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SUMMARY

Present in all realms of life, dinucleoside tetraphosphates (Np4Ns) are generally considered
signaling molecules. However, only a single pathway for Np4N signaling has been delineated in
eukaryotes, and no receptor that mediates the influence of Np4sNs has ever been identified in
bacteria. Here we show that, under disulfide stress conditions that elevate cellular Np4N
concentrations, diverse Escherichia coli mRNAs and sRNAs acquire a cognate Np4 cap. Purified
E. coliRNA polymerase and lysyl-tRNA synthetase are both capable of adding such 5" caps. Cap
removal by either of two pyrophosphatases, ApaH or RppH, triggers rapid RNA degradation in £.
coli. ApaH, the predominant decapping enzyme, functions as both a sensor and an effector of
disulfide stress, which inactivates it. These findings suggest that the physiological changes
attributed to elevated Np4N concentrations in bacteria may result from widespread Npy4 capping,
leading to altered RNA stability and consequent changes in gene expression.

Graphical Abstract

"Corresponding author and Lead contact, joel.belasco@med.nyu.edu.

AUTHOR CONTRIBUTIONS

D.J.L., R.L.-P, and J.G.B. designed the experiments, D.J.L. and R.L.-P. conducted the experiments, and D.J.L., R.L.-P., and J.G.B.
interpreted the data and wrote the paper.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luciano et al. Page 2

Npppp s AN —
Unstressed E. coli: bep
PPPAS S ApaH
@ PPRPA
PRE ® v
J,/ PPN RppH
RNA Active
ApaH
RppH
Disulfide-stressed E. coli:

[l e Ve W W N Y Y i

Mp,~orornore
Np,A Np,~ororure e s
PPP A @ Np,A
Inactivated J\/L-‘J"V\"
ApaH 5 a7
p

eTOC blurb

Luciano et al. report that disulfide stress induces nucleoside tetraphosphate (Np4) capping of £.
coli RNAs and that decapping can govern transcript lifetimes /7 vivo. Their findings suggest that
physiological changes previously attributed to receptor-mediated Np4A signaling may result
instead from the impact of Np,4 capping on bacterial gene expression.
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INTRODUCTION

Since their discovery more than 50 years ago (Finamore and Warner, 1963; Zamecnik et al.,
1966; Randerath et al., 1966), dinucleoside 5”,5"'-P1 P4-tetraphosphates (Np4Ns) have
attracted the interest of scientists seeking to elucidate their physiological roles and molecular
function. Over the ensuing decades, they have been found in all realms of life, both
prokaryotic and eukaryotic (Plateau and Blanquet, 1994; Kisselev et al., 1998), and, despite
scant evidence as to their mechanism of action in any organism, have come to be regarded as
signaling molecules. For example, in bacteria, where their concentration increases during
oxidative stress and heat shock (Lee et al., 1983; Bochner et al., 1984; Coste et al., 1987),
dinucleoside tetraphosphates are thought to act as alarmones, i.e. as second messengers for
stress (Varshavsky, 1983). In eukaryotes, these molecules have been implicated in immune
responses, neuronal signaling, and cardiovascular function (Boulos et al., 2016).

The dinucleoside tetraphosphates ApsA, GpsA, CpsA, and Up,A are generated in cells as
by-products of tRNA aminoacylation when the aminoacyl-adenylate intermediate reacts with
a nucleoside triphosphate rather than with tRNA or pyrophosphate (Zamecnik et al., 1966;
Randerath et al., 1966; Plateau and Blanquet, 1994), and their concentration in £. colican be
increased simply by overproducing any of several aminoacyl-tRNA synthetases (Brevet et
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al., 1989). Their cellular concentration is also elevated in bacterial mutants lacking RppH or
ApaH, two enzymes that catalyze the hydrolysis of dinucleoside tetraphosphates to generate
either an NTP and an NMP or two NDPs, respectively (Plateau et al., 1985; Farr et al., 1989;
Lévéque et al., 1990; Cartwright et al., 1999). In addition to acting as an NpsA hydrolase,
RppH functions /7 vivoas an RNA pyrophosphohydrolase that converts the 5’ -terminal
triphosphate or diphosphate of bacterial transcripts to a monophosphate as a prelude to rapid
RNA degradation by the 5’ -monophosphate-stimulated endonuclease RNase E (Mackie,
1998; Deana et al., 2008; Luciano et al., 2017).

ApaH is the principal NpsA hydrolase in proteobacteria, and deleting its gene leads not only
to a marked increase in Np4A levels but also to a variety of interesting phenotypes, including
diminished motility, increased sensitivity to heat shock and oxidative stress, greater
vulnerability to aminoglycosides, reduced antibiotic tolerance, impaired regulation of
biofilm formation, disrupted coupling of DNA replication and cell division, and a decreased
ability to invade mammalian cells (Farr et al., 1989; Johnstone and Farr, 1991; Nishimura et
al., 1997; Ismail et al., 2003; Hansen et al., 2008; Monds et al., 2010; Ji et al., 2019). The
correlation between these phenotypes and elevated Np4A levels has widely been interpreted
as evidence for signaling by these putative alarmones. However, for none of the phenotypic
defects of AgpaH mutants has the underlying molecular mechanism been determined.
Moreover, no receptor that mediates the effects of dinucleoside tetraphosphates, a
definitional requirement of second messengers, has ever been identified in bacteria. Even in
eukaryotes, there is only a single instance in which a pathway for Np4A signaling has been
delineated (Lee et al., 2004).

This long-standing mystery raised the possibility that the primary biological function of
Np4As and the enzymes that hydrolyze them has been misunderstood. Here we report that,
under conditions and in mutants that increase the cellular concentration of Np4As, E. coli
RNAs acquire a cognate nucleoside tetraphosphate (Np,4) cap and that the efficient
degradation of these capped RNAs requires cap removal by ApaH. These findings suggest
that the striking physiological changes heretofore attributed to receptor-mediated signaling
by NpsAs may instead result from changes in bacterial gene expression caused by the
impaired degradation of Np4-capped transcripts.

RESULTS

Widespread RNA capping in cadmium-stressed cells

The structural similarity of dinucleoside tetraphosphates (N[5 ]pppp[5]N; Fig. 1A) to the
capped 5" end of eukaryotic mRNAs (m’ G[5 ]ppp[5 IN...) prompted us to examine
whether increased Np4A levels might be correlated in £. coli with the presence of mMRNAs
bearing a novel Np,4 cap. Cadmium stress elicits a particularly high concentration of ApsA,
Gp4A, CpsA, and Up4A in this organism (220-950 uM) (Bochner et al., 1984; Coste et al.,
1987), far above their concentration in unstressed cells (0.6-2.4 pM) (Plateau et al., 1987).
Therefore, cadmium chloride was added to a log-phase E. coli culture, and the appearance of
capped transcripts was investigated by testing 7 vitro for both the resistance of the 5'-
terminal phosphates of cellular mMRNA to removal by alkaline phosphatase and the reduced
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electrophoretic mobility of cellular transcripts through a matrix that selectively retards
capped RNAs.

As a model, we chose the E. coli yeiPtranscript, which encodes a paralog of translation
elongation factor EF-P. When extracted from unstressed cells, the 5” phosphates of ye/iP
mRNA were susceptible to removal by alkaline phosphatase, resulting in a hydroxylated 5’
end that was unreactive in a splinted-ligation assay (Fig. 1B; Fig. S1A) (Celesnik et al.,
2007) (Luciano and Belasco, 2019). By contrast, 65% of the yeiP5" ends in RNA from cells
subjected to cadmium stress were resistant to alkaline phosphatase and therefore ligatable
after subsequent pyrophosphatase treatment to generate a monophosphorylated 5 terminus,
a finding suggestive of a 5" cap.

The presence of a cap-like structure at this protected 5 end was confirmed by the retarded
mobility of 76% of yeiP mRNA from cadmium-stressed cells on a polyacrylamide gel
containing boronate side chains that specifically reduce the electrophoretic mobility of
transcripts bearing a vicinal diol characteristic of a5 cap (Fig. 1C) (Igloi and Kdssel,
1985). By contrast, no low-mobility ye/P band was observed when the RNA was either
decapped prior to boronate gel electrophoresis, examined by electrophoresis on an ordinary
polyacrylamide gel, or extracted from unstressed cells. The mobility of capped yeiP mRNA
from cadmium-stressed cells was indistinguishable on a boronate gel from that of /n vitro
transcribed ye/P RNA bearing an Aps, Apa, or Aps cap but distinct from that of synthetic
yeiP standards bearing an NAD or NADH cap (Fig. 1D, E). The capped mRNA from E. coli
also co-migrated with /n vitro transcripts bearing a Gpa or Up, cap but was slightly less
mobile than a transcript bearing a Cp4 cap (Fig. 1F). Together, these findings suggest that
exposure of £. colito cadmium causes most ye/Ptranscripts to acquire a nucleoside
polyphosphate (Npy,) cap.

To test the generality of this phenomenon, we examined the 5” end of 14 additional
transcripts chosen at random, including protein-coding mRNAs and a non-coding sRNA.
When extracted from cadmium-stressed £. coli cells, a substantial but variable fraction of
each of these RNAs (median >40%) was found to migrate more slowly upon boronate gel
electrophoresis (Table 1). Among them were capped transcripts confirmed by sequencing to
begin with each of the four possible nucleotides (A, G, C, or U). None of the RNAs were
detectably capped in unstressed cells (data not shown). By statistical extrapolation based on
Bayes’s rule for conditional probability, we calculate that a substantial majority of £. coli
transcripts are likely to be capped to some extent in the presence of cadmium. The Npn caps
induced by this stress appear to be much more ubiquitous and abundant in £. co/ithan NAD
caps, which are found only on A-initiated transcripts and at low levels (typically <14% of 5’
ends (Cahova et al., 2015; Vvedenskaya et al., 2018)).

Decapping by ApaH and RppH

Many E. colitranscripts, including ye/Pand #rxB (thioredoxin reductase mRNA), are
deprotected by enzyme-catalyzed conversion of the 5” triphosphate to a monophosphate,
thereby triggering RNA degradation (Deana et al., 2008; Richards et al., 2012; Luciano et
al., 2017). By analogy, we tested three £. coli enzymes for their ability to decap Np,-capped
transcripts /n vitro. two known to hydrolyze Np4As (ApaH and RppH) and a third that
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removes nicotinamide mononucleotide from NAD-capped RNAs (NudC) (Guranowski et al.,
1983; Plateau et al., 1985; Bessman et al., 2001; Cahova et al., 2015). ApaH and RppH were
each able to efficiently decap both yeiPand trxB mRNA extracted from cadmium-stressed
cells or synthesized with an Ap4 or Gp4 cap, whereas NudC was not (Fig. 2A; Fig. S2A). By
contrast, only NudC and RppH were able to decap /n7 vitro transcribed yeiP RNA bearing an
NAD cap (Fig. S3). Although RppH has been shown to remove m’ Gppp and NAD caps /7
vitro (Song et al., 2013; Cahové et al., 2015), ApaH has not previously been reported to have
decapping activity.

To characterize the phosphorylation states of the products of decapping by ApaH and RppH,
an Npy-capped substrate — Ap4,AG(CU) 3 — bearing a single radiolabeled phosphate between
the first and second transcribed nucleotides was synthesized in vitro. Alkaline hydrolysis of
this capped RNA yielded Ap4Ap as the predominant radiolabeled product, detectable by thin
layer chromatography (Fig. 2B). Upon treatment of ApsAG(CU),3 with purified ApaH or
RppH, the principal radiolabeled product following alkaline hydrolysis was ppAp or pAp,
respectively, results consistent with the products of ApsA hydrolysis by these enzymes
(Guranowski et al., 1983; Plateau et al., 1985; Bessman et al., 2001). Radioactive products
containing the same number of phosphates (ppGp or pGp) were obtained after decapping
32p_Jabeled Gp,GA(CU)13 (Fig. 2B). These findings indicate that decapping of Np4-capped
RNA by ApaH generates a diphosphorylated RNA product, whereas decapping by RppH
generates a monophosphorylated product, either directly or via a decapped intermediate
bearing multiple 5° phosphates.

Structural characterization of the RNA caps in cadmium-stressed cells

To definitively ascertain the structure of the RNA caps in cadmium-stressed £. coli cells, we
first devised a method for determining the number of phosphates they contain. This method,
called esCAPade (Enumeration of Shielded Cap-Associated Phosphates by Analysis of
Decapped Ends), involves comparing the 5” phosphorylation state of the products obtained
by decapping cellular RNA and a set of Ap,-capped standards with ApaH (Fig. S1). Aps,
Apgy, and Aps-capped yeiP standards synthesized by in vitro transcription and ye/P mRNA
from E. coli cells exposed to cadmium chloride were each treated with alkaline phosphatase
to remove the 5° phosphates of any uncapped contaminants (Fig. S4A) and then with ApaH
to release the cap. The phosphorylation state of the RNA products was subsequently
analyzed by two methods: PABLO (Phosphorylation Assay By Ligation of
Oligonucleotides), which quantifies the percentage of 5” ends that are monophosphorylated
on the basis of their ability to undergo splinted ligation to a DNA oligonucleotide (Fig.
S1A), and PACO (Phosphorylation Assay by Capping Outcome), which quantifies the
percentage of 5" ends that are diphosphorylated on the basis of their susceptibility to
capping by the Schizosaccharomyces pombe guanylyltransferase Pcel (Fig. S1B) (Celesnik
et al., 2007; Luciano et al., 2017; Luciano and Belasco, 2019). The products of ApaH-
mediated decapping of ye/P mRNA from cadmium-stressed cells were 93 + 5%
diphosphorylated and 13 + 1% monophosphorylated, very similar to the products of the
Apg-capped yeiP standard (95 + 2% diphosphorylated and 3 + 2% monophosphorylated)
(Fig. 3A; Fig. S4B, C; Tables S1-S6). By contrast, the ApaH reaction products for the Aps-
capped standard were primarily monophosphorylated, while those for the Aps-capped
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standard appeared to be mostly triphosphorylated. From these measurements, we calculate
that 98 + 7% of the Npjp, caps in cadmium-treated cells contain four phosphates (Fig. 3B;
Table S6).

We next characterized the cap nucleobase by using thin-layer chromatography to identify the
nucleotides released when 32P-labeled bulk mRNA isolated from cadmium-treated cells was
decapped /n vitro. Decapping with purified ApaH generated ADP, CDP, GDP, and an
unidentified product (Fig. 3C; Fig. S5), evidence for diverse Np,4 caps under these
conditions. UDP may also have been produced but would have been obscured by a co-
migrating phosphate contaminant. Decapping with RppH generated the corresponding
NMPs (Fig. S5).

Potential mechanisms of cap acquisition

In principle, cellular transcripts could become Np4-capped at the moment of synthesis if
RNA polymerase is capable of initiating transcription with a dinucleoside tetraphosphate in
place of a nucleoside triphosphate. (Note that NpsA and ApsN are synonymous due to
molecular symmetry.) Alternatively, they could acquire such a cap post-transcriptionally by
a mechanism reminiscent of NpsA synthesis if aminoacyl-tRNA synthetases are able to
catalyze the reaction of aminoacyl-adenylates not only with the 5" triphosphate of
mononucleotides but also with the triphosphorylated 5 end of polynucleotide transcripts
(Fig. S6). The potential of each of these capping mechanisms was tested /n vitro. Purified E.
coliRNA polymerase proved able to incorporate ApsA at the 5” end of nascent ye/iP
transcripts, as judged by the retarded electrophoretic migration of the resulting RNA on a
boronate gel and its accelerated migration after RppH treatment (Fig. 4A). Likewise, the £.
colilysyl-tRNA synthetase LysU was able to cap triphosphorylated ye/P RNA in the
presence of ATP and lysine (Fig. 4B). These findings demonstrate the feasibility of each of
these possible mechanisms of cap acquisition.

Contributions of ApaH and RppH to RNA decapping and degradation in E. coli

To determine the impact of ApaH and RppH on Npy4 caps in E. coli, we first examined the
effect of mutations that eliminated each protein. Even in the absence of stress, capped
mMRNA was abundant in £. coli cells lacking ApaH (Fig. 5A; Fig. S2B). Indeed, every
transcript shown to be capped in cadmium-stressed cells was also capped, albeit to a lesser
extent, in unstressed AgpaH cells (Table 1), and the phosphate content, cap nucleobase, and
enzymatic reactivity of individual capped transcripts present under those two conditions
were much the same (Fig. 5B; Fig. S7). By contrast, Nps-capped RNA was not detected in
unstressed cells lacking RppH (Fig. 5A, Fig. S2B).

To quantify the relative contributions of ApaH and RppH to the decapping of Np4-capped
transcripts in £. coli, we used boronate gel electrophoresis to monitor the effect of
deficiencies in either of these enzymes on the rate of disappearance of capped mRNA after
blocking further RNA synthesis. These experiments were first performed under normal
growth conditions to avoid the physiological complications of cadmium stress. Because
unstressed wild-type cells do not contain detectable levels of Nps-capped mRNA, we
monitored the disappearance of capped transcripts after arresting transcription in cells which
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either lacked ApaH altogether or contained sufficiently little that a small amount of capped
mMRNA could still be detected. Cellular ApaH levels were controlled by expressing the aoatH
gene from an arabinose-inducible promoter. The half-life of capped ye/iP mRNA increased
from 2.3 + 0.1 min in the presence of arabinose (cap removal by both ApaH and RppH) to
4.5 + 0.1 min in the complete absence of ApaH (cap removal by RppH only) (Fig. 5C).
Capped yeiP mRNA was lost even more slowly from cells that lacked both ApaH and RppH,
where its half-life of 10.8 + 0.6 min reflected only the rate of 5”-end-independent
degradation. From these values, we calculate that, at this level of induction, decapping by
ApaH is 1.7 + 0.1 times faster than decapping by RppH. The disparity in the contributions of
these two enzymes to decapping would likely be even greater in wild-type cells, where the
absence of detectable Np4-capped RNA implies that ApaH activity is much higher. Similar
effects were observed for cap removal from #xB (Fig. S2C).

The dominant role of ApaH in decapping and the ability of RppH to swiftly convert the
resulting 5" diphosphates to monophosphates capable of accelerating endonucleolytic
cleavage by RNase E (Luciano et al., 2017) suggest a decay pathway in which ApaH and
RppH act consecutively to trigger the degradation of Np4-capped RNAs in £E. coli. If so, a
null mutation in rgpH should be epistatic to a null mutation in apaH. To test this prediction,
we compared the aggregate stability of all forms of ye/Pand trxB mRNA (capped and
uncapped combined) in wild-type cells and isogenic derivatives lacking either or both of
these pyrophosphatases. The effect of ApaH alone on the aggregate half-life of these
mMRNAs was substantial. As judged by electrophoresis on an ordinary polyacrylamide gel,
the half-life of full-length ye/P mRNA increased from 1.4 + 0.2 min in wild-type cells to 3.5
+ 0.2 min in AapaH cells (Fig. 5D), while that of #7xB mRNA increased from 2.2 £ 0.1 min
to 3.8 £ 0.1 min (Fig. S2D). By contrast, in a ArppH background, deleting the apatH gene did
not further stabilize either of these MRNAs (aggregate half-life of 8-9 min for ye/Pand >30
min for #xB, irrespective of the presence or absence of ApaH), a finding consistent with the
sequential action of these two enzymes on capped 5 ends in £. coli.

Induction of Np4 capping by disulfide stress

The affinity of cadmium for thiols enables it to crosslink cysteine residues (Delalande et al.,
2010). To determine whether cysteine crosslinking triggers RNA capping in cadmium-
treated cells, we examined the 5 end of yeiPand &rxB mRNA in E. coli cells treated with
diamide, a chemical reagent that specifically joins cysteine thiols to create disulfide bonds
(Kosower and Kosower, 1995). By doing so, it induces disulfide stress, a type of oxidative
stress in which indiscriminate cysteine crosslinking causes proteins to misfold and aggregate
(Leichert et al., 2003; Mdller et al., 2013) and cellular Ap4A levels rise dramatically
(Bochner et al., 1984). Upon exposure to diamide, extensive capping was again observed for
both the ye/Pand trxB transcripts (Fig. 6A; Fig. S2E). The similar effect of cadmium and
diamide suggests that £. coli cells produce Np,4-capped RNA in response to disulfide stress.

To account for the abundance of Np4-capped transcripts in disulfide-stressed cells, we
investigated whether ApaH is inactivated by inducers of this stress. /n7 vitro, the decapping
activity of this enzyme is greatly diminished by treatment with either cadmium chloride or
diamide (Fig. 6B), a finding consistent with a previous report that its Np4A hydrolase
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activity is sensitive to sulfhydryl reagents (Guranowski et al., 1983). Moreover, in wild-type
E. coli cells experiencing disulfide stress, the rate of ye/Pand trxB decapping is very slow
and is not further retarded by deleting the apat gene (Figure 6C; Figure S2F), evidence that
ApaH is inactivated under these conditions. Therefore, it appears that ApaH governs mRNA
lifetimes by acting as both a sensor and an effector of disulfide stress induction.

DISCUSSION

Although dinucleoside tetraphosphates have long been thought to function as second
messengers, their mechanism of action has largely resisted elucidation. In bacterial cells,
where their concentration increases in reaction to stress, they have been deemed alarmones
responsible for a variety of intriguing physiological changes, even though no receptor
through which they signal has been identified. Our results now show that, during disulfide
stress, a marked increase in Np4A levels is accompanied by widespread Np,4 capping of £.
colitranscripts and prolonged RNA lifetimes. Similar changes occur in cells lacking the
principal NpsA hydrolase ApaH. Consistent with these observations, ApaH appears to be the
enzyme primarily responsible for removing Np4 caps in £. coli, and it is inactivated by
inducers of disulfide stress. In unstressed cells, decapping by ApaH can trigger rapid RNA
degradation. This decay pathway is blocked by ApaH inactivation in disulfide-stressed cells.

In E. coli cells experiencing disulfide stress or lacking ApaH, Np,4 caps have been detected
at a variable level on every transcript tested, including protein-coding and noncoding RNAs
and RNAs that begin with A, G, C, or U (Table 1). For reasons that are not yet apparent, the
highest levels of capping are observed on A-, C-, or U-initiated transcripts (26-76% capped
in cadmium-stressed cells), while the lowest levels are found on G-initiated transcripts
(4-8%). Transcript-specific differences in cap levels are likely to have many causes. They
reflect disparities not only in the efficiency of capping and decapping but also in the rate of
subsequent RNA breakdown, as some of the uncapped RNA detected under these conditions
undoubtedly has already been decapped as a prelude to degradation. Consequently, the
steady-state percentage of a particular transcript that is capped represents not the total
fraction that is capped at some point during the lifetime of the transcript but rather a lower
limit on that fraction. Consistent with this interpretation is the substantial effect of ApaH on
the aggregate decay rate of yeiPand frxB mRNA despite the modest percentage of these
transcripts that remains capped at any particular moment in AapaH cells (19-36%).
Therefore, the absence of detectable Np,4-capped RNA in unstressed wild-type cells could
signify either that very little of it forms under those conditions or that it is decapped by
ApaH too quickly for the capped RNA to accumulate appreciably.

In principle, £. coliRNAs could acquire Np4 caps either by incorporating dinucleoside
tetraphosphates at the 5" end of nascent transcripts during transcription initiation or by a
post-transcriptional mechanism such as that employed by aminoacyl-tRNA synthetases to
produce Np4As from NTPs (Zamecnik et al., 1966; Brevet et al., 1989; Fraga and Fontes,
2011). The former mechanism would be consonant with evidence that £. co/iRNA
polymerase can initiate transcription with noncanonical nucleotides (Bird et al., 2016), while
the latter would implicate an important class of enzymes known for charging the 3° end of
tRNAs in modifying the triphosphorylated 5 end of mMRNAs and SRNAs so as to affect their

Mol Cell. Author manuscript; available in PMC 2020 September 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luciano et al.

Page 9

degradation. Our /n vitrotests with £. coli RNA polymerase and lysyl-tRNA synthetase
demonstrate the feasibility of each of these cap acquisition mechanisms. The actual
contributions of these or other mechanisms to Np,4 capping in £. coli will require validation
in vivo.

Under ordinary growth conditions, the swift removal of Np,4 caps by ApaH generates a
diphosphorylated 5” end that can quickly be converted by RppH to a 5" monophosphate,
thereby enabling rapid RNA degradation by the endonuclease RNase E, which preferentially
cleaves monophosphorylated RNAs (Mackie, 1998; Luciano et al., 2017). However, the
inactivation of ApaH by inducers of disulfide stress impedes the deprotection and decay of
Np4-capped RNAs, allowing them to accumulate. RppH too can decap such transcripts,
albeit more slowly, apparently releasing the cap as a nucleoside monophosphate to generate
a triphosphorylated RNA 5" end susceptible to subsequent RppH-dependent conversion to a
5" monophosphate and further decay. By contrast, ApaH is not reactive with
triphosphorylated RNA 5” termini (data not shown). Despite its subordinate role in Np4 cap
removal, RppH has a greater impact than ApaH on the aggregate longevity of individual
cellular transcripts, presumably because only RppH can trigger rapid RNase E-mediated
degradation by completing the conversion of the 5 end to a monophosphate.

The number of phosphates present in the 5 caps observed during disulfide stress and in
AapaH mutants was determined by esCAPade, a method devised for this purpose but
applicable more generally. This assay takes advantage of the regioselectivity of decapping
by ApaH, which releases the cap primarily as a nucleoside diphosphate regardless of the
number of bridging phosphates originally associated with it. As a result, the number of
phosphates in the 5" cap of any ApaH-reactive RNA detectable by Northern blotting can be
deduced by using established assays (PABLO and PACO (Luciano and Belasco, 2019)) to
determine how many phosphates remain on the RNA 5” end after cap removal by purified
ApaH. Unlike some other possible approaches for examining the 5” terminus of complex
mixtures of cellular RNAs, such as mass spectrometry, esCAPade is quantitative and
transcript-specific.

Disulfide stress, the physiological strain that causes Np4 capping to become widespread in
E. coli, is a condition that pathogenic bacteria may experience when engulfed by host
phagocytes into the highly oxidizing environment of phagolysosomes (Aslund and
Beckwith, 1999; Beavers and Skaar, 2016) or when exposed to cadmium in the environment
(Hossain et al., 2012; Muller et al., 2013). Disulfide bond formation in several bacterial
transcription factors, such as OxyR, is known to directly regulate their activity (Zheng et al.,
1998; Antelmann and Helmann, 2011). Our discovery that the cysteine-containing
decapping enzyme ApaH functions as both a sensor and an effector of disulfide stress
indicates that disulfide bond formation can directly impact gene expression at the post-
transcriptional level as well. Indeed, among the ApaH targets that become extensively
capped and stabilized in response to disulfide stress is #zxB mRNA, whose concentration
increases in such cells (Helbig et al., 2008) and whose protein product (thioredoxin
reductase) should help to ameliorate that stress (Mller et al., 2013). Further investigation
will be needed to determine the impact of Np,4 capping on the recovery of £. colifrom
disulfide stress.
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For decades, the mechanism by which dinucleoside tetraphosphates fulfill their putative role
as second messengers in cellular responses to stress has remained an enigma, particularly in
bacteria, where no receptor that mediates their influence has been identified. Our discovery
(i) that RNAs bearing a novel Np4 cap are widespread in £. coli under the same conditions
that elevate Np4A levels and (ii) that the lifetimes of these RNAs are prolonged when ApaH
is not able or available to decap them suggests that the many intriguing physiological
changes previously attributed to Np4A signaling via a hypothetical receptor may well result
instead from altered patterns of bacterial gene expression caused by the impaired
degradation of Nps-capped RNAs. Elevated Np4A levels may have similar consequences for
capping in eukaryotic cells.

STAR METHODS
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Np4 capping and decapping were examined in £. coli cells during exponential growth and
disulfide stress and /n vitro with purified transcripts and proteins.

METHOD DETAILS

Strains and plasmids—Analysis of the 5" end and decay rate of mMRNA was performed
in the £. coli K-12 strain BW25113 (Datsenko and Wanner, 2000) and isogenic derivatives
thereof bearing in-frame deletions of the apatH, rppH, arak, or araH coding region, either
individually or in combination. Each chromosomal deletion mutant was constructed by P1
transduction with the corresponding kar-disrupted gene from the Keio collection (Baba et
al., 2006) followed by excision of the kan gene. In addition, the strains used to analyze yeiP
mMRNA contained plasmid pYeiP1 (Richards et al., 2012) to facilitate detection of that
MRNA by increasing its cellular concentration, and the strain used to analyze ye/P-A1G
MRNA lacked the chromosomal ye/P gene and contained plasmid pYeiP1-AlG. Finally, the
strain used as a source of cellular RNA into which in vitrotranscribed #rxB RNA was spiked
lacked the chromosomal #rxB gene (Richards et al., 2012).

Two plasmids were used to test for complementation of the chromosomal AgpaH allele.
Plasmid pPlacApaH is a derivative of pPlacRppH (Deana et al., 2008) that encodes wild-
type £. coli ApaH under the control of an IPTG-inducible /acUV5 promoter. A variant
encoding catalytically inactive ApaH (pPlacApaH-D37A) was constructed from pPlacApaH
by introducing a codon substitution (GAT — GCT) at position 37. Plasmid pPM30-araE is a
derivative of pPM30 (Meacock and Cohen, 1980) that expresses AraE constitutively under
the control of a b/a promoter. Plasmid pPBAD-ApaH30 is a derivative of pPM30-araE that
additionally encodes AraC and expresses ApaH under the control of an arabinose-inducible
Psap promoter.

ApaH was purified from £. coli containing plasmid pET-ApaH or pET-ApaH-D37A,
derivatives of pET28a(+) that encode E. coli ApaH or ApaH-D37A bearing a carboxy-
terminal hexahistidine tag (GHHHHHH). RppH was purified from £. coli containing
pPlacRppH6 or pPlacRppH6-E53A, plasmids that encode £. coli RppH or RppH-E53A
bearing an amino-terminal hexahistidine tag (MHHHHHHG) (Deana et al., 2008). NudC
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was purified from E. coli containing plasmid pET-NudC or pET-NudC-E178A, derivatives
of pET28a(+) that encode £. co/i NudC or NudC-E178A bearing a carboxy-terminal
hexahistidine tag (GHHHHHH). LysU was purified from E. coli containing pPlacLysU, a
derivative of pPlacRppH®6 that encodes £. coli LysU bearing an amino-terminal
hexahistidine tag (MHHHHHHG).

Conditions for cell growth and disulfide stress induction—In most cases, cells
were grown to mid-log phase (ODggg = 0.3) at 37°C in MOPS-glucose medium (Neidhardt
et al., 1974) before harvesting RNA or inducing disulfide stress. Disulfide stress was
induced by adding either CdCl, (0.2 mM) or diamide (2 mM), and RNA was harvested 90
min later. The cadmium-contaminated culture medium was subsequently disposed of as
hazardous waste. To test for complementation of the AgpaH allele, ApaH synthesis from
plasmid pPlacApaH was enabled by growth in MOPS-glucose medium containing
isopropyl-p-D-1-thiogalactopyranoside (IPTG) (1 mM). To examine the contributions of
ApaH and RppH to rates of decapping in £. coli, isogenic strains containing plasmid
pPBAD-ApaH30 or pPM30-arak were grown to mid-log phase (ODgsg = 0.3) at 37°C in LB
medium and then treated for 30 min with L-arabinose (0.2% v/v) to induce ApaH synthesis
in the strain containing plasmid pPBAD-ApaH30.

RNA extraction from E. coli—Total cellular RNA was extracted from liquid cultures of
E. coli as follows. A culture sample (10-15 ml) was rapidly chilled by pipetting it into a 50-
ml centrifuge tube filled with crushed ice, and the bacteria were pelleted by centrifugation at
6,000 x g for 10 min at 0°C. The cell pellet was resuspended at 0°C in 125 pl of ice-cold
buffer A (0.3 M sucrose, 10 mM sodium acetate, pH 4.5, 10 mM EDTA), transferred to a
chilled microfuge tube, mixed with 250 pl of room-temperature buffer B (2% SDS, 10 mM
sodium acetate, pH 4.5), and heated to 75°C for 3 min to lyse the cells. The cell lysate was
extracted three times with 250 pl of hot, unneutralized, water-saturated phenol by vigorously
agitating the mixture and then heating it to 75°C for 3 min. After each phenol extraction, the
mixture was chilled rapidly in a dry ice/ethanol bath and then centrifuged at 21,000 x g for 5
min before transferring the aqueous layer to a new microfuge tube. Finally, the RNA was
precipitated by mixing the aqueous layer of the last phenol extraction (up to 450 pl) with 3
M sodium acetate, pH 4.8 (45 pl) and ethanol (1 ml), cooled to — 20°C for 30 min, pelleted
by centrifugation at 21,000 x g for 15 min, washed with 70% ethanol, air-dried, dissolved in
water (30-70 pl) to a concentration of 0.5-2.0 pg/ul, and stored at —20°C.

Detection and quantification of capped RNA—Capped RNA was detected by
boronate gel electrophoresis and Northern blotting after site-specific RNA cleavage 48-152
nt from the 5" end with a 10-23 deoxyribozyme (Table S7) (Luciano and Belasco, 2019).
The RNA was first annealed to a transcript-specific 10-23 deoxyribozyme (400 pmol)
(Santoro and Joyce, 1997) in water by heating the mixture (36 ul) to 85°C for 5 min and then
cooling it slowly to 30°C. A solution (4 pl) containing Tris-HCI, pH 7.5 (500 mM), MgCl,
(100 mM), and dithiothreitol (10 mM) was then added, and RNA cleavage was allowed to
proceed for 2 hr at 37°C. The reaction was quenched with EDTA (195 ul of a4 mM
solution), and the products were ethanol precipitated and subjected to electrophoresis on a
denaturing gel containing 5.6% acrylamide:bisacrylamide (19:1), 0.25% 3-
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acrylamidophenylboronic acid (Ivanov et al., 2004), 7 M urea, and 0.1 M Tris-acetate, pH
9.0. Finally, the gel was electroblotted onto a nylon membrane, and the blot was probed with
a 32P-labeled oligonucleotide complementary to the RNA of interest. The percentage of the
transcript that was capped was calculated from the ratio of band intensities (capped versus
uncapped).

Alternatively, capped yeiP mRNA was detected on the basis of its resistance to 5 phosphate
removal by alkaline phosphatase, as follows. Total RNA (10 pg) extracted from E. coli
BW25113 cells that had been exposed for 90 min to CdCl, (0 or 0.1 mM) was treated for 1
hr at 37°C with calf intestinal alkaline phosphatase (10 units) in a solution (20 ul) containing
Tris-HCI, pH 7.9 (100 mM), NaCl (100 mM), MgCl, (10 mM), and dithiothreitol (1 mM).
The reaction was quenched with EDTA (210 pl of a 3.5 mM solution), and the RNA was
recovered by phenol extraction and ethanol precipitation and then treated for 2 hr at 37°C
with tobacco acid pyrophosphatase (2 units) in a solution (20 pl) containing sodium acetate,
pH 6.0 (50 mM), EDTA (1 mM), p-mercaptoethanol (0.1%), and Triton X-100 (0.01%). The
RNA was recovered by phenol extraction and ethanol precipitation, and the percentage of
yeiP5’ ends that were monophosphorylated was determined by their ability to undergo
splinted ligation to a DNA oligonucleotide in the presence of T4 DNA ligase and a bridging
oligonucleotide complementary to both the first oligonucleotide and the 5” end of yeiP
mMRNA (Table S7) (Luciano and Belasco, 2019).

RNA synthesis by in vitro transcription—Triphosphorylated, diphosphorylated, and
monophosphorylated ye/Pand frxB RNA was synthesized by /in vitro transcription of DNA
templates bearing a T7 $2.5 promoter and a T—G substitution at the second transcribed
position to enable efficient RNA synthesis by T7 RNA polymerase (Luciano et al., 2017).
Their capped counterparts were synthesized by /n vitrotranscription in the presence of
AP3A, AP4A, ApsA, GP4A, CP4A, UP4A, NAD, or NADH at a concentration (1.5 mM)
well in excess of ATP (0.25 mM). The resulting transcripts were purified by gel
electrophoresis and elution of the band of interest.

Triphosphorylated, diphosphorylated, and monophosphorylated AG(CU),3 and GA(CU)43
bearing a 32P-labeled phosphate between the first and second nucleotide were synthesized
by in vitro transcription with T7 RNA polymerase in the presence of [a- 32P] GTP and
either ATP, ADP, or AMP or in the presence of [a-32P] ATP, and either GTP, GDP, or GMP,
respectively (Deana et al., 2008). Ap-capped AG(CU),3 and Gpg-capped GA(CU) 3 were
synthesized in a similar manner but in the presence of AP4A (1.2 mM) or GP4G (1.2 mM),
respectively. The resulting transcripts were purified by gel electrophoresis and elution of the
band of interest.

Analysis of capped 5’ ends by RACE—To confirm the identity of the first transcribed
nucleotide of individual capped transcripts in E. coli, total RNA was extracted from wild-
type cells that had been treated for 90 min with CdCl, (0.2 mM). The RNA samples (5 ug)
were first treated with calf intestine alkaline phosphatase (10 units) for 1 hr at 37°C in a
solution (20 pl) containing Tris-HCI, pH 7.9 (100 mM), NaCl (100 mM), MgCl, (10 mM),
dithiothreitol (1 mM), and rRNasin (2 units/ul to convert uncapped 5” ends to unligatable
hydroxyls. The capped 5” ends were subsequently converted to monophosphates by
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treatment with RppH (200 nM) for 2 hr at 37°C in a solution (20 pl) containing HEPES, pH
7.6 (20 mM), MgCl, (10 mM), dithiothreitol (1 mM), and rRNasin (2 units/pl). The
decapped RNA was then ligated to a chimeric DNA-RNA oligonucleotide (RACE 1; Table
S7) by treatment with T4 RNA ligase (5 units) for 2 hr 37°C in a solution (25 pl) containing
Tris-HCI, pH 7.5 (50 mM), MgCl, (10 mM), dithiothreitol (1 mM), rRNasin (1 unit/pl),
RACE 1 (1 pg), and ATP (1 mM). The ligation products were reverse transcribed by
treatment with Superscript 111 reverse transcriptase (300 units) and a transcript-specific
primer (5 pmol; Table S7) for 1 hr at 55°C in a solution (20 ul) containing Tris-HCI, pH 8.3
(50 mM), KCI (75 mM), MgCl, (3 mM), dithiothreitol (5 mM), dNTPs (0.5 mM each), and
rRNasin (1 unit/pl), and the resulting cDNA was amplified by successive rounds of PCR
with nested pairs of primers surrounding the transcription initiation site (Table S7). Finally,
the PCR products were purified by agarose gel electrophoresis and sequenced.

Protein purification—E. coli ApaH, ApaH-D37A, RppH, RppH-E53A, NudC, NudC-
E178A, and LysU and Schizosaccharomyces pombe Pcel, each bearing a terminal
hexahistidine tag, were overproduced in £. coliBL21 (DE3) rne-131 Arna containing
plasmid pET-ApaH, pET-ApaH-D37A, pPlacRppH6 (Deana et al., 2008), pPlacRppH6-
E53A, pET-NudC, pET-NudC-E178A, pPlacLysU, or pSMT3-Pcel (Doamekpor et al.,
2014), respectively, and purified by affinity chromatography on TALON beads.
Hexahistidine-tagged T4 DNA ligase was purified from £. coli strain MIC2067 (Itaya et al.,
1999) containing plasmid pPlacT4L (Luciano et al., 2017) by affinity chromatography on
TALON beads followed by anion-exchange chromatography on an UNO Q1 column.

RNA decapping by purified ApaH, RppH, and NudC—Total RNA (10 pg) from
either CdCl,-stressed wild-type £. colicells or unstressed £. coli AgpaH cells was treated
with active or catalytically inactive forms of ApaH, RppH, or NudC (50 nM) for 5 min at
37°C in a solution (20 pl) containing HEPES, pH 7.6 (20 mM), MgCl; (5-10 mM),
dithiothreitol (1 mM), and glycerol (1% v/v). Alternatively, Aps-, Gps-, or NAD-capped
yeiPor trxBRNA (5 ng) synthesized by /n vitro transcription was combined with total RNA
(10 pg) from E. coli cells devoid of the corresponding transcript and treated similarly. In
each case, the reaction was quenched with EDTA (210 pl of a 3.5 mM solution), and the
products were phenol extracted, ethanol precipitated, cut with a 10-23 deoxyribozyme
(DZyeiP69 or DZtrxB95) specific for yeiPor trxB mRNA, respectively, and analyzed by
boronate gel electrophoresis and Northern blotting with a 5" end-labeled oligonucleotide
probe complementary to the RNA of interest.

Products of decapping by ApaH and RppH—Equal amounts (4,000 cpm) of Apy-
capped AG(CU)q3 or Gpa-capped GA(CU)13 bearing a 32P-labeled phosphate between the
first and second transcribed nucleotide were decapped with purified ApaH or RppH (200
nM), as described above. The reaction was quenched by adding EDTA (5 ul of a 100 mM
solution). A sample (10 pl) was removed, and the integrity of the RNA was examined by
electrophoresis on a boronate gel prepared with 16% acrylamide:bisacrylamide (19:1) and
0.25% 3-acrylamidophenylboronic acid in 0.1 M Tris-acetate, pH 9.0, and 7 M urea. The
remaining reaction product (15 pl) was subjected to alkaline hydrolysis by adding 0.2 M
NaOH (5 pl) and heating the mixture at 95°C for 15 min. The hydrolysis products were
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neutralized with 3 M formic acid (5 pl) and spotted onto a PEI-cellulose TLC plate beside a
set of markers generated by alkaline hydrolysis of untreated triphosphorylated,
diphosphorylated, monophosphorylated, and Aps-capped AG(CU)q3 or triphosphorylated,
diphosphorylated, monophosphorylated, and Gps-capped GA(CU)13. The plate was
developed with a solution containing 0.4 M ammonium sulfate, pH 5.5, and the radiolabeled
spots were detected with a Typhoon Trio imager (GE Healthcare).

esCAPade—To determine the number of phosphates between the cap nucleoside and the
first transcribed nucleoside of capped RNA, total RNA extracted either from wild-type £.
coli cells that had been treated with 0.2 mM CdCl, for 90 minutes or from unstressed £. colf
AagpaH cells (10 ug) was analyzed in parallel with Aps-, Aps-, and Aps-capped ye/P RNA
standards that had been synthesized by /n vitrotranscription (5 ng spiked into 10 pg of total
RNA from E. coli AyeiP cells). All samples were analyzed in triplicate, including biological
replicates of the cellular RNA. To convert any uncapped 5° ends to unreactive hydroxyls,
the RNA samples (10 pg) were first treated with calf intestine alkaline phosphatase (10
units) for 1 hr at 37°C in a solution (20 pl) containing Tris-HCI, pH 7.9 (100 mM), NaCl
(100 mM), MgCl, (10 mM), dithiothreitol (1 mM), and rRNasin (2 units/ul). The reactions
were quenched with EDTA (215 pl of a 3.5 mM solution), and the RNA was recovered by
phenol extraction and ethanol precipitation. Next, the RNA samples were decapped with
ApaH (200 nM) for 2 hours at 37°C in a solution (20 ul) containing of HEPES, pH 7.6 (20
mM), MgCl, (5 mM), dithiothreitol (1 mM), and rRNasin (2 units/ul). The reactions were
quenched with EDTA (215 pl of a 3.5 mM solution), and the RNA was recovered by phenol
extraction and ethanol precipitation. The RNA samples were then analyzed by PACO and
PABLO (Fig. S1) to quantify the fraction of the decapped ye/P5" ends that were
diphosphorylated (able to be recapped by Schizosaccharomyces pombe Pcel) or
monophosphorylated (able to undergo splinted ligation by T4 DNA ligase), respectively
(Luciano and Belasco, 2019). As standards for comparison, triphosphorylated,
diphosphorylated, and monophosphorylated yeiP RNAs that had been synthesized by /n
vitro transcription and spiked into total RNA from £. coli AyeiP cells were analyzed in
parallel. The resulting Northern blots were probed with a5” end-labeled oligonucleotide
complementary to yeiP mRNA. Bands were visualized on a Typhoon Trio imager (GE
Healthcare) and quantified by using ImageQuant TL software.

Characterization of the cap nucleobase—Wild type or AgpaH cells were grown to
mid-log phase (ODgsp = 0.4) at 37°C in MOPS-glucose medium containing a low
concentration of potassium phosphate (0.2 mM). Cells from a sample of the culture (25 ml)
were pelleted by centrifugation, washed by resuspension in MOPS-glucose medium lacking
potassium phosphate (25 ml), pelleted again, and resuspended in phosphate-free MOPS-
glucose medium (14 ml). To half of the cells, 32P-labeled orthophosphate (15 mCi, 0.18 pM)
was added; to the other half, unlabeled potassium phosphate (0.18 uM) was added. (The
unlabeled half was processed in parallel to help monitor the efficacy of disulfide stress and
the progress of RNA purification and decapping.) After 5 min, the wild-type cells were
treated with CdCl, (1 mM) for 90 min, and total RNA was extracted. Alternatively, total
RNA was extracted from the AgpaH cells without CdCl, treatment after radiolabeling them
for 20 min. To convert uncapped 5” ends to hydroxyls and hydrolyze any contaminating
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mononucleotides, the RNA samples (~150 pg) were first treated with calf intestine alkaline
phosphatase (150 units) for 1 hr at 37°C in a solution (200 ul) containing Tris-HCI, pH 7.9
(50 mM), NaCl (100 mM), MgCl, (10 mM), bovine serum albumin (100 pg/ml), and
rRNasin (2 units/ul). The reactions were quenched with EDTA and extracted with phenol,
and the RNA was recovered by ethanol precipitation with ammonium acetate and
fractionated on a 5%-t0-25% sucrose gradient by centrifugation in an SW40 rotor for 23 hr
at 35,000 rpm. Intermediate fractions that contained little or no rRNA or tRNA (as
determined by polyacrylamide gel electrophoresis) were pooled, and the RNA in these
fractions was recovered by ethanol precipitation with ammonium acetate. Any remaining
mononucleotides were removed by gel filtration through Sephadex G-25 (1 ml, elution with
water), and the RNA fractions were pooled, ethanol precipitated with ammonium acetate,
and redissolved in water (80 pl). Samples of the RNA (10 pl) were then decapped or mock-
treated either with ApaH (200 or 0 mM) for 30 min at 37°C in a solution (20 pl) containing
HEPES, pH 7.6 (20 mM) and rRNAsin (1 unit/ul) or with RppH (200 or 0 mM) for 30 min
at 37°C in a solution (20 pl) containing HEPES, pH 7.6 (20 mM), MgCl, (10 mM), and
rRNAsin (1 unit/ul). The enzymes were inactivated by heating the reactions to 65°C for 10
min, and the reaction products were loaded directly onto a Sephadex G-25 column (1 ml)
and eluted with water (100 pl fractions) to separate mononucleotides from RNA. The
fractions containing mononucleotides were vacuum concentrated, and equal amounts (cpm)
were mixed with unlabeled mononucleotide standards and analyzed by thin-layer
chromatography on fluorescent PEI-cellulose plates developed with a buffer containing 0.4
M potassium phosphate, pH 3.3, and 5 mM EDTA. Radioactivity was detected with a
Typhoon Trio imager (GE Healthcare), and the nucleotide standards were detected by UV
quenching.

Cap incorporation by E. coli RNA polymerase—The 222-bp DNA template for /n
vitro transcription by £. coli RNA polymerase comprised a o9 promoter and transcribed
region derived from the E. coli yeiP gene
(CTTAAGGTTAACCACCGAATTCATGAGCGCGCACAGTACCACCTTTTTTGCACCA
GCAAAAGTGCGAATACCACTTGACAGAAAGGCCCGTCGCGAGTACTTTGTCGCG
ATATTTTTAACATTTTCGACTACAGGAATTTTTCGATGCCAAGAGCGAACGAAATT
AAAAAAGGTATGGTACTGAATTACAACGGCTCGTATCCATATCGAAGAACGCAAA
AA, where the region encoding RNA is underlined). To facilitate transcription, the —35
region of the ye/P promoter was changed from TTGCCC to TTGACA. The 113-bp
transcribed region of the template encoded the first 86 nt of ye/PmRNA (witha G — A
substitution at position +9) fused to a 27-nt deoxyribozyme binding site.

Purified £. coli RNA polymerase holoenzyme (1 pmol, kindly provided by Venu
Kamarthapu) was combined with the gel-purified DNA template (1 pmol) and incubated for
5 min at 37°C in a solution (10 pl) containing Tris-HCI, pH 8.0 (40 mM), NaCl (50 mM),
and MgCl, (10 mM). A solution (1 pl) containing ATP (10 mM), UTP (2.5 mM), and AP4A
(0 or 50 mM) was added, and nascent transcripts were allowed to form for 5 min at 37°C. To
radiolabel the RNA at positions +11 and +17, [a-32P] CTP (4 uCi) was added, and the
reaction mixture was left at room temperature for 5 min. Run-off transcription of the DNA
template was then completed by adding a solution (2 pl) containing CTP, GTP, and UTP
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(333 uM each) and allowing RNA synthesis to continue for 5 min at room temperature. The
reaction was quenched with EDTA (2 pl of a 120 mM solution), and the enzyme was heat-
inactivated by incubation at 70°C for 20 min. The 3" vicinal diol of the transcript was
removed by site-specific cleavage with the 10-23 deoxyribozyme DZyeiP573 (4 ul of a 100
UM solution) in the presence of MgCls (2 ul of a 220 mM solution) for 2 hr at 37°C. The
cleavage reaction was quenched with EDTA (210 pl of a 3.5 mM solution), and the RNA
was recovered by phenol extraction and ethanol precipitation. As a control, a portion of each
reaction product was subsequently decapped by treatment with excess RppH (200 nM) for 2
hr at 37°C in a solution (20 pl) containing HEPES, pH 7.6 (20 mM), MgCl, (10 mM),
dithiothreitol (1 mM), and rRNasin (2 units/ul). The radioactive products were then
subjected to boronate gel electrophoresis and detected with a Typhoon Trio imager (GE
Healthcare).

Cap addition by lysyl-tRNA synthetase—Triphosphorylated ye/P RNA (5 ng)
synthesized by /n vitro transcription was treated with £. coliLysU (1 puM) for 4 hr at 37°C in
a solution (15 ul) containing Tris-HCI, pH 8.0 (100 mM), MgCl, (10 mM), ZnCl, (0.1 mM),
ATP (10 mM), lysine (1 mM), inorganic pyrophosphatse (0.1 units), and rRNasin (20 units).
The reaction was quenched with EDTA (210 pl of a 3.5 mM solution), and the RNA was
recovered by phenol extraction and ethanol precipitation. As a control, a portion of each
reaction product was subsequently decapped by treatment with excess RppH (200 nM for 2
hr at 37°C). The yeiP RNA was then cleaved site-specifically 69 nt from the 5" end with a
10-23 deoxyribozyme (DZyeiP69) and analyzed by boronate gel electrophoresis and
Northern blotting with a complementary 5” end-labeled oligonucleotide probe.

MRNA half-life measurements—To examine the contributions of ApaH and RppH to
rates of decapping in the absence of stress, isogenic Aarak AaraH AapaH strains of E. coli
containing plasmid pPBAD-ApaH30 or pPM30-arakE were grown to mid-log phase at 37°C
in LB medium and treated for 30 min with L-arabinose (0.2% v/v for yeiPand 0.1% v/v for
trxB) to induce ApaH synthesis in the strain containing plasmid pPBAD-ApaH30 and then
with rifampicin (200 ug/ml) to arrest transcription. Total RNA was extracted at time
intervals thereafter, and equal amounts (10 pg) were cut with a 10-23 deoxyribozyme
(DZyeiP69 or DZtrxB48) specific for yeiPor trxB mRNA, subjected to electrophoresis on a
boronate gel to separate capped from uncapped RNA, and analyzed by Northern blotting.
Bands corresponding to capped yeiP or trxB mRNA were detected with a complementary 5
end-labeled oligonucleotide probe, visualized on a Typhoon Trio imager (GE Healthcare),
and quantified by using ImageQuant TL software. First-order rate constants for the
disappearance of capped ye/Por trxB mRNA were calculated as described below.

To measure the aggregate half-lives of individual mMRNAs in the absence of stress, £. coli
cells were grown to mid-log phase at 37°C in MOPS-glucose medium, and total RNA was
extracted at time intervals after inhibiting transcription with rifampicin (200 pug/ml). Equal
amounts of each sample (10 pg) were either left untreated (ye/P mRNA) or cut with a 10-23
deoxyribozyme (DZtrxB95) specific for &rxB mRNA. The RNA was then subjected to
electrophoresis on an ordinary polyacrylamide gel and analyzed by Northern blotting. Bands
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corresponding to yeiPor trxB mRNA were detected with a complementary 5” end-labeled
oligonucleotide probe, and half-lives were calculated as described below.

To measure the half-life of capped mMRNAs during disulfide stress, CdCl, (0.2 mM) was
added to cells growing exponentially at 37°C in MOPS-glucose medium, and transcription
was arrested 90 min later with rifampicin (200 pug/ml). Total RNA was extracted at time
intervals thereafter, and equal amounts (10 ug) were cut with a 10-23 deoxyribozyme
(DZzyeiP69 or DZtrxB95) specific for yeiP or trxB mRNA and analyzed by boronate gel
electrophoresis and Northern blotting to separate capped from uncapped RNA. Bands
corresponding to capped yeiPor trxB mRNA were detected with a complementary 5” end-
labeled oligonucleotide probe, and half-lives were calculated as described above.

ApaH inactivation by CdCl, and diamide—Purified ApaH (200 nM) was combined
with CdCl, (0.2 mM), diamide (2 mM), or no inactivating agent in a solution (10 pl)
containing HEPES, pH 7.6 (20 mM), MgCl, (5 mM), and glycerol (1% v/v) and incubated
at 37°C. After 60 min, the product was combined with an equal volume of total cellular
RNA (5 pg) from E. coli AgpaH cells, dissolved in the same buffer, and the mixture was
incubated at 37°C for an additional 15 min. The reaction was quenched with EDTA (210 pl
of a 3.5 mM solution), and the RNA products were phenol extracted, ethanol precipitated,
cut with a 10-23 deoxyribozyme (DZyeiP69) specific for ye/iP mRNA, and analyzed by
boronate gel electrophoresis and Northern blotting with a 5" end-labeled oligonucleotide
probe complementary to yeiP mRNA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of band intensities—Band intensities were quantified by using
ImageQuant TL software. They were normalized either to one another (two bands in the
same gel lane) when calculating the fraction of a particular transcript that was capped or
ligated or to total RNA loaded in the gel lane when measuring degradation rates by Northern
blotting.

Calculation of capped RNA percentages, reaction yields, rate constants, and
half-lives—Tables 1, S1, S3, and S5 list mean values and standard deviations of three
biological replicates (Tables 1 and S5) or three technical replicates (Tables S1 and S3). First-
order rate constants (k) and half-lives (4,) for RNA degradation were calculated from the
slope of the best-fit line for the data graphed semilogarithmically in Figures 5, 6, and S2, as
determined by linear regression (k= -slope; &, = In 2 / k), and standard deviations were
calculated from the standard deviation of each slope. The rate constant for RppH-mediated
decapping in £. coliwas calculated by substracting the rate constant for the disappearance of
the capped transcript in AgpaH ArppH cells from the corresponding rate constant in AgpaH
cells. The rate constant for ApaH-mediated decapping in E. coli was calculated by
substracting the rate constant for the disappearance of the capped transcript in AgpaH cells
from the corresponding rate constant when ApaH synthesis from an ectopic Pgap-avaH
gene was induced with arabinose.
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Statistical extrapolation—The likelihood that a given percentage or more of all £. coli
transcripts are Npy-capped to some extent in cadmium-stressed cells was calculated by
solving the following equation for the value of r:

m n—x, _ xl(n=x)!1-r)
./O p(1-p) dp—w

where pis the probability that a randomly selected £. colitranscript is capped to some extent
(0 £ p< 1), nis the number of transcripts tested, x is the number of tested transcripts found
to be capped to some extent, /mis the minimum fraction of all £. coli transcripts postulated
to be capped to some extent, and ris the likelihood that the true value of pis greater than m
(Hansen et al., 1994). Since all 15 examined transcripts were capped to some extent in
cadmium-stressed cells (7= 15 and x = 15), one can calculate from this equation that there is
an 81% probability (7 that more than 90% (/m) of all £. colitranscripts are capped to some
extent under those conditions.

esCAPade calculations—The PABLO ligation efficiencies of the monophosphorylated
and diphosphorylated yeiP standards (E| p and E|_p, respectively; E, 1 = 0) were calculated
as follows:

Erm= Yl\%M
s

Ep= Y]% >
s

where Y| and Y| p were the fractional PABLO ligation yields measured for the
monophosphorylated and diphosphorylated standards, respectively, and Mg and Dg were the
fraction of those standards that were monophosphorylated or diphosphorylated, as estimated
from the molar ratio of NMP or NDP to the corresponding NTP during their synthesis by /n
vitro transcription (Luciano et al., 2017; Luciano and Belasco, 2019).

The PACO capping efficiencies of the monophosphorylated, diphosphorylated, and
triphosphorylated yeiP standards synthesized by /in vitro transcription (Ecm, Ecp, and EcT,
respectively) were calculated as follows:

g YoM~ Yer - M)
M = My
g _Yep~Yer ~ Py
D =" Dy
Ecr=Yer

where Ycm, Yep, and Yt were the fractional PACO capping yields measured for the
monophosphorylated, diphosphorylated, and triphosphorylated standards, respectively, and
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Mg and Dg were the fraction of those standards that were monophosphorylated or
diphosphorylated (Luciano et al., 2017; Luciano and Belasco, 2019).

The fraction of the Aps-, Aps-, and Apg-capped ye/P standards that actually bore a cap (P3,
P4, and Ps, respectively) was determined by boronate gel electrophoresis and Northern
blotting, and the fraction of each that was monophosphorylated or diphosphorylated after
phosphatase treatment and decapping by ApaH (M3, D3, My, D4, Ms, and Ds, respectively)
was ascertained by PABLO and PAcO as follows:

Y, - E (D)
M=—5—""
LM
Y = Ep(l = M) = Eqy (M)
b= E.~—E
CcD ~ “cT

where M is the fraction of monophosphorylated 5” ends after decapping, D is the fraction of
diphosphorylated 5” ends after decapping, Y, is the measured PABLO ligation yield, Y¢ is
the measured PACO capping vyield, E; \ and E| p are the measured ligation efficiencies of
the monophosphorylated and diphosphorylated standards, respectively, and Ecym, Ecp, and
EcT are the measured capping efficiencies of the monophosphorylated, diphosphorylated,
and triphosphorylated standards, respectively. The interdependence of the calculations of D
and M made it necessary to calculate these values iteratively until each achieved
convergence (Luciano et al., 2017; Luciano and Belasco, 2019). The fractional yield of
monophosphorylated and diphosphorylated products obtained by decapping the Aps-, Aps-,
and Aps-capped standards (Ms/P3, D3/P3, Ma/P4, D4/P4, Ms/Ps, and Ds/Ps, respectively)
was then calculated from the ratio of these values. The fractional yield of decapped products
that were triphosphorylated was calculated by subtraction (T/P, =1 - D,/P— M/Pp).

Parallel measurements and calculations were performed on ye/P mRNA from wild-type E.
coli cells experiencing cadmium stress and from unstressed £. coli AapaH cells to determine
the fraction that was capped (C), the fractional yield of monophosphorylated,
diphosphorylated, and triphosphorylated products obtained after phosphatase treatment and
decapping by ApaH (Mc, D¢, and T¢, respectively), and the corresponding ratios (Mc/C,
Dc/C, and T¢/C, respectively). By comparing these values to those for the in vitro
transcribed standards, we were able to calculate the fraction of ye/PmMRNA in E. colithat
bears an Np3, Npg, or Nps cap (P3¢, Pac, and Psc, respectively) by applying Cramer’s rule
to the following set of linear equations:

Me = M3/ PP+ My /PPy + Mg / Po)Ps
D= D3 /P3Py + Dy / PYPyc+ (D5 / P5Psc
C= P3C+P4C+P5C

Finally, the fraction of ye/P caps containing three, four, or five bridging phosphates was
calculated by normalizing these values to the overall fraction of ye/P mRNA that was capped
(P3c/C, P4c/C, and Psc/C, respectively).
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In this manner, the number of phosphates in an RNA cap could be determined by direct
calculation. However, the complexity of the equations made it difficult to calculate the
standard deviations of P3¢, Pac, Psc, and the other parameters directly from the mean values
and standard deviations of the original measurements. These errors could nevertheless be
determined by Monte Carlo simulation, as follows. The mean values and standard deviations
of the measurements (Tables S1, S3, and S5) were first used to generate random Gaussian
sample sets of 100,000 values for each of the variables, which were then used to calculate
the parameter of interest. For each simulation, a histogram was constructed and fit to a spline
function, and the mode (peak value) was determined. Because of the asymmetry of the
distribution, an asymmetrical error equivalent to one standard deviation was then calculated
by integrating outward from the mode until a confidence level of 68.3% was attained. These
modes and errors are reported in Tables S2, S4, and S6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Disulfide stress induces widespread Np,4 capping of RNA transcripts in £. coli

. In vitro, Np4 caps can be added by RNA polymerase or aminoacyl-tRNA

. Npg4 caps are removed in £. coliby ApaH and RppH, triggering rapid RNA

. ApaH acts as both a sensor and an effector of disulfide stress, which
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Figure 1. Detection of capped RNA in E. coli cells treated with cadmium chloride.
(A) Structure of the dinucleoside tetraphosphate AP4A.

(B) Protection of the 5° phosphates of yeiP mRNA. Total RNA from E£. coli cells that had or
had not been treated with cadmium chloride was treated sequentially with alkaline
phosphatase (Alk phos) and tobacco acid pyrophosphatase (PPase), and any
monophosphorylated yeiPtranscripts that resulted were detected by the ability of their 5
termini to undergo splinted ligation to a DNA oligonucleotide (Ligase). The bent arrow leads
from the full-length yeiPtranscript to its ligation product. RNAs migrating more rapidly
than the full-length transcript correspond to degradation intermediates of ye/PmRNA in E.
coli, these would not have undergone splinted ligation regardless of their 5° phosphorylation
state. See also Fig. S1A.

(C) Detection of capped yeiP mRNA by boronate gel electrophoresis. Total RNA from £.
coli cells that had or had not been treated with cadmium chloride was cleaved site-
specifically 69 nt from the yeiP5" end with a 10-23 deoxyribozyme (Santoro and Joyce,
1997) so as to generate a 5’-terminal fragment bearing a2”,3” cyclic phosphate rather than
a vicinal diol at its 3" end. The RNA was then subjected to electrophoresis on a boronate gel
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or an ordinary polyacrylamide gel, with or without prior decapping (PPase), and yeiP RNA
was detected by Northern blotting (Luciano and Belasco, 2019).

(D) Distinct electrophoretic mobility on a boronate gel of capped ye/P mRNA from
cadmium-treated cells and NAD- or NADH-capped ye/P standards synthesized in vitro. TriP,
triphosphorylated ye/P standard.

(E) Similar electrophoretic mobility on a boronate gel of capped yeiP mRNA from
cadmium-treated cells and Aps-, Aps-, and Aps-capped yeiP standards synthesized in vitro.
(F) Similar electrophoretic mobility on a boronate gel of capped ye/P mRNA from
cadmium-treated cells and Apy-, Cps-, Gps-, and Upy-capped ye/P standards synthesized in
vitro.
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Figure 2. Decapping enzymes and their reaction products.
(A) Decapping /n vitro. Purified ApaH, RppH, and NudC and catalytically inactive mutants

thereof were each tested for their ability to decap yeiP mRNA that had been extracted from
cadmium-treated cells (CdCl,) or had been synthesized with a 5’-terminal Ap4 or Gp, cap
by /n vitro transcription. Decapping was detected by boronate gel electrophoresis and
blotting. WT, wild-type enzyme; Mut, mutant enzyme lacking catalytic activity; —, no
enzyme. See also Figs. S2A, S3, and S7C.

(B) Phosphorylation state of the RNA product of decapping by ApaH or RppH. Ap,-capped
AG(CU)13 (left) and Gpa-capped GA(CU)3 (right) bearing a single 32P label between the
first and second nucleotides were treated with purified ApaH or RppH. The radiolabeled
products were subjected to alkaline hydrolysis (NaOH) and then analyzed by thin layer
chromatography. Control markers were generated by hydrolyzing triphosphorylated (TriP),
diphosphorylated (DiP), or monophosphorylated (MonoP) AG(CU);3 and GA(CU)43
without prior enzyme treatment.
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Figure 3. Phosphate content and nucleobase of caps.
(A) Phosphorylation state of the products of yeiP decapping by ApaH. /n vitro transcribed

yeiPRNA bearing an Aps, Aps, or Aps cap or yeiP RNA extracted from cadmium-treated £.
coli cells (Cd2*) was treated with alkaline phosphatase and then with ApaH, and the fraction
of the decapped yeiP5’ ends that were monophosphorylated (MonoP) or diphosphorylated
(DiP) was determined by PABLO or PACO, respectively (Celesnik et al., 2007; Luciano et
al., 2017; Luciano and Belasco, 2019). The remainder was assumed to be triphosphorylated
(TriP). Each of the synthetic ye/P standards was spiked into total RNA from E. coli AyeiP
cells to simulate the reaction of a complex mixture of cellular RNAs. Each value was
calculated by using data from three experimental replicates (technical replicates for the
capped standards and biological replicates for the cellular RNA). Error bars correspond to a
confidence level of 68.3%, equivalent to one standard deviation. See also Figs. S1, S4 and
S7A and Tables S1-S6.

(B) Calculated fraction of capped yeiP5" ends bearing an Np3, Np4, or Nps cap in cells
treated with cadmium chloride, as determined by esCAPade. The data from panel A were
used to calculate each value. Error bars correspond to a confidence level of 68.3%. See also
Table S6

(C) Characterization of the cap nucleobase. Total RNA extracted from £. coli cells that had
been radiolabeled with [32P] phosphate and exposed to cadmium chloride was treated with
alkaline phosphatase to convert uncapped 5 ends to hydroxyls and hydrolyze any
contaminating mononucleotides. It was then fractionated by sucrose-gradient centrifugation,
and RNAs 100-1,400 nt long were further separated from nucleotide contaminants by size-
exclusion chromatography on Sephadex G-25. The RNA was subsequently treated with
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ApaH, and the radiolabeled nucleotides thereby released were purified by another round of
size-exclusion chromatography, mixed with a set of unlabeled nucleotide standards, and
analyzed by thin-layer chromatography on fluorescent polyethylenimine-cellulose plates.
32p radioactivity; Fluor, fluorescence quenched by the nucleotide standards; *, unidentified
nucleotide; Pi, inorganic phosphate. See also Figs. S5 and S7B.
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Figure 4. Addition of Np4 caps.

(A) Incorporation of AP4A during transcription initiation.

E. coliRNA polymerase was used

to synthesize ye/P RNA by in vitro transcription in the presence or absence of a substantial
excess of Ap,A, and the products were examined by boronate gel electrophoresis, with or
without prior decapping by RppH (PPase). See also Fig. S6A.

(B) Post-transcriptional capping by lysyl-tRNA synthetase. Triphosphorylated yeiP RNA
was treated with purified £. coli LysU in the presence of ATP and lysine, and the reaction
products were examined by boronate gel electrophoresis, with or without prior decapping by

RppH (PPase). See also Fig. S6B.
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Figure 5. Importance of ApaH and RppH for RNA decapping and degradation in E. coli.
(A) Detection of capped yeiP mRNA in cells that lack ApaH but not in cells that lack RppH.

Total RNA was extracted from unstressed cultures of isogenic wild-type, AapaH, or ArppH
cells (top) or from AgpaH cells complemented with a plasmid encoding wild-type or
catalytically inactive ApaH (bottom), and the presence of capped ye/P mRNA was examined
by boronate gel electrophoresis and blotting. WT, wild-type apatH allele; Mut, mutant apaH
allele encoding a catalytically inactive enzyme; —, no plasmid. See also Fig. S2B.

(B) Calculated fraction of capped yeiP5" ends bearing an Np3, Npa, or Nps cap in AgpaH
cells, as determined by esCAPade. The data from Fig. S7A and two additional biological
replicates were used to calculate each value (Table S6). Error bars correspond to a
confidence level of 68.3%. See also Figs. S1 and S7A and Tables S1-S6.

(C) Rate of loss of capped yeiP mRNA after arresting transcription in £. coli apaH and ropH
mutants. Cultures of the indicated strains growing without stress in LB were treated with
rifampicin to arrest transcription, and equal amounts of total RNA extracted at time intervals
thereafter were analyzed by boronate gel electrophoresis and blotting. Data from
representative experiments are shown. See also Fig. S2C.

(D) Effect of an apaH deletion on the aggregate decay rate of ye/P mRNA in the presence or
absence of RppH. Cultures of the indicated strains growing without stress in MOPS-glucose
were treated with rifampicin, and equal amounts of total RNA extracted at time intervals
thereafter were analyzed by electrophoresis on ordinary polyacrylamide gels. Data from
representative experiments are shown. See also Fig. S2D.
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Figure 6. Effect of disulfide stress on RNA capping and degradation in E. cali.
(A) Presence of capped yeiP mRNA in diamide-treated cells. Total RNA from E. coli cells

that had or had not been treated with diamide was analyzed by boronate gel electrophoresis
and Northern blotting, with or without prior decapping with RppH (PPase). See also Fig.
S2E.

(B) Inactivation of ApaH by cadmium and diamide. Purified ApaH was treated with
cadmium chloride or diamide, and the decapping activity that remained was analyzed by
boronate gel electrophoresis and blotting, using yeiP mRNA from a AapaH strain of E. coli
as a substrate.

(C) Slow decapping of yeiP mRNA in cells experiencing disulfide stress. The indicated
strains of £. coligrowing in MOPS-glucose were treated first with cadmium chloride and
then with rifampicin, and equal amounts of total RNA extracted at time intervals thereafter
were analyzed by boronate gel electrophoresis and blotting. Data from representative
experiments are shown. See also Fig. S2F.
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Table 1.

Abundance and 5’-terminal transcribed nucleotide of Np,-capped transcripts.

Transcript | 5’-terminal transcribed | Cadmium stress (%) | AapaH (%)
nucleotide
yeip AF 76+1 361
yeiP-AIG | g * 5+1 9+1
irxB A 41+1 19+1
rpsTP1 AT 611 23+1
rpsTP2 c” 361 19+1
ppa A 43+1 11+1
efp c* 72+1 25+1
yfez A 60+1 161
slyBP1 A 52+2 15+1
slyB P2 A 471 13+1
oo G 4+1 3+1
aak G 8+1 71
IrxA P1 U~ 26+1 24+1
IrxA P2 A 432 11+1
GlmY A 33+2 13+1

The percentage of each transcript that was capped was determined by boronate gel electrophoresis and Northern blotting. Data from three

biological replicates were used to calculate each mean and standard deviation.

*
5’-terminal transcribed nucleotide of capped transcripts independently verified by 5° RACE analysis of the capped fraction. All others are as

reported (Kim et al., 2012).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains

BW25113 Datsenko and Wanner, 2000 | N/A
BW25113 AapaH This study N/A
BW25113 ArppH Luciano et al., 2017 N/A
BW25113 AapaH ArppH This study N/A
BW25113 AapaH AaraE haraH This study N/A
BW25113 AapaH ArppH AarakE DaraH This study N/A
BW25113 AyeiP Luciano et al., 2017 N/A
BW25113 AtrxB Richards et al., 2012 N/A

BL21 (DE3) rne-131 Arna This study N/A
MIC2067 Itaya et al., 1999 N/A
Chemicals, Peptides, and Recombinant Proteins

ApaH This study N/A
ApaH-D37A This study N/A

RppH Foley et al., 2015 N/A
RppH-E53A Foley et al., 2015 N/A

NudC This study N/A
NudC-E178A This study N/A
Tobacco acid pyrophosphatase Epicentre T19100
Pcel Luciano et al., 2017 N/A

E. coliRNA polymerase Nudler et al., 2003 N/A

LysU This study N/A

T7 RNA polymerase Thermo Fisher EP0111
T4 DNA ligase Luciano et al., 2017 N/A

Calf intestinal alkaline phosphatase New England Biolabs M0290L
T4 polynucleotide kinase New England Biolabs M0201L
rRNasin Promega N251B
Inorganic pyrophosphatase Sigma-Aldrich 11643

T4 RNA ligase 1 New England Biolabs M0204
SuperScript 111 reverse transcriptase Thermo Fisher 18080-044
Nucleotides used in these studies Table S7 N/A
Orthophosphoric acid, [*2P] Perkin Elmer NEX0535015MC
TALON Metal Affinity Resin Clontech 635503
UNO Q1 column Bio-Rad 7200001
TLC PEI cellulose F Millipore 105579
3-acrylamidophenylboronic acid Ivanov et al., 2004 N/A
Immobilon-Ny+ Millipore INYCO00010
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REAGENT or RESOURCE SOURCE IDENTIFIER
Sephadex G-25 GE Healthcare 17-0031-02
Phenol Fisher Scientific A92-500
Cadmium chloride
Diamide Sigma-Aldrich D3648
L-arabinose Sigma-Aldrich A3256
Isopropyl B-D-1-thiogalactopyranoside (IPTG) | GoldBio 12481
L-lysine Sigma-Aldrich L5626
Sucrose Sigma-Aldrich S0389
Rifampicin Sigma-Aldrich R3501
Oligonucleotides
Oligonucleotides used in these studies | Table S7 N/A
Recombinant DNA
Plasmids used in these studies | Table S7 N/A
Software and Algorithms
ImageQuant TL GE Healthcare 29000737
ciCalc2 This study https://www.dropbox.com/sh/yni7ayej6igz2mu/

AADNWGYK__InvwHHUDc_01d0a?dI=0
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