 mM Tris-HCI, pH 7.5, 0.5% SLS)
containing 0.5 £g trypsin was applied to the streptavidin beads. The samples were incubated at
30 °C, 1200 rpm agitation, for 30 min, supernatants were collected in fresh 2 ml low-binding
Eppendorf tubes and the same process was repeated once. The beads were washed with 100 L
TCEP reduction buffer (2.5 mM TCEP and 100 mM ABC), and the buffer was added to the tube
containing the previous supernatants. The magnetic beads were discarded, and the supernatant-
containing tubes were incubated at 30°C at 1200 rpm agitation overnight to continue the tryptic
digest. The next day, the peptides were alkylated by addition of 5 €L alkylation buffer (5 mM
lodoacetamide) and incubated in the dark at room temperature for 30 min.

2.25 Solid phase extraction (C18 purification)

The peptide samples were acidified by addition of 40 ¢L 5% TFA. C-18 columns were
conditioned with 400 eL methanol followed by addition of 400 €L acetonitrile, no
centrifugation was necessary. The columns were equilibrated with 400 ¢L SPE Buffer 1 (0.1%
TFA), and centrifuged at 200 rpm for 1 min. All samples were loaded into equilibrated columns
and centrifuged at 200 rpm for 1 min. The columns were washed with 400 L SPE buffer 1. For
elution, the columns were transferred to fresh Eppendorf tubes, and 400 €L SPE Buffer 2 (50%
Acetonitrile and 0.1% TFA) was added and centrifuged. The eluted peptide mixture was

concentrated under vacuum to dryness.
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2.26 LC-MS/MS Measurement

Samples were measured with an Ultimate 3000 RSLC system connected to an Exploris 480
Orbitrap mass spectrometer using a data-dependent acquisition (DDA) MS strategy for label-free
protein quantification. 5 mL peptide material was loaded onto the Pre-column with 10 mL/min flow
LC-Buffer A (0.15% Formic acid). For peptide separation, a self-packed C18 column with 42 cm
length and 75 mm ID 3 360 mm OD column heated at 60 °C using an in-house designed column
heater was used. Peptide separation was performed at constant a flow rate of 300 nL/min using a
40 mi n gradi ent from 6% 35% LC
Acetonitrile/0.15% Formic acid) on a 42 cm self-packed analytical. Eluting peptides were
ionized with a spray voltage of 2.3 kV in positive mode. The capillary temperature was set to 300
°C. MS1 survey scan was acquired (scan range m/z 3507 1,650) in profile mode with the following
parameters: a. Set Orbitrap resolution to 60,000. b. AGC target setting to 300% (3e6) and max fill
time to 25 ms. ¢. RF lens 40%. MS/MS fragment spectra were acquired in data-dependent
acquisition (DDA) mode with the following parameters: a. Quadrupole isolation window m/z 1.5.
b. For fragmentation ions with charge states 2i 6 were included. c. Orbitrap resolution was set to
15,000. d. AGC target setting to 200% (2e5) and max fillt i me set to 6O6Aut 0od66.
collision energy f. Dynamic exclusion 20 s. g. Cycle time was set for MS/MS sequencing attempts
to 1 s. DDA-LFQ analysis was performed using MaxQuant in standard settings using E. coli
(Proteome: UP000000625) database. The MaxQuant output file was further analyzed with a
house-made R script to modify MaxQuant outputs [75, 76].

Sample preparation and data analysis were performed by David Rodriguez-Méndez. LC-MS/MS
measurements and technical support were provided by Jorg Kahnt and Dr. Timo Glatter at the
Max Planck Institute for Terrestrial Microbiology (Marburg) in the Mass Spectrometry & Proteomics
facility (Dr. Timo Glatter).

2.27 Alphafold3 multimer

The protein sequence of nudC WT was used to predict NudC binding sites with the RNA
polymerase complex using Alphafold3 with; two subunits of NudC, 27 bases of a randomized RNA
sequence (GAGUCAAUGCAUGCUAAUCGGAAUGCA), 98 bases of a single stranded DNA
sequence (CGCAATAAATGTGATCTAGATCACATTT
TAGGCAAAAAAGGCTTTACACTTTATGCTTCCGGCTCGTATAATCGCACCTTATGTGAGCGG
ATAACAAG), two subunits of RpoA, one subunit of RpoB, one subunit of RpoC, one subunit of

RpoZ, and two NAD* molecules. To predict NudC binding sites with PNPase; two subunits of
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NudC, three subunits of PNP, 38 bases of a randomized RNA sequence, and two NAD* molecules
were used via the Google DeepMind Alphafold3 server [62]. Predictions from rank 1 (ipTM = 0.73
and ipTM = 0.6 for RNAP and PNPase, respectively) were further analyzed and visualized with
ChimeraX (version 1.8)

2.28 Total proteome comparison (Sample Preparation)

E. coli cultures were grown in LB medium at 37°C and 180 rpm until ODeoo of 0.8 was reached.
Cells were harvested by centrifugation at 17,000x g for 1 min; then, resuspended in 200 yL hot
lysis buffer (Tris-HCI pH 7.5, 1% SLS, 2 mM TCEP, 95°C) and boiled for 10 min at 95°C. Short
sonication step was performed to degrade nucleic acids present in the samples (10 s, 20%
amplitude, 0.5 pulse). 4 mM lodoacetamide were added and the samples were incubated for 30
min while protecting from light at RT. Proteins were acetone precipitated and the pellets were
washedwi t h 500 OL met ha n alying@id8ebuspdr@ing ir5e [iL sesuspersiprr
buffer (50 mM Tris-HCI, pH 7.5, 0.5% SLS). Protein concentration was determined by BCA assay
(Pierce TM, BCA protein assay kit (reducing agent compatible), ThermoFisher Scientific,
Waltham, MA, USA). 1 ug of sequencing-grade trypsin (Promega) were added to 20 ug of isolated
proteins and digested o/n at 30°C in the presence of 50 mM Tris-HCI, pH 7.5. Residual SLS was
precipitated by adding 1.5% TFA before separating precipitate by centrifugation at 4°C, 17,000x%
g for 10 min. The supernatant was desalted for mass spectrometric analysis using C18 solid phase

columns (Chromabond C18 spin columns; Macherey Nagel, Duren, Germany).

2.29 Total proteome LC-MS/MS Analysis
LC-MS/MS analysis was performed on an Exploris 480 instrument connected to an Ultimate 3000

rapid-separation liquid chromatography (RSLC) nano instrument and a nanospray flex ion source
(all Thermo Scientific). Peptide separation was carried out on a reversephase high-performance
liquid chromatography (HPLC) column (75 um x 42 cm) packed in-house with C18 resin (2.4 um;
Dr. Maisch GmbH). For total proteome analysis, peptide elution was performed in backflush mode
with a separating gradient from 98% solvent A (0.15% formic acid) and 2% solvent B (99.85%
acetonitrile, 0.15% formic acid) to 25% solvent B over 40 min, followed by up to 60 min with 25%
to 35% of solvent B at a flow rate of 300 nL/min. Label-free quantification (LFQ) data sets of total
proteomes in data-dependent acquisition (DDA) mode were performed. High-resolution MS 1 scan
at a resolution of 60,000 (at m/z 200) with a scan range from 350 to 1650 m/z was acquired,

followed by MS/MS scans within 2s (Cycle 2s) of the most intense ions at a resolution of 15,000.
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Charge state inclusion was set between 2 and 6. The ion accumulation time was set to 25 ms for
MS and AUTO for MS/MS. The automatic gain control (AGC) was set to 300% for MS survey
scans and 200% for MS/MS scans. We performed DDA-LFQ analysis using MaxQuantin standard
settings using E. coli (Proteome: UP000000625) database. We further evaluated the MaxQuant
output file with a house-made R script to modify MaxQuant outputs [75, 76].

Sample preparation and data analysis were performed by David Rodriguez-Méndez. LC-MS/MS
measurements and technical support were provided by Jorg Kahnt and Dr. Timo Glatter at the
Max Planck Institute for Terrestrial Microbiology (Marburg) in the Mass Spectrometry & Proteomics
facility (Dr. Timo Glatter).

2.30 Biofilm assay
To measure Biofilm formation, we used a modification of a previously described method [77].

Briefly, E. coli cultures were grown in LB medium at 37°C and 180 rpm until ODsoo Of 0.8 was
reached and then subcultures in 200 pL of fresh LB medium at starting ODeoo Of 0.1 in a 96 well
plate and incubated at 37°C for 48 h with no shaking. Afterwards, ODsoo wWas measured for data
normalization. Medium was discarded and washed with 300 pL of PBS once, 300 pL of 96%
ethanol was added and incubated for 20 min at RT to fix the cells. Ethanol was discarded and
biofilms were treated with 300 uL of Crystal violet solution (0.5 g/ml in ethanol) and incubated for
15 min at RT. Afterwards the dye was removed and the wells were washed twice with PBS and
300 uL of 96% ethanol were added to extract the dye, incubated for 30 min at RT and ODsgs was

measured.

Sample preparation and data analysis were performed by David Rodriguez-Méndez. Method
establishment and technical support were provided by Dr. Nataliya Teteneva at the Centre for
Synthetic Microbiology (Synmikro) (AG Prof. Dr. Victor Sourjik).

If not stated, all the experiments were performed by David Rodriguez-Méndez at the Center for
Synthetic Microbiology (Synmikro) (AG Prof. Dr. Katharina Hofer).

Figures1-5and 7 Cr eat ed wi th Bi oRender . como
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3. Results

Chapter 1: NudC-RNA binding characterization

3.1  Structure-based prediction of NudC revealed a unique Protein-RNA interaction

mechanism.

Recent studies have sought to unravel the molecular mechanisms underlying RNA binding and
substrate hydrolysis of Nudix hydrolases, such as RppH and Dcp2, where structural evidence has
demonstrated the positively charged residues relevant for RNA interaction by hydrogen bonds and
cation-~ i nt e r[7a& 18]. Althosigh NudC structure has been resolved, there is no evidence
showing NudC in complex with an RNA substrate, therefore we aimed to compare the RppH,
Dcp2, and NudC structures to elucidate relevant residues for RNA interaction by position and

context similarity.

By comparing the available structures of RppH (PDB:6VCN) [8], Dcp2 (PDB:5LOP) [78], and
NudC (PDB:5IW4) [30] it can be observed that the residues relevant for RNA interaction in RppH
(R8 and R27) and Dcp2 (R133 and K174) are not present in the same region of NudC (Figure
8A,B). On NudC subunit 1 (SU1), only one positively charged residue, R148, is close to the
catalytic pocket. Nevertheless, it can be observed that the residues R120 and R122 from the
second subunit (SU2) come together in the catalytic pocket of the SU1, suggesting that they might
be relevant for RNA interaction in a similar manner as the positively charged residues present in
RppH and Dcp2 [8, 78].

To gain further insights into the NudC-RNA association, an Alphafold3 prediction was conducted
using the NudC homodimer structure along with two RNA chains comprising the first 15 bases of
the previously described NAD-RNAI substrate [3]. This prediction revealed with strong confidence
(ipTM = 0.94) that the RNA molecule is situated near the catalytic pocket, with the positively
charged residues R120 and R122 clamping the RNA by its negatively charged phosphate

backbone (Figure 8C and S1), suggesting a possible electrostatic interaction.
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Figure 8 | Structure alignment. A) Superimposition of E. coli RppH bound to ppcpAGU (PDB:6VCN) [8]
(left) and NudC structure bound to NAD (PDB:5IwW4) [30] (right). RppH, residues R8 and R27, and
ppcpAGU are shown as Green sticks. NudC, residue R148, and NAD (SU1) are shown as Cyan sticks.
NudC residues R120 and R122 (SU2) are shown as Teal sticks. B) Superimposition of K. lactis Dcp2 bound
to m7GDP (PDB:5LOP) [78] (left) and NudC (right). Dcp2, residues R133 and K174, and m7GDP are
shown as Magenta sticks. C) Alphafold3 prediction of NudC homodimer with RNAI (ipTM = 0.94). Close up
on highlighted region showing residues R120 and R122.
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If the residues R120 and R122 are required for NudC-RNA binding, a high conservation level

could be expected among NudC homologues in bacteria. To test this hypothesis, a multiple
sequence alignment (MSA) was performed using NudC E. coli protein sequence, 14 NudC
homologues from 7 different phylum of bacteria,i ncl udi ng: Proteobacteria
Lentisphaerota, Bacteroidata, Deinococcata, Spirochaetota, and Cyanobacteriota. Plus NudC
eukaryotic homologues; DXO and NudT12 from Human, Rail and NPY1 from Yeast, NudT19 from
Arabidopsis, and NPY1 from C. elegans.

Notably, this analysis revealed that R120 and R122 are partially conserved across Proteobacteria,
being both residues conserved in 2-proteobacteria, but not in classes U, U fand Oproteobacteria.
Both residues are conserved in species from distant phyla like, M. tuberculosis and L. bacterium.
The first or the second arginine is present in B caecigallinarum, D. radiodurans, and P. hollandica.
And both absent in B. cereus, S. aureus, and T. ruminis (Figure 9 and Table S2) It is worth to
mention that among all homologues, the catalytic Nudix box region showed a higher conservation

level, with the catalytic residue E178 conserved in all (Figure 9 and Table S2).

NudC NudC
D ®
P &
* * Nudix box v
E.coli(y) ----RERYY IAB--CIBVAIRRDD-~-~-5S -=VHTVL VEV LIEQAVAREVMEESG | K|
S. enterica () ----RERYYRQIAR--CIIVAIRRDD---S --VHTVL VEV LEQAVAREVMEESG I K|
C. vibroides (Q) - - - - EAEHFPIRTDR- - VAl - -MLA I H-~--D --GMFSAL 1 8P IEEACA LQIEEAG LK|
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M. tuberculosis (Bacillota) - - - -RERYYPQ | ABl- -CIIVGIRRHD---§ -=PLFTVL VEV LEEAVAREVMEESR | E
L. bacterium (Lentisphaerota) - - - -RERYYPQ | AB- -AVITAVLKED---K --GVHSLI VESGES LEQAVARE | LEET S | K|
B. caecigallinarum (Bacteroidata) - - - -RQEFYRR | SB- -AVIVLIKKDD---Q -=QYKGLV LEA LEECIRREVMEET E LK|
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Figure 9 | Multiple sequence alignment of NudC homologues. Overview of a multiple sequence
alignment region (NudC R120-K182) of 21 NudC homologues highlighting the residues R120, R122, E178,
and Nudix box region. Residue identity is highlighted in blue gradient, and conservation score is illustrated

underneath the alignment.
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To investigate the role of NudC residues R120 and R122 binding RNA, we analyzed the structural
dynamics with different substrates using Hydrogen-deuterium exchange (HDX) mass
spectrometry. The initial assay performed with 5 pM NudC non-active mutant E178Q plus 1mM
NAD, led to a 5-7% HDX reduction in the Nudix domain (V161-L167) of NudC as well as two
regions in the N-terminal (R69-L74) and (Q80-E90) compared to Apo-NudC, consistent with the
characterized Nudix box. However, no region exhibited HDX reduction when NudC non-active
mutant was incubated with 2.5 uyM 5 -®-RNA-8 me r -NAD-RBIA-8mer (Figure 10), unable to
validate the hypothesis that residues R120 and R122 of NudC bind RNA substrates.
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Figure 10 | Structural dynamics of NudC with different substrates. Heatmaps of the maximal
differences in HDX obtained in NudC E178Q with A) 1 mM NAD, B) 2.5 pM 5 -#-RNA-8mer, and C) 2.5 pM
5 -0lAD-RNA-8mer relative to the Apo state. Grey bars represent peptide coverage detected during
deuterium incorporation. Relative fractional HDX uptake scales are depicted. NudC nudix domain is
indicated with a dotted box.
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3.2 NAD-RNA binding and decapping is facilitated by NudC residues R120 and R122 in

vitro.

We aimed to demonstrate NudC binding to an RNA substrate, using quantitative analysis based
on microscale thermophoresis (MST). First, we analyzed the binding of NudC WT and non-active
mut ant E 1-P-RNA-40ner-Cy® We observed that both bound P-RNA with a moderate
affinity (Ko & 87 uM) and (Ko & 92 uM), respectively (Figure 11B). While binding of non-active
mutant to 5 -BJAD-RNA-40mer-Cy5 showed a slight decreased affinity (Kp & 111 uM) (Figure 11A),
suggesting that the NAD cap is not relevant for RNA binding. Additionally, we detected that NudC
WT and non-active mutant E178Q bound free NAD with identical affinity (Kp & 2.3 mM) (Figure
11C), 25-fold lower in comparison to RNA, indicating NudC strong preference for RNA substrates
over NAD.

To demonstrate that the R120 and R122 of NudC are relevant for RNA binding, we hypothesized
that mutations by shorter Lysine (R120K-R122K) and uncharged Asparagine residue (R120K-
R122N), would affect NudC-RNA affinity. As expected, we observed decreased affinityt o -NBH
RNA-40mer-Cy5 (Kp a 144 pM) and (Kp & 236 pM), respectively, meaning a 2-fold weaker
interaction relative to NudC E178Q (Figure 10A). We also detected a 3-fold weaker binding to 5 -6
P-RNA-40mer-Cy5 (Kp a 143 pM) and (Kp & 307 uM), respectively (Figure 11B). Indicating that
R120 and R122 are required to bind only RNA and not the NAD as cap.

It is important to mention that in any of the titration series performed to determine the Kp values,
full saturations were not reached with either NudC or NAD* concentrations. This was either due
to the impossibility to used protein at higher concentrations due to observed NudC precipitation,
or to NAD* oversaturation artifacts. For this reason, the Kp values obtained are an estimation and
does not represent accurate or close to real values. Nevertheless, by comparing titration series of
all unsaturated samples at the same NudC or NAD" concentrations, allow to have a rough
estimation of the Kp values and being able to compare with same substrates in-between NudC

WT, decapping mutants and non-active mutants.
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Figure 11 | NudC is cap-unspecific RNA binding protein. Microscale thermophoresis analysis of the
NudC WT, R120K R122K, R120K R122N, and E178Q with A) 5-8lAD-RNA-40mer-Cy5, B) 5 -®-RNA-
40mer-Cy5, and C) NAD* binding affinities. A and B) Titration series of NudC pM concentrations (0.2 7 225)
with50 nM of f | uor eNAR-RNA#4OmMereChyes! |aRrRNAZIMer-Cy5, C) Titration series of
NAD* mM concentrations (0.02 7 40) with 250 nM NudC WT and mutants fluorescently labelled by the 6X-

His tag using RED-Maleimide dye . Data points represent the result of n=3 independent titrations series.
The corresponding Ko values are indicated.
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To demonstrate further relevance of R120 and R122 for NAD-RNA decapping, point mutations
were introduced to analyze by in vitro assays NudC decapping and NAD hydrolysis. As it was
mentioned before, it is proposed that the positively charged Ar g i nl2haed182 are interacting
electrostatically with the negatively charged phosphate backbone of the RNA. Thus, subtle
changes in such residues might influence extensively NudC affinity towards RNA, affecting its
decapping activity.

We hypothesized that point mutations in NudC Arginine residues 120 and 122 by shorter Lysine
(R120K-R122K) and uncharged Asparagine residues (R120K-R122N), will have a dramatic effect
on its decapping activity. As was demonstrated previously, NudC WT efficiently decaps NAD-RNA
[2], whereas R120K-R122K and R120K-R122N mutant versions were unable to remove NAD cap
from RNA (Figure 12A and S4A). Kinetic assays proved that NudC WT quickly decaps NAD-RNA,
upon 30 minutes of incubation, only 20% of NAD-RNA remains capped. Meanwhile, with the
mutant versions R120K-R122K and R120K-R122N, approximately 80-90% of the transcripts are
still capped after 30 min (Figure 12A and S4A).
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Figure 12 | NudC R120 and R122 influence only NAD-RNA decapping activity. A and B) Schematic representation
of NudC decapping activity (upper A) and NAD* hydrolysis (upper B). NudC WT, R120K R122K, R120K R122N and
E178Q kinetic activities over NAD-RNA (middle and lower A) and NAD* (middle and lower B). Data points represent

mean + standard of three independent replicates, p < 0.05.
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To prove that R120 and R122 residues are relevant only for RNA decapping and not for NAD
hydrolysis, kinetic assays were performed using free NAD as substrate and analyzed by thin-layer
chromatography (TLC). Where it was observed that NudC WT, R120K-R122K and R120K-R122N
similarly hydrolyze NAD, in contrast to the inactive mutant E178Q (Figure 12B and S4B),
demonstrating that R120 and R122 are relevant exclusively for NAD-RNA decapping.

3.3 Disruption of NudC-RNA interaction increases half-life of NAD-RNA in vivo.

To demonstrate the relevance of NudC R120 and R122 for NAD-RNA stability in vivo, half-life of
the highly abundant capped NAD-RNAI transcript was analyzed upon transcription inhibition after
rifampicin addition and determined by Northern blot on E. coli BW25113 strains expressing NudC
WT, decapping mutant (R120K-R122K and R120K-R122N), and non-active mutant (E178Q) from
its native promotor.

As expected, we observed a significant extension of the half-life of NAD-RNAI when the decapping
mutants R120K R122K and R120K R122N were expressed compared to NudC WT. NAD-RNAI
half-life of 5-10 min was detected with NudC WT expression, contrastingly to half-life upon
decapping mutants expression (Figure 13A and S5-7). Conversely, complementation of the
R120K R122K strain with NudC WT expression from a pTAC plasmid decreased NAD-RNAI half-
life back to 10 min.

- NAD-RNAI half-life 6S half-life
£ 140 140
2 =
g 120 1 . -~ WT S 120 -~ WT
£ 100 [ 1 o 100
g 80 R120K R122 g 80 P9 R120K R122
@ T 1 -—
Z e \__\ -+ R120K R122N g &0 -+ R120K R122N
Z 40 E178 e 40 E178
[ = R120K R122 b4 = R120K R122
2 20 + WT 20 + WT
Z o0+ T T T 1 0-1 T T 1

0 15 30 45 60 30 45 60

Time (min) Time (min)

Figure 13 | NudC R120 and R122 influence NAD-RNAI half-life. A) NAD-RNAI and B) 6S half-l i fdetérmsined by
Northern blot from total RNA samples from the mentioned strains. Data points in A and B represent mean normalized

to 5S RNA + standard deviation of three independent replicates, p < 0.05.
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As it was demonstr at ed num@kngckoet stiaio had no effeat ahithe salf-
life of NAD-RNAI compared to the parental strain BW25113. And a similar behavior was observed
when the non-active NudC mutant E178Q was expressed, with a NAD-RNAI half-life of 5-10 min,
suggesting the existence of alternative mechanisms or unknown players involved in NAD-RNA
processing (Figure 13A S5-7).

To prove that NudC WT and mutants expression influence exclusively NAD-RNA and not P-RNA
half-lives, the half-life of the non-NAD-capped 6S RNA was measured, where it was observed that
NudC WT and mutants expression did not affect 6S half-life (Figure 13B S5-7). Demonstrating the
exclusive relevance of NudC R120 and R122 for NAD-RNA stability in vivo.

3.4 NAD" levels and cell growth are influenced by NudC

To analyze NudC in vivo activity on NAD*, total NAD levels were measured by LC-MS and the
intracellular concentrations were calculated. No significant changes on NAD* levels were detected
between the parental strain BW25113 (1.73 mM), and strain expressing NudC WT (1.65 mM).
Significant change was detected from NudC WT and non-active mutant E178Q (1.32 mM) (p <
0.05). However, a dramatic 50% drop on NAD* levels was observed when the decapping mutants
were expressed R120K R122K (0.8 mM) and R120K R122N (0.75 mM) in comparison to NudC
WT (p <0.0001) (Figure 14A).

Figure 14 | NudC influence on NAD™* and its growth effect in E. coli. A) NAD concentration in the mentioned strains

1.0 7
A NAD B
2.0
= 0.75 1
E. 1o Lars -~ LB
8 i . BW25113
o 1.0+ o
£ R120K R122
] -+~ R120K R122N
2 05 0.251 E178
=
0= T T T T 1
BW AnudC WT R120K R120K E178 0 60 120 180 240 300 360 420 480
R122K R122N Time (min)

by LC-MS/MS metabolomics analysis. Columns represent mean from three biological replicates, + standard deviation.
NAD concentration (mM) refers to the concentration per E. coli cell. B) Growth curves of the same strains as in (A).

Data points represent mean from three biological replicates, + standard deviation.
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Due to the observed drop of NAD" levels on the decapping mutant strains, it is likely that such
reduced levels might compromise E. coli central metabolism leading to growth inhibition. To test
this hypothesis, growth curves of the same strains revealed a significant slower growth of the
decapping mutants R120K R122K and R120K R122N in comparison to the parental strain
BW25113, NudC WT and non-active E178Q mutant. Indicating that the NAD* reduced levels in
the decapping mutants impair cellular growth (Figure 14B).

3.5 NudC gene deletion does not influence motility

The steady levels of NAD* and unaffected growth in the gnudC knockout strain, suggested that
NudC is not involved in NAD* hydrolysis. Additionally, no other phenotypical alteration has been
attributed to the effect of NudC, except its role in motility. Which was recently described as a
repressor of motility genes, which were found to be enriched in a total RNA seq analysis using a
gnudC knockout strain from the Keio collection [33].

To test if motility proteins are overexpressed in the gnudC knockout strain generated in this work
(DRM), total proteome comparison was performed and compared to parental strain BW25113,
and the gnudC knockout strain from the Keio collection (Keio) [79]. As a result of this analysis, a
total of 43 proteins were dysregulated in the gnudC (Keio) strain, 9 were down-regulated and 34
were up-regulated (Figure 15A Table S4). Among the 34 overexpressed proteins, 13 of them
belong to class Il (Aer, CheA, CheB, CheW, CheY, FIigM, FliA, FIiC, Fliz, Tap, Tar, Trg and Tsr),
and 10 to class Il (FIgE, FIgH, FlgL, FliF, FIiG, FliH, Flil, FliL, FIliM, and FliN) motility proteins,
which are involved in Chemotaxis and last structural flagella assembly proteins (Figure 15C and
F) [80].

Surprisingly, in the gnudC (DRM) strain, 25 proteins were down-regulated and 7 up-regulated
(Figure 15B Table S3), where no overexpression of motility proteins was observed (Figure 15D
and F). Notably, NudC was not detected in both knockout strains (Keio and DRM), indicating that

the observed upregulation of motility proteins is not related or influenced by NudC.
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Figure 15 | NudC does not regulate motility in E. coli. A-D) Volcano plots showing up and down regulated proteins
(blue) and (red) of total proteome comparisons between BW25113 and gnudC (Keio) (A), and BW25113 and gmudC
(DRM) strains (B). Highlighting flagella proteins from class Ill (magenta) and class Il (purple) from A (C) and B plots
(D), respectively. E)ySequence al i-TR fin® megionmffthe Hrévious strains, highlighting -10 and -35 flhDp
and AsflhDp promotor sequences, and +1-transcription start sites. Binding regions of small RNAs AsflhD, ArcZ, and
OmrA are depicted underneath sequence alignment. Conserved residues are highlighted in grey, mutated in white. F)
Heat map using the mean of imputed Log? values of all the upregulated proteins from flagellar class Ill and I, including
FIhD and RpIB as housekeeping control.

Class Il genes are activated by the transcriptional regulator complex formed by FIhD and FIhC.

Among the class Il regulated proteins, is FliA, which is the (0 | factor that regul at
of class Il genes [80]. The overexpression of proteins from both classes (Il and 1) together with

the up-regulation of FliA (logZ2ratio of 3.88) indicate a possible dysregulation of FIhDC in the gnudC

(Keio) strain (Figure 15C and F).

In the total proteome comparison, FIhC was not detected in any strain, only FIhD. Although it was
not significantly enriched in the gnudC (Keio) strain (log2ratio of 1.53), it is overexpressed
compared to the log2 fold-change in the gnudC (DRM) strain (log2ratio of -1.33), confirming a
dysregulation of FIhD which is independent of NudC. To validate this hypothesis, total genome
sequencing of the BW25113 and gnudC (DRM and Keio) strains, was performed. Genome
alignment of the regulatory region upstream the coding region of FIhD, revealed two single point
mut ati ons | o-UERtFaR mRNA regiom enly § éhe gnudC (Keio) strain (Figure 15E).
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Chapter 2: NudC promoted diffusion by RNA binding

3.6 NudC-RNA interaction promotes protein localization and diffusion.

Recent studies of traditional epifluorescence microscopy revealed that NudC displays a cytosolic
localization [33]. However, due to the diffraction-limit of the technique, it is hard to estimate
additional association of NudC with other cellular regions. In E. coli and other species, RNase E
forms the core of the RNA degradosome, which is associated with and confined towards the
cytosolic membrane [40]. Since the 5° NAD-RNA cap provides RNA protection, we hypothesize
that NudC might assist the RNA degradosome in the inner membrane to facilitate the NAD-RNA
degradation pathway.

To evaluate NudC localization with advanced precision and its association to the membrane and
or the nucleoid, we performed Super-resolution microscopy (SRM) on fixed cells using strains
expressing NudC WT, decapping mutants (R120K R122K and R120K R122N), and non-active
mutant (E178Q) fused to the fluorescent protein mNeongreen from NudC native promotor. In
addition, cells were stained with PAINT dyes to label the membrane and the nucleoid.

This approach confirmed NudC cytosolic localization and revealed specific fluorescent clusters
co-localizing with the membrane and the nucleoid. Additionally, no difference was observed
between NudC WT, decapping mutants, and non-active mutant, suggesting that RNA binding has
no effect in NudC localization (Figure 16). However, is important to mention that this approach
was performed in fixed cells and NudC diffusion might differ in live-cell imaging.
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Figure 16 | NudC localized in the cytosol of E. coli. HILO imaging of NudC i mNeon: WT, R120K R122K,
R120K R122N, E178Q. Super-resolution imaging of Bacterial nucleoid and cell membrane with DNA and
membrane PAINT dyes (JFsss-Hoechst and Nile red respectively) in fixed E. coli cells at exponential grown

phase. Images taken by Dr. Christoph Spahn.
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To prove this, single molecule tracking assays (SMT) on live cells was performed. Spatial
localization (SLA) analysis showed the confinement of mobile and immobile NudC WT tracks as
distinctive foci near the inner membrane (Figure 17A). Squared displacement analysis (SQD)
indicated the presence of two distinct populations: 37% of the tracks displayed static behavior (<
0.2 umz s) near the inner membrane, likely indicating protein-protein interactions. While 63% of
tracks were diffusive (> 0.2 um2 s) in the cytosol, possibly representing NudC-RNA interactions
and free NudC (Figure 17B and C and Table S2).
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Figure 17 | NudC localization and diffusion is influenced only by R120 and R122. A) SMT Confinement
Heat maps of static and diffusive tracks from NudC WT, R120K R122K, R120K R122N, and E178Q i
mNeongreen. Color grading scale on the right indicate low (Blue) to high (red) likeliness of presence. B and
D) Bubble plot of mean squared diffusion (double fit) from NudC WT (B) and mutants (D) tracks. The size
of the bubble is proportional to each of the diffusive subgroups. Diffusion constants are fixed in all conditions
(Static) D1 [um? s'1]= 0.0628 + 0.00077, (Diffusive) D2 [um? s1]= 0.767 £ 0.00157, n=3, approximately 1000
tracks were measured per condition. C) Speed maps of Static (0 - 0.2 [um?s]) and Diffusive (0.2 - 2 [um?
s1]) from NudC WT tracks. p < 0.001 (***) and 0.05 (*)
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To demonstrate whether NudC-RNA interaction or the NudC activity promotes NudC localization,
SMT using decapping mutants (R120K-R122K and R120K-R122N), and non-active mutant
(E178Q) was performed. In contrast to NudC WT, confinement and diffusion of the decapping
mutants showed primarily cytosolic and diffusive behaviors (90-94%). While the non-active mutant
exhibited membrane-associated and static (30%) behavior, like NudC WT (Figure 17A and D).
These results suggest that NudC confinement and diffusion is promoted by RNA interaction and

not by its catalytic activity.

Furthermore, to demonstrate that NudC catalytic activity was not altered by its fusion with
mNeongreen, in vitro activity of NudC WT, decapping, and non-active mutants fusions was
measured, where data exhibited the same behavior towards NAD-RNA and NAD substrates as
their unfused counterparts (Figure 18B and C and S10). Additionally, Western blot analysis

revealed correct and stable fusions since no free mNeongreen was detected (Figure 18A).
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Figure 18 | NudC-mNeongreen fusions are stable in vivo and active in vitro. A) Western blot analysis
anti-HIS (Top) and Stain Free Gel (Bottom) using cell extracts of the previous strains. B) Kinetic activities
over NAD-RNA and C) NAD+ hydrolysis of NudC WT, R120K R122K, R120K R122N and E178Q. Data

points represent mean + standard deviation, n=3. p < 0.05 (*) and 0.01 (**).
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3.7 NudC altered diffusion by RNA depletion

It has been demonstrated that RNases confinement from the RNA degradosome is severely
modified upon RNA depletion by antibiotic addition, like rifampicin [72]. Therefore, we
hypothesized that NudC localization and diffusion might be modified in a similar way. To prove
this, cul t ur enrnuddbackgmurtd ktrain expressing NudC WT, decapping, and non-active

mutants expressed from a pTAC plasmid were treated with Rifampicin before SMT.

As it was expected, NudC WT and non-active mutant (E178Q) localization and diffusion were
severely modified. In the absence of an RNA substrate, NudC transitioned from membrane-
associated to cytosolic localization, and became more diffusive (Increase of 21.5% and 35.2%
respectively). On the other side, the RNA depletion had little effect on both localization and
diffusion (Increase of 6.74% and 7.8% respectively) of the decapping mutants (R120K R122K and
R120K R122N) (Figure 19 and Table S2). Suggesting that, NudC becomes more diffusive and not
associated to the membrane upon RNA depletion. Together, these data indicate that NudC-RNA
interaction is the driving force to promote NudC localization and diffusion.

To prove that Rifampicin treatment does not influence protein levels of the NudC i mNeon fusions,
western blot assay was performed on total cell extract before and after treatment, showing that

Rifampicin did not affect protein levels, thus no impact in track detection for SMT (Figure 20).

Expression of free unfused fluorescent protein mNeongreen expressed from the pTAC plasmid
on the BW25113 strain after Rifampicin addition, showed minor changes on both localization and
diffusion (4.3% drop/increase change) in comparison to untreated cells. Demonstrating that RNA
depletion by Rifampicin addition, does not influence mNeon, and that the NudC-RNA interaction

is the mayor driving force that promotes NudC localization and diffusion (Figure 21).
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Figure 19 | NudC localization and diffusion disrupted upon RNA depletion. SMT Confinement Heat
maps of static and diffusive tracks from NudC WT, R120K R122K, R120K R122N, and E178Q i
mNeongreen without (left) and 30 min after addition of Rifampicin (right). Bubble plot of mean squared
diffusion (Triple fit) from the aforementioned conditions (center). The size of the bubble is proportional to
each of the diffusive subgroups. Diffusion constants are fixed in all conditions, n=3, approximately 1000
tracks were measured per condition. p < 0.05 (*), 0.01 (**), and 0.001 (***).
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Figure 20 | NudC-mNeongreen levels are unaffected after Rifampicin treatment. Western blot analysis
anti-HIS (Top) and Stain Free Gel (Bottom) using cell extracts of the strains; BW25113, gnudC, and gnudC
carrying empty pTAC plasmid, or expressing NudC WT, R120K R122K, R120K R122N, and E178Q i
mNeongreen fusions treated with or without Rifampicin. n=3
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Figure 21 | Rifampicin treatment does not influence mNeon. A) SMT Confinement Heat maps of static and diffusive
tracks of free mNeon without (left) and 30 min after addition of Rifampicin (right). B) Bubble plot of mean squared
diffusion (double fit). The size of the bubble is proportional to each of the diffusive subgroups. Diffusion constants are
fixed in both conditions (Static) D1 [um? s]= 0.0837 + 0.00143, (Diffusive) D2 [um? s]= 1.422 + 0.000821, ,n=3,

approximately 1000 tracks were measured per condition.

To demonstrate that rifampicin itself is not the cause of the observed localization and diffusion
changes, a rif ampimdCn rpoBeSS1i2FK was phtained {64] and MNudC WT 1
mNeon was expressed from a pTAC plasmid. Growth curve assays revealed that the gnudC
sensitive strain is unable to grow when Rifampicin is added (Figure 22A). While the gmudC / rpoB
S512F resistant strain grew at low (50 pg/ml) and high (200 pg/ml) Rifampicin concentrations
(Figure 22B).

A AnudC + pTAC_NudC WT - mNeon B AnudC/ rpoB S512F + pTAC_NudCWT - mNeon
2.0q 2.0
1.75 1.75 4 .,::iw"""w
ot
i
1.5 15 [‘"
o 1.251 ~ LB 1251 & ~LB
2 -+ 0 pg/ml Rif 2 /’ + 0 pug/ml Rif
o 104 - 50pg/mlRif A 104 rd 50 pug/ml Rif
o - 200 ug/mlRif © f +200 pg/ml Rif
0.75 'R‘l : 00 0.75 - .
4
*
0.5 0.5 P
e
0.254 0.25 gzz,::'
O T T T T T T T T 0 T T T T T T T T
0 60 120 180 240 300 360 420 48 0 60 120 180 240 300 360 420 48
Time (min) Time (min)

Figure 22 | RpoB S512F confers Rifampicin resistance. Growth curves of A) gnudC + pTAC NudC WT-
mNeongreen and B) gnudC /rpoB S512F + pTAC NudC WT-mNeongreen without (A) black and (B) blue,
and after addition of Rifampicin at ODeoo 0.6 at 50 pg/ml (orange) and 200 pg/ml (red). Data points represent

mean from three biological replicates, + standard deviation.
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3.8 NudC diffusion is influenced by rifampicin and crowding

SMT o n nud@ ErpoBpS512F + pTAC_NudC WT i mNeon resistant strain after rifampicin
addition showed mild changes on localization and to a higher extent on diffusion, with a drop of
23% on the static fraction (59.5% to 36.6%) (Figure 22B), and 23% increase in the diffusive fraction
(37.2% to 77.9%). Conversely, the rifampicin sensitive strain (gnudC) suffered a more drastic
effect after Rifampicin treatment with a 41% drop (62.8% to 22.1%) of the static fraction, and 41%
increase of the diffusive fraction (37.2% to 77.9) (Figure 23A). Meaning that in both strains, NudC
diffusion is increasing due to just the addition of Rifampicin, but in the gnudC sensitive strain, half

of that increase corresponds to the RNA absence.

It is known that rifampicin negatively affects the Macromolecular crowding (MMC) within a cell
[81], since the RNA depletion results in an empty space where other molecules can diffuse into
more freely. Thus, it is likely that the observed effects after rifampicin addition on the resistant
strain might be effect of a negative MMC. To demonstrate this, SMT of NudC WT - mNeon was
performed on the rifampicin sensitive (gnudC) and resistant (qgnudC / rpoB S512F) strains after
the addition of only Sorbitol, and a mixture of Rifampicin and Sorbitol. Sorbitol is known as a
positive MMC agent, when added, the cells lose water and start to shrink, thus creating a compact
environment within a cell and increasing MMC [81].

SMT data revealed that the addition of Sorbitol had little effects on both NudC static and diffusive
populations, on both rifampicin sensitive (Figure 23B) and resistant (Figure 23E) strains (4.4%
and 4.2% drop/increase change, respectively). Indicating that the addition of Sorbitol does not
influence NudC localization and diffusion by altering positively MMC. The addition of Sorbitol
together with Rifampicin should mimic a basal MMC level by having both positive and negative
countering each other and therefore canceling possible MMC effects on SMT, which revealed
significant changes comparable to the addition of just Rifampicin, on both sensitive (Figure 23A,
B and C) and resistant strains (Figure 23D, E and F). (36.7% and 20.2% drop/increase change,

respectively).
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Figure 23 | Macromolecular-crowding effect on NudC. A and D) SMT Confinement Heat maps of static
and dif f usi veudQ +paACKNsdCWT-onMeorqdfA) a nndidC /gpoB S512F + pTAC NudC
WT-mNeon (B) without Rifampicin and Sorbitol (upper left) with only Rifampicin (upper right), without
Rifampicin and with Sorbitol (lower left), and with both Rifampicin and Sorbitol (lower right). B and E)
Bubble plots of mean squared diffusion (double fit) of the mentioned strains and conditions. The size of the
bubbles is proportional to each of the diffusive subgroups. Diffusion constants are fixed in all conditions,
n=3, approximately 1000 tracks were measured per condition. C and F) Jump distance histograms overlaid

(double fit) for the previously mentioned conditions.
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Chapter 3: NudC interaction network

Author contributions

The results of the following chapter were a contribution during the Master Internship of Ibrahim
Gouda (1.G.) [55] and the Bachelor thesis of Lika Matchavariani (L.M.) [56], both supervised by
David Rodriguez-Méndez (D.R.M). I.G. and L.M. contributed equally; D.R.M. conceived, planned,
and designed this study. 1.G. and L.M. performed cloning, mutagenesis, and recombination
experiments. L.M. performed protein purification and activity in vitro assays. |.G. performed
biotinylation in vivo activity assay (Figure 25). D.R.M performed the rest of biotinylation in vivo
activity assays, pull-down assay, sampling for proteomics, data analysis, and in silico Alphafold3

predictions.

3.9 NudC interacts with RNase E

Because of the observed; NudC WT and non-active mutant (E178Q) static localization at the inner
membrane, the short half-life of NAD-RNAI (5-10 min) under the expression of such NudC
versions, and no decapping of NAD-RNA with the non-active mutant in vitro. We hypothesize that,
NAD-RNA degradation pathway is coordinated by NudC-RNA promoted localization at the

degradosome.

To prove if NudC and RNAse E interact in vitro, a pull-down assay was performed using cell
lysates of strains expressing only RNase E i mScarletl on a gnudC genetic background as prey
(negative control), and the same strain but also expressing NudC WT i mNeon - HIS from the
pTAC plasmid as the bait (positive control). As a result of this experiment, it was observed that
RNase E co-precipitates with NudC only in the positive control, and no RNase E was detected in

the negative control (Figure 24), suggesting a possible interaction between them.
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Figure 24 | RNase E interacts with NudC in vitro by Pull-down assay. A) Western blot anti-RFP. B) Western blot

anti-HIS. Fractions of cells expressing only RNase E - mScarletl (left) and fractions of cells expressing RNase E i
mScarletl and NudC-mNeon-HIS (right). Fractions: L (Lysate), SN (Supernatant), P (Pellet), FT (Flow-through), W
(Wash), and E (Elution). n=1

3.10 NudC is associated with multiple proteins involved in several processes

Furthermore, to provide in vivo evidence of NudC-RNase E interaction, and to identify a wider
interaction network, a proximity labelling approach was performed. Proximity labelling relies on
the fusion of a protein of interest to biotin ligase (like BirA, TurbolD, MicrolD, and UltralD) that

covalently attaches biotin to nearby proteins within a 10-30 nm labelling radius [82, 83].

Biotin ligases over the last years, have been extensively modified to improve features like, labelling
speed, background labelling, and size [82, 83]. Therefore, to analyze which biotin ligase is more
suitable for NudC-fusion in E. coli, NudC WT was N-terminal and C-terminal fused to TurbolD,
MicrolD, and UltralD expressed from NudC native promotor in the BW25113 background strain.
Biotinylation activity was detected in total lysates by Western blot using Neutravidin DyLight-800

fluorescent conjugate.
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As a result of this experiment, it was observed that TurbolD fusion to NudC on both ends, did not
result in detection of additional biotinylated bands in comparison to lysates of the BW25113 strain
negative control. On the contrary, upon expression of fusions MicrolD/UltralD i NudC, revealed a
strong biotinylated band of approximately 55 kDa. Furthermore, fusions NudC i MicrolD/UltralD
showed an additional band of 60 kDa, indicating that another protein interacts specifically with the
C-terminal of NudC. Notably, the addition of Biotin to cell cultures did not result in the detection of

more biotinylated proteins in any of the analyzed lysates (Figure 25).

TurbolD UltralD MicrolD  NudC-  NudC- NudC-
BW25113 -NudC -NudC  -NudC TurbolD UltralD MicrolD
- 4+ - 4+ = 4+ = 4+ = 4+ = 4+ =+ Biotin

) Additional biotinylated
el o B ol ) n a H e }proteins (60-70 kDa)

| Unspecific biotinylated
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-
e
-
-
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25
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Figure 25 | NudC-UltralD and UltralD-NudC fusions biotinylate specific proteins. Western blot analysis
with Neutravidin Dylight-800 (Top) and Stain Free Gel (Bottom) before blotting using cell extracts of the

mentioned strains treated with or without Biotin. n=1. Assay performed by Ibrahim Gouda [55].
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To test if a difference can be observed in the protein biotinylation pattern upon expression of NudC
decapping mutants (R120K R122K and R120K R122N) and non-active mutant (E178Q), fused
with UltralD at the NudC N/C-terminal, cell lysates were compared with UltralD-NudC WT or NudC
WT 1 UltralD, and unfused single UltralD, all expressed from the NudC native promotor. As a
result of this experiment, the same biotinylating pattern was observed in UltralD fusions at both
ends with NudC WT and all mutants. Additionally, the previously biotinylated band at the 60 kDa,
was also detected upon expression of unfused UltralD, indicating unspecific biotinylation unrelated

to NudC interaction. Meaning t hat ctdbythieapmaath
(Figure 26).
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Figure 26 | NudC R120 and R122 does not biotinylate additional proteins. Western blot analysis with

A) Neutravidin Dylight-800. B) Stain Free Gel before blotting using cell extracts of the mentioned strains.
n=1
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To precisely identify NudC interaction partners after proximity labelling, biotinylated proteins were
enriched using Streptavidin beads, followed by shotgun proteomics mass spectrometry to identify
NudC interaction network. To verify the enrichment of biotinylated proteins, comparing flow
through and eluate samples after bead incubation revealed sufficient accumulation of protein in
the eluate fractions across all cell lysates except from the BW25113 negative control strain. Stain
free gel scan showed removal of non-biotinylated proteins in the flow through fractions of all

samples, indicating successful enrichment (Figure 27).
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Figure 27 | Biotinylated proteins are enriched using streptavidin beads. Western blot analysis with A)
Neutravidin Dylight-800 (Top) and B) Stain Free Gel (Bottom) before blotting using flow-through (FT) and
eluate fractions (E) from cell extracts of the mentioned strains treated and incubated with streptavidin beads.

n=1

After proximity labelling, LC-MS/MS analysis and label-free protein quantification, a total of 241
proteins were detected. To identify off-target biotinylated proteins by UltralD, using defined
significance enrichment criteria (log2ratio O1.5; p-value 00.1), only two proteins (GadB and AckA)
were detected in the strain expressing unfused UltralD compared to the negative control,
BW25113. Indicating that these proteins are unspecifically biotinylated by UltralD under the native
NudC expression levels (Figure 28A).
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Using the same significance criteria (log2ratio O 1.5; p-value 00.1), 57 different proteins were
detected in the strain expressing NudC WT i UltralD fusion compared to unfused UltralD (Figure
28B and Table S5), revealing for the first time interaction partners of NudC. Conversely, UltralD 1
NudC WT compared to unfused UltralD, showed only two significantly biotinylated proteins (AtpG
and MaeB) (Figure 28C). Indicating that NudC C-terminal region is more interactive than the N-
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Figure 28 | NudC interaction network by UltralD fusion at the C-terminal. Volcano plots showing Up regulated
proteins (Biotinylated). A) Only 2 by UltralD relative to BW25113, B) 57 by NudC WT i UltralD fusion (middle), and C)
2 by UltralD i NudC WT fusion (right) relative to UltralD. n=4
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From the NudC C-terminal interactome (NudC-UltralD), 57 proteins functionally linked to specific
cellular processes were assigned into 8 different categories; Metabolism (31), Membrane-
associated (6), Ribosome (6), RNA polymerase (5), DNA-binding (4), Degradosome (2),
Chaperones (2), and Unknown function (1) (Figure 29A).

To elucidate interaction differences upon NudC-RNA binding, interactome from NudC WT 1
UltralD was compared to the ones from NudC decapping mutants (R120K R122K and R120K
R122N) and non-active (E178Q) fused to UltralD. The analysis revealed 25 proteins that
exclusively interact with NudC WT, among the most interesting ones; 2 proteins from the
degradosome (PNPase and Enolase), and 5 proteins from the ribosome or associated to (RplV,
RpIX, RpmE, RpsB, RpsM, and TypA) (Figure 29B-E and Table S6). Revealing that NudC
involvement with NAD-RNA degradation through the degradosome and with Translation, depend
on both activity and RNA binding of NudC.

RNA binding and membrane-promoted localization by R120 and R122, influence NudC interaction
with 19 different proteins. Including 5 membrane-associated proteins (AtpD, GapA, OmpX, OsmY,
and SlyB), probing NudC association to the membrane. Most interestingly, NudC interacts with
Rho, the RNA helicase transcription termination protein. It is known that Rho binds to nascent
RNA, which suggest that NudC might compete with Rho to bind RNA recently transcribed.

Among the most biotinylated proteins by NudC WT 1 UltralD fusion compared to unfused UltralD,
two proteins from the RNA polymerase complex (RNAP) were detected, RpoZ and RpoA (log2ratio
of 4.02 and 1.51 respectively) (Table S5). RpoZ (¥-subunit) promotes RNAP assembly and
stabilizes the complex, while RpoA (U-subunit) interacts with regulatory transcriptional factors [84].
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Figure 29 | NudC interaction network is influenced by its RNA binding and catalytic activity. A) Volcano plot
showing Up regulated proteins (Biotinylated) highlighting categorical groups with ribosome associated (orange), DNA
binding (light blue), RNA polymerase (blue), membrane associated (green), chaperones (purple), metabolism (grey),
and degradosome (turquoise). By A) NudC WT i UltralD relative to UltralD, and NudC WT-UltralD relative to NudC C)
R120K R122K, D) R120K R122N, E) and E178Q i UltralD fusions. B) Venn diagram intersecting the biotinylated
proteins in C, D and E relative to NudC WT-UltralD. n=4

3.11 NAD-RNA decapping and transcription are coupled

Based on this observation, we hypothesized that NudC might interact with the RNAP complex
itself, rather than individually to each subunit. To provide structured-based evidence of the
interaction, an Alphafold3 prediction was conducted using the NudC homodimer structure along
with; two NAD* molecules, two RNA chains of 27 randomized bases, one single stranded DNA
chain of 98 randomized bases, two subunits of RpoA, one subunit of RpoB, one subunit of RpoC,

and one subunit of RpoZ.
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