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SUMMARY

RNA maodifications that once escaped detection are now thought to be pivotal for governing RNA
lifetimes in both prokaryotes and eukaryotes. For example, converting the 5’-terminal triphosphate
of bacterial transcripts to a monophosphate triggers 5’ -end-dependent degradation by RNase E.
However, the existence of diphosphorylated RNA in bacteria has never been reported, and no
biological role for such a modification has ever been proposed. By using a novel assay, we show
here for representative Escherichia coli mRNAS that ~35-50% of each transcript is
diphosphorylated. The remainder is primarily monophosphorylated, with surprisingly little
triphosphorylated RNA evident. Furthermore, diphosphorylated RNA is the preferred substrate of
the RNA pyrophosphohydrolase RppH, whose biological function was previously assumed to be
pyrophosphate removal from triphosphorylated transcripts. We conclude that triphosphate-to-
monophosphate conversion to induce 5”-end-dependent RNA degradation is a two-step process in
E. coliinvolving -y-phosphate removal by an unidentified enzyme to enable subsequent -
phosphate removal by RppH.
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Luciano et al. show that diphosphorylated mMRNA 5" ends are abundant in £. co/iand that the £,
coli RNA pyrophosphohydrolase RppH prefers diphosphorylated substrates to their
triphosphorylated counterparts. Their findings suggest that converting triphosphorylated to
monophosphorylated 5 ends before RNase E cleavage involves sequential phosphate removal by
distinct enzymes.
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INTRODUCTION

Of the various mechanisms by which genes are regulated, mMRNA degradation is among the
least well understood. In both eukaryotes and prokaryotes, the lifetimes of individual
messages can differ by as much as two orders of magnitude, with proportionate effects on
protein synthesis. However, in spite of the widespread regulatory impact of this process, the
basis for most differences in mRNA longevity has yet to be explained.

Eukaryotic mRNAs are typically protected from unrestrained degradation by a 5’-terminal
cap and a 3’-terminal poly(A) tail, the removal of which is tightly controlled and exposes
messages to rapid exonucleolytic destruction (Garneau et al., 2007). By contrast, bacterial
mMRNAs are thought to be protected by a 5’-terminal triphosphate and a 3’-terminal stem-
loop and to be degraded by a distinct set of ribonucleases (Hui et al., 2014). Despite progress
toward elucidating mMRNA decay in bacteria, many of the most important molecular
mechanisms that govern mRNA longevity in such organisms have remained obscure, even in
so well studied a species as Escherichia coll.

In E. coli, MRNA degradation usually proceeds via either of two pathways that both involve
cleavage by RNase E, an endonuclease that cuts with only modest sequence specificity in
single-stranded regions that are AU-rich (McDowall et al., 1994; Lin-Chao et al., 1994;
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Kaberdin, 2003; Del Campo et al., 2015; Chao et al., 2017). In one of these pathways,
RNase E gains direct access to internal sites within unprocessed primary transcripts bearing
a 5’-terminal triphosphate. Cleavage at these sites produces two fragments: (i) a5’ fragment
that lacks a protective stem-loop at its 3" terminus and therefore undergoes rapid 3’-
exonucleolytic degradation and (ii) a monophosphorylated 3" fragment that is highly
susceptible to further RNase E cleavage due to the preference of this enzyme for substrates
that have a single phosphate at the 5° end (Mackie, 1998). Degradation by the other pathway
is 5”-end-dependent, as it is triggered by removal of two of the three phosphates from the 5’
terminus of primary transcripts so as to generate a full-length mRNA that is
monophosphorylated and therefore vulnerable to attack by RNase E (Celesnik et al., 2007).
Central to this initial triggering event is the RNA pyrophosphohydrolase RppH (Deana et al.,
2008).

In vitro, E. coli RppH converts triphosphorylated RNA to monophosphorylated RNA in a
single step by cutting between the two phosphates (a and B) adjacent to the first nucleoside,
generating pyrophosphate as the principal by-product (Deana et al., 2008). This reaction
requires at least two unpaired nucleotides at the 5" end, helping to explain the protective
effect of the 5'-terminal stem-loop structures that are present on some long-lived transcripts
in E. coli (Foley et al., 2015). Apart from this strict requirement, £. coliRppH is able to
remove pyrophosphate from RNAs that begin with any 5’-terminal sequence, although it has
a modest preference for A over G at position 1 and for a purine at position 2 (Foley et al.,
2015; Vasilyev and Serganov, 2015). The purified enzyme is also able to remove a single
phosphate from the 5" end of diphosphorylated transcripts synthesized 7 vitro (Vasilyev and
Serganov, 2015), again by cutting between the a and p phosphates.

RppH plays a crucial role in 5”-end-dependent mRNA degradation in £. coli, where deletion
of the ropH gene reduces the percentage of full-length transcripts that are
monophosphorylated almost to zero and prolongs the lifetime of hundreds of mMRNAs
(Deana et al., 2008) while also impairing the ability of pathogenic £. co/ito invade human
cells (Badger et al., 2000). By contrast, overproducing RppH has little effect on the
phosphorylation state or half-life of the mMRNAs it targets, suggesting that the rate of
formation of the full-length monophosphorylated intermediate may be limited by the cellular
concentration of an ancillary factor or by a hypothetical step that precedes attack by RppH
(Luciano et al., 2012). This observation led to the discovery that the specific activity of
RppH is boosted 2-3 fold in £. coli by binding to the diaminopimelate epimerase DapF (Lee
et al., 2014). However, the possibility of a prior step that triggers the action of RppH has not
previously been explored.

We have now investigated whether conversion of a 5”-terminal triphosphate to a
monophosphate in £. coli occurs in a single step by pyrophosphate removal, as has
commonly been assumed. Our examination of representative triphosphorylated £. coli
transcripts reveals that they are first transformed into diphosphorylated RNAs, which
accumulate to a high cellular concentration, and that the latter RNAS, not their
triphosphorylated precursors, are the preferred substrates of RppH. These results indicate
that a previously unrecognized event enables 5 -end-dependent mRNA degradation in £.
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coli and raise the possibility of an important role for diphosphorylated 5" ends in other
RNA-related cellular processes.

Comparative reactivity of diphosphorylated and triphosphorylated RNA as RppH

substrates

In principle, the conversion of a 5”-terminal triphosphate to a monophosphate could occur in
one step by pyrophosphate removal or in two steps by a mechanism involving sequential loss
of the -y and P phosphates and the transient production of a diphosphorylated intermediate.
However, whether diphosphorylated RNA molecules exist in bacterial cells has not
previously been investigated. To begin to address the possibility of a diphosphorylated
intermediate in 5”-end-dependent mRNA degradation in £. coli, we first compared the
reactivity of diphosphorylated and triphosphorylated RNA as substrates for RppH (Figure
1A). To conduct this test, we used a variant of the £. coli yeiPtranscript, which encodes a
paralog of the translation elongation factor EF-P and decays by an RppH-dependent
mechanism /in vivo (Deana et al., 2008; Richards et al., 2012). This variant (ye/iP-U2G)
contained a U-to-G substitution at the second nucleotide to facilitate its synthesis by T7
RNA polymerase.

Diphosphorylated and triphosphorylated yeiP-U2G RNAs were prepared by in vitro
transcription along with another diphosphorylated transcript that was included as an internal
standard in every experiment. The pairwise reaction of these substrates with purified £. coli
RppH was examined by monitoring the conversion of each to a monophosphorylated product
as a function of time. This was accomplished by PABLO, a splinted ligation assay in which
the 5" end of monophosphorylated RNA is joined to a DNA oligonucleotide (Celesnik et al.,
2007, 2008). By contrast, diphosphorylated RNA undergoes ligation at a meager rate (Figure
S1), and triphosphorylated RNA is completely unreactive (Celesnik et al., 2007). The
ligation product and any remaining unligated RNA are then separated by gel electrophoresis
and quantified by Northern blotting. Although the ligation reaction is not sufficiently fast to
proceed all the way to completion, even with fully monophosphorylated RNA, the
percentage of 5” ends that are monophosphorylated can be accurately calculated from the
ratio of the ligation yield for a sample of interest to that of a fully monophosphorylated
control sample (Luciano et al., 2012).

Using this procedure, the reactivity of diphosphorylated and triphosphorylated yeiP-U2G
RNA as substrates of £. coli RppH was compared (Figure 1B, C). These rate measurements
demonstrated that diphosphorylated ye/P-U2G reacts with RppH at least three times faster
than its triphosphorylated counterpart, while the reaction rate of the diphosphorylated
internal standard did not vary.

Previous studies have demonstrated that the reactivity of triphosphorylated substrates with £.
coli RppH is influenced by the identity of the nucleotide at the second position, where a
purine (especially G) is preferred over a pyrimidine (Foley et al., 2015; Vasilyev and
Serganov, 2015). To determine whether this sequence preference also applies to
diphosphorylated substrates, we compared the reaction rates of four dinucleotide substrates
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(AG, AA, AU, and AC) bearing two or three phosphates at the 5” end. The progress of each
reaction was monitored by using anion-exchange chromatography to separate the substrate
and product, which were then detected spectrophotometrically (Figure 2A). In every case,
the diphosphorylated substrate reacted with £. co/i RppH at least ten times faster than its
triphosphorylated counterpart (Figure 2B, Table S1). Each substrate yielded a
monophosphorylated dinucleotide as the sole reaction product; no diphosphorylated
intermediate was detected for the triphosphorylated substrates. Moreover, as previously
reported for triphosphorylated RNA, the order of reactivity of the diphosphorylated
substrates with RppH was AG = AA > AU > AC.

Assay for detecting diphosphorylated intermediates in cellular RNA

The much greater reactivity of £. coli RppH toward diphosphorylated versus
triphosphorylated RNA raised the possibility that the former might be its principal biological
substrate, a notion consistent with the hypothesis that the conversion of 5’-terminal
triphosphates to monophosphates might often proceed via a diphosphorylated intermediate.
To ascertain whether such decay intermediates exist in cells, we devised an assay —
Phosphorylation Assay by Capping Outcome (PACO) — that makes it possible to determine
the percentage of a particular RNA that is diphosphorylated at the 5" end (Figure 3A). This
method is based on the substrate specificity of the RNA guanylyltransferase that catalyzes
the second step of RNA capping in eukaryotic cells: the reaction of GTP with a
diphosphorylated 5" end to add an unmethylated cap (Shuman, 2001). We reasoned that
such capping would render the 5 end of diphosphorylated RNA resistant to alkaline
phosphatase, whereas the 5’-terminal phosphates of triphosphorylated or
monophosphorylated RNA would remain susceptible to removal by alkaline phosphatase
due to the inability of the guanylyltransferase to cap those RNAs. Subsequent
pyrophosphatase treatment would release the cap from transcripts that had originally been
diphosphorylated to produce a monophosphorylated product that could be detected and
quantified by PABLO.

The specificity of PACO was tested by using the RNA guanylyltransferase of
Schizosaccharomyces pombe (Pcel) (Pei and Shuman, 2002) to analyze /n vitro transcribed
yeiP- U2G RNA bearing one, two, or three phosphates at the 5” end (Figure 3B). In each
case, the /n vitrotranscript was mixed with total £. col/i RNA from AyeiP cells to simulate
the conditions of an actual assay of an endogenous E. colitranscript. As anticipated,
diphosphorylated yeiP-U2G was capped and subsequently ligated with a high yield (69%).
The failure to achieve a yield of 100% was due primarily to incomplete ligation of the
monophosphorylated assay intermediate to the DNA oligonucleotide, as evidenced by the
80% ligation yield observed when all prior steps except pyrophosphatase treatment were
omitted from the procedure, but was also due in part to incomplete capping by Pcel. From
these values and some other minor corrections (see STAR Methods), we calculated a
capping efficiency (Ep) of 0.90 £ 0.06 for the diphosphorylated substrate on a scale from 0
(no capping) to 1 (complete capping) (Tables S2 and S3). Ligation was observed for this
substrate only when it was capped by Pcel prior to being treated with alkaline phosphatase.
The triphosphorylated and monophosphorylated RNAs yielded significantly smaller
amounts of ligation product in the assay (Et = 0.31 £ 0.09 and Epy = 0.04 £ 0.03,
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respectively). This lack of strict specificity appears to be an intrinsic property of Pcel, as
demonstrated by the complete absence of a ligation product when treatment with this
enzyme was omitted from the assay, and it is a property shared by other RNA
guanylyltransferases (Yu and Shuman, 1996; Chen et al., 1999). These imperfections can all
be accommodated when analyzing biological RNA samples, as it is possible to compensate
mathematically for both the incomplete reactivity of diphosphorylated RNA and partial
reactivity of triphosphorylated and monophosphorylated RNA by using the following
equation to calculate the fraction of a particular RNA that is diphosphorylated:

Y/EL)iET (]‘71\/[)7EM (1\1)
E,—E

D T

o

where D is the diphosphorylated fraction, M is the monophosphorylated fraction (as
determined by PABLO), Y is the fractional PACO ligation yield, and E__is the ligation
efficiency of fully monophosphorylated RNA. This equation is derived from two simpler
ones: the fraction of RNA that becomes capped (Y/E ) =Er T+EpD+EyMand T+ D +
M =1, where T is the triphosphorylated fraction.

Presence of diphosphorylated RNA in E. coli

We next used PACO to investigate whether diphosphorylated RNA could be detected in £.
coli. If formed, such RNAs might have a fleeting existence /n vivo due to their susceptibility
to rapid phosphate removal by RppH. Therefore, we decided to test for their presence in
cells containing or lacking this enzyme. By performing these tests on cellular ye/P-U2G
mMRNA in parallel with the /n vitro transcribed ye/P-U2G standards shown in Figure 3B,
whose length and sequence were identical to those of the cellular transcript, it was possible
to accurately quantify the fraction of this transcript that was diphosphorylated in £. col.

Diphosphorylated yeiP-U2G mRNA was detected at substantial levels in both the presence
and absence of RppH. In log-phase ropH* cells, 34 + 6% of yeiP-U2G was diphosphorylated
at steady state (Figure 3C, Tables S4 and S5). This value rose to 108 + 13% in the absence
of RppH. No ligation was observed without prior capping by Pcel, evidence that none of the
cellular yeiP-U2G mRNA was intrinsically resistant to treatment with alkaline phosphatase.
Parallel analysis of the same RNA samples by PABLO showed that nearly all the rest of the
yeiP-U2G mRNA in the rppH* strain was monophosphorylated (71 + 3%), whereas little or
none was monophosphorylated in ArppH cells (-3 + 1%) (Figure 3D). Consequently, it
appears that almost none of this transcript remained triphosphorylated at steady state in
either cell type. We also compared PACO ligation yields for wild-type ye/PmRNA in cells
containing or lacking RppH. Although the 5’-terminal sequence of this transcript (AU...)
prevented its synthesis by T7 RNA polymerase and therefore precluded precise quantitative
analysis, a substantial fraction of ye/P mRNA appeared to be diphosphorylated in ropH*
cells and even more was diphosphorylated in ArppH cells (Figure S2), results consistent with
those for the U2G variant.

To begin to assess how common diphosphorylated mMRNAs are in £. coli, we also examined
the 5" phosphorylation state of the /met£ transcript, which encodes a homocysteine
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transmethylase important for methionine biosynthesis. This message was chosen because its
decay rate in £, coliis RppH-dependent (Figure S3) and its 5'-terminal nucleotide sequence
(GUAAALC...) is completely different from that of ye/P-U2G (AGAUUU...). PACO analysis
in conjunction with a set of /n vitro transcribed met£ standards (Figure 4A), whose length
and sequence matched those of the cellular transcript, revealed that 51 + 8% of metE mRNA
is diphosphorylated in cells containing RppH, a value that rises to 96 + 7% in ArppH cells
(Figure 4B, Tables S2-S5). Because 27 + 2% of metE transcripts are monophosphorylated
when RppH is present (versus =5 + 1% in ArppH cells) (Figure 4C), we calculate that only
~22% of metE mRNA is ordinarily triphosphorylated at steady state.

To confirm the presence of diphosphorylated mRNA in £. coli, we compared the number of
phosphates present in the capped 5” ends produced by the reaction of Pcel with either
cellular yeiP-U2G mRNA or triphosphorylated, diphosphorylated, and monophosphorylated
yeiP-U2G standards synthesized by /n vitrotranscription. Each was capped by prolonged
reaction with Pcel in the presence of [a-32P]GTP, and the capped 5’-terminal nucleotide
was then released from the RNA by hydrolysis with nuclease S1 and examined by thin layer
chromatography and autoradiography. As expected, Pcel reacted with the diphosphorylated
standard to generate a capped product whose digestion with S1 released radiolabeled P1-
guanosine-P3-adenosine-5",5 -triphosphate (GpppA) (Figure 3E). Capping an equal
concentration of the triphosphorylated standard and subsequent hydrolysis produced
primarily P1-guanosine-P4-adenosine-5",5’-tetraphosphate (GppppA). Little if any capped
reaction product was observed for the monophosphorylated standard. Parallel analysis of
yeiP-U2G mRNA purified from total RNA that had been extracted from either wild-type or
ArppH cells yielded GpppA as the sole radioactive product of RNA capping, verifying that
diphosphorylated mRNA is abundant in E. coli. As expected, yeiP-U2G from ArppH cells,
where virtually all of that transcript is diphosphorylated, yielded about three times as much
GpppA as did a similar amount of the same transcript from wild-type cells, where 71% is
monophosphorylated.

Finally, to rule out the possibility that the phosphorylation state of transcripts might be
perturbed during RNA extraction from £. coli, fully triphosphorylated, diphosphorylated, or
monophosphorylated ye/P-U2G mRNA that had been synthesized by /n vitro transcription
was added to intact £. coli cells lacking a yeiP gene, and total RNA was then extracted from
those cells. The extraction procedure had no effect on the phosphorylation state of the
spiked-in transcripts, as judged by PACO and PABLO (Figure S4).

Competitive 5’-terminal incorporation of ATP versus ADP by E. coli RNA polymerase

In principal, the great excess of diphosphorylated yeiP-U2G and metE mRNA over their
triphosphorylated counterparts could be a consequence of the preferential synthesis of
diphosphorylated transcripts by RNA polymerase or the swift removal of the -y phosphate of
triphosphorylated primary transcripts shortly after they are made. To distinguish between
these possibilities, we compared the incorporation of ATP and ADP at the 5" end of a
transcript during its synthesis by purified £. coli RNA polymerase. This RNA, EclVTa,
which bore a single, 5’ -terminal adenylate nucleotide, was produced by 77 vitro transcription
at various ATP : ADP ratios, and its 5° phosphorylation state was examined by PACO. The
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ratio of triphosphorylated to diphosphorylated Ecl\VVTa exceeded the ratio of ATP to ADP
present during its synthesis by approximately five-fold (Figure 5). These results indicate that
E. coli RNA polymerase favors ATP over ADP when initiating transcription. In view of the
ratio of nucleotides available for transcription initiation in £. coli, which are predominantly
triphosphorylated (ATP : ADP: AMP =92 :5:3and GTP: GDP:GMP =87:12:1in
minimal glucose medium (Bennett et al., 2009)), we conclude that both ye/P-U2G and metE
mRNA are synthesized with a 5’-terminal triphosphate. Evidently, the triphosphate is then
rapidly converted to a more stable diphosphate, which eventually undergoes p-phosphate
removal by RppH as a prelude to 5"-end-dependent degradation.

Relative reactivity of diphosphorylated RNA as an RNase E substrate

RNase E has a well documented preference for monophosphorylated over triphosphorylated
substrates (Mackie, 1998; Jiang et al., 2000; Tock et al., 2000). The long lifetime of the
diphosphorylated mRNAs that accumulate in £. co/iwhen RppH is absent suggested that
they, like their triphosphorylated precursors, are likely to be cleaved slowly by RNase E. To
test this hypothesis, we examined the rate at which this enzyme cuts diphosphorylated yeiP-
U2G RNA, whose the 5” untranslated region is known to contain several RNase E cleavage
sites (Richards et al., 2012; Richards and Belasco, 2016). Purified N-RNase E (the catalytic
amino-terminal domain of RNase E) was added to /n vitrotranscribed yeiP-U2G RNA
bearing one, two, or three phosphates at the 5” end, and the reaction was monitored by
Northern blotting (Figure 6). The monophosphorylated substrate was rapidly cut to produce
multiple discrete cleavage products resembling decay intermediates observed /n vivo. By
contrast, the diphosphorylated and triphosphorylated substrates were both cut much more
slowly, demonstrating that a 5’-terminal diphosphate is not able to accelerate RNase E
cleavage significantly.

DISCUSSION

Until now, it has commonly been assumed that the 5" ends of bacterial RNAs are ordinarily
either triphosphorylated as a result of transcription initiation with a nucleoside triphosphate
(Maitra et al., 1965) or monophosphorylated as a consequence of subsequent pyrophosphate
removal or RNA cleavage (Crouch, 1974; Kole and Altman, 1981; Szeberényi et al., 1983;
Deana et al., 2008), with rare exceptions (Collins et al., 2007; Cook et al., 2013; Cahova et
al., 2015). However, direct evidence for triphosphorylated RNA in bacterial cells is rather
limited, as it is based largely on the detection of triphosphorylated fragments among the
products of chemical or enzymatic digestion of £. co/iRNA (Jorgensen et al., 1969;
Ginsburg and Steitz, 1975; Bieger and Nierlich, 1989). Our finding that diphosphorylated
yeiP-U2G and metE mRNA are each much more abundant than their triphosphorylated
counterparts in £. coli (34-51% versus only 0-22%) refutes the putative predominance of
triphosphorylated mMRNA 5" ends and suggests that the 5’-terminal triphosphate of both
primary transcripts is quickly converted to a diphosphate as the initial event in their 5"-end-
dependent degradation (Figure 7). This modification creates a better substrate for RppH,
which is able to remove the § phosphate from the diphosphorylated species much faster than
it could have removed pyrophosphate from the triphosphorylated primary transcript.
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Sequential loss of the -y and B phosphates generates a monophosphorylated intermediate
susceptible to rapid cleavage by RNase E.

The finding that a substantial fraction of each mRNA tested is diphosphorylated and that this
fraction increases to ~100% in the absence of RppH suggests that stepwise conversion of the
triphosphorylated primary transcript to a monophosphorylated product vulnerable to
ribonuclease attack is the principal mechanism by which 5’-end-dependent RNA
degradation is triggered in £. coli. This mechanism is also likely to predominate in other
proteobacterial species, most of which contain orthologs of £. co/i RppH (Foley et al., 2015)
that are expected to share its preference for diphosphorylated substrates. Nevertheless, it is
possible that in some cases -y phosphate removal may be sufficiently slow that RppH
converts triphosphorylated 5” ends to monophosphates in a single step without waiting for
the y phosphate to be removed.

Previously, the presence and functional significance of diphosphorylated 5" ends had gone
unrecognized due to the lack of an analytical method for distinguishing such ends from their
triphosphorylated counterparts. To detect and quantify diphosphorylated mRNA in £. coli,
we devised a novel assay (PACO) that is based on the specificity of the RNA
guanylyltransferase important for mMRNA capping in eukaryotic nuclei. Key to the utility of
PACO is the quantitative nature of this assay, which makes it possible not only to detect
diphosphorylated RNAs but also to determine their relative abundance. Like other enzymes
of its kind (Yu and Shuman, 1996; Chen et al., 1999), the RNA guanylyltransferase
employed in these assays (Pcel of Schizosaccharomyces pombe) is not entirely specific for
diphosphorylated RNA, making it impractical to drive the capping reaction to completion by
using an excess of this enzyme. Instead, it was necessary to interrupt the reaction just as the
capping of diphosphorylated RNA was nearing completion and to compare the reaction yield
for cellular RNA to that for a set of triphosphorylated, diphosphorylated,
monophosphorylated standards that had been synthesized by /n vitro transcription and were
identical in sequence and length to the cellular transcript under investigation. This
knowledge, together with an independent measurement of the percentage of the cellular
transcript that is monophosphorylated, provided all the information required to calculate
how much of that transcript is diphosphorylated /in vivo. The fact that no PACO ligation was
observed without prior capping by Pcel, i.e. that none of the cellular ye/P-U2G or metE
mRNA was intrinsically resistant to alkaline phosphatase, indicates that neither 5" end is
protected detectably by a cap-like structure, a finding consistent with previous evidence
(Cahova et al., 2015). Though effective for determining the phosphorylation state of
individual RNAs, PACO is not suitable for examining an entire transcriptome because the
assay must be calibrated with a distinct set of cognate standards and a PABLO measurement
for each transcript under investigation.

Our finding that the diphosphorylated and monophosphorylated forms of ye/P-U2G and
metE together account for ~80-100% of each full-length transcript means that little
triphosphorylated RNA remains for either of them. The great excess of diphosphorylated
over triphosphorylated 5° ends stands in stark contrast to the ratio of nucleotides available
for transcription initiation in £. coli, which are predominantly triphosphorylated. Moreover,
our data indicate that £. col/i RNA polymerase preferentially incorporates NTPs rather than
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NDPs at the 5" end of transcripts. Therefore, it appears that £. coli cells contain one or more
enzymes that can rapidly remove the y phosphate from primary transcripts. RppH does not
appear to be the source of this triphosphatase activity, as no diphosphorylated intermediate
was detected /n vitro during the conversion of triphosphorylated 5” ends to
monophosphorylated 5 ends by the purified £. colienzyme (Figure 2A), a reaction in
which pyrophosphate, not orthophosphate, is the principal by-product (Deana et al., 2008).
Furthermore, contrary to the phenotype expected for a triphosphatase-deficient mutant,
deleting the rppH gene does not diminish the abundance of diphosphorylated 5” ends in £.
coli (Figures 3C and 4B). For similar reasons (Lee et al., 2014 and PACO analysis of RNA
from AdapF cells [data not shown]), it is also unlikely that DapF, which forms a complex
with RppH, functions as an RNA triphosphatase in £. coli. Nor does E. coli contain a
homolog of the eukaryotic RNA triphosphatases that catalyze the first step in RNA capping.
Whatever the source of this activity may be, it apparently can act on RNAs with a variety of
5’-terminal sequences, including those that begin with either A or G. Nevertheless, it
appears to favor the former, as judged from the markedly greater steady-state ratio of
diphosphorylated to triphosphorylated ye/P-U2G versus metE mRNA despite the likely
preference of RppH for the first two nucleotides of yei”~-U2G (AG versus GU (Foley et al.,
2015; Vasilyev and Serganov, 2015)).

Irrespective of its 5”-terminal sequence, the diphosphorylated RNA generated by the
putative RNA triphosphatase is a much better substrate for RppH than its triphosphorylated
precursor. The =3-10-fold greater reactivity of diphosphorylated RNA explains the need for
yphosphate removal despite the ability of £ coli RppH to convert 5 -terminal triphosphates
directly to monophosphates. The basis for the faster reaction rate of diphosphorylated
substrates is not apparent from the published structures of the liganded enzyme (Vasilyev
and Serganov, 2015) or the relevant pKj of the leaving group, which is significantly higher
for phosphate than for pyrophosphate (12.4 versus 9.3).

RNA maodifications that previously went undetected are now known to play major roles in
governing gene expression in both prokaryotic and eukaryotic organisms (Deana et al.,
2008; Schwartz, 2016). For instance, recent studies have shown that adenosine methylation
can stimulate translation and accelerate mRNA degradation in human cells (Wang et al.,
2014; Wang et al., 2015; Meyer et al., 2015). The discovery that the formation of
diphosphorylated RNA enables 5’ -end-dependent degradation in £. coli provides a prime
example of such a phenomenon in bacteria and a key insight into the mechanism of an
important regulatory pathway that has been implicated in microbial pathogenesis.
Nevertheless, it seems unlikely that bacteria evolved the ability to produce diphosphorylated
RNA solely as a mechanism for initiating degradation, as RppH alone is able to convert 5'-
terminal triphosphates directly to monophosphates, albeit more slowly than it acts on
diphosphates. Instead, the remarkable abundance of diphosphorylated RNA in E. coli raises
the possibility that this novel phosphorylation state may govern additional RNA-dependent
processes, perhaps by enabling binding by regulatory proteins other than RppH or by
preventing RNA 5 ends from being mistaken for nucleoside triphosphates. However diverse
its biological functions might be, the discovery of diphosphorylated RNA in E. coli
demonstrates that modifying the phosphorylation state of bacterial MRNAs is a more
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complex process than previously realized and suggests that the 5” end of bacterial
transcripts may be a busier and more influential locale than heretofore imagined.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the lead contact, Joel G. Belasco (joel.belasco@med.nyu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Growing cells for RNA extraction—Saturated cultures of £. coligrown in MOPS-
glucose (Neidhardt et al., 1974) were diluted into fresh MOPS-glucose (without antibiotic)
to an initial ODggg of less than 0.01 and shaken at 37°C until the ODggq reached 0.28-0.32.

METHOD DETAILS

Strains and plasmids—Measurements of the 5" phosphorylation state and half-life of
MRNA were performed in the £. coli K-12 strain BW25113 (Datsenko and Wanner, 2000)
and an isogenic derivative thereof bearing an in-frame deletion of the rgpH coding region. In
addition, the strains used to analyze yeiPand yeiP-U2G mRNA lacked the chromosomal
copy of the ye/iP gene and instead contained a plasmid (pYeiP1 or pYeiP1-U2G, respectively
(Richards et al., 2012; Foley et al., 2015)) encoding the transcript of interest. Each
chromosomal deletion mutant was constructed by P1 transduction of BW25113 with the
corresponding karn-disrupted gene from the Keio collection (Baba et al., 2006) followed by
excision of the kan gene.

Protein purification—E£. coliRppH bearing an amino-terminal hexahistidine tag
(MHHHHHHG) was produced in £. colifrom plasmid pPlacRppH6, purified by affinity
chromatography on TALON beads (Clontech), and stored at —80°C in a buffer containing 10
mM HEPES (pH 7.5), 0.3 M NaCl, and 50% (v/v) glycerol (Foley et al., 2015; Vasilyev and
Serganov, 2015). £. coli DapF bearing six additional residues (SGSGSG) at the amino
terminus was generated from a protein fusion in which hexahistidine and SUMO tags were
joined in tandem to the amino terminus of DapF. This protein fusion was produced in £. coli
from plasmid pSumo-DapF and purified from cell extracts by affinity chromatography on a
HisTrap column (GE Healthcare). The tags were removed by cleavage with hexahistidine-
tagged ULP1 protease, and the flow-through from a second HisTrap column (no imidazole)
was then concentrated and further fractionated by gel filtration through Superdex 200 (GE
Healthcare). The purified DapF was stored at —80°C in a buffer containing 20 mM Tris-HCI
(pH 8.0), 0.25 M NacCl, and 1 mM dithiothreitol. ULP1 bearing an amino-terminal
hexahistidine tag was produced in £. coli from plasmid pET28b-ULP1 (Mossessova and
Lima, 2000), purified from cell extracts by affinity chromatography on a HisTrap column
(GE Healthcare), concentrated/exchanged into a buffer containing 20 mM Tris-HCI (pH
8.0), 500 mM NaCl, 1 mM EDTA, and 0.05% 2-mercaptoethanol, and stored at —80°C.

Schizosaccharomyces pombe Pcel bearing an amino-terminal HisgSmt3 domain was
produced in £. coli from plasmid pSMT3-Pcel, which was a generous gift from Christopher
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Lima (Memorial Sloan Kettering Cancer Center, New York) (Doamekpor et al., 2014),
purified from cell extracts by elution from TALON beads (Clontech), concentrated/
exchanged into a buffer containing 20 mM Tris-HCI (pH 8.0), 50 mM NaCl, 1 mM 2-
mercaptoethanol, and 20% (v/v) glycerol, and stored at —20°C.

T4 DNA ligase bearing an amino-terminal hexahistidine tag was produced from plasmid
pPlacT4L in the RNase H-deficient £. colistrain MIC2067 (Itaya et al., 1999) and then
purified from cell extracts by elution from TALON beads (Clontech) followed by anion-
exchange chromatography on an UNO Q1 column (Bio-Rad). The purified protein was
concentrated/exchanged into a buffer containing 10 mM Tris-HCI (pH 7.4), 50 mM KClI, 0.1
mM EDTA, 1 mM dithiothreitol, and 50% (v/v) glycerol and stored at —80°C.

E. coli RNA polymerase holoenzyme containing o’% was provided by Vitaly Epshtein and
Evgeny Nudler (NYU School of Medicine, New York) (Nudler et al., 2003).

N-RNase E comprised amino acid residues 1-529 of £. co/iRNase E joined to a carboxy-
terminal extension containing hexahistidine and Myc-epitope tags
(GGAAAHHHHHHVAAEQKLISEEDLNGAARSA). It was produced from plasmid
PNRNE7529 in E. coli, purified from cell extracts by elution from TALON beads
(Clontech), concentrated/exchanged into a buffer containing 20 mM Tris-HCI (pH 7.5), 0.5
M NaCl, 10 mM dithiothreitol, and 20% (v/v) glycerol, and stored at —80°C (Richards and
Belasco, 2016).

RNA synthesis by in vitro transcription—Triphosphorylated ye/iP-U2G and metE
RNA was synthesized in vitro by using T7 RNA polymerase to transcribe a PCR-amplified
DNA template containing a T7 2.5 (ye/P-U2G) or $6.5 (metE) promoter in the presence of
ATP, GTP, CTP, and UTP. Their diphosphorylated and monophosphorylated counterparts
were synthesized in the presence of an 18-30 fold molar excess of ADP (4.4 mM) or AMP
(7.5 mM) over ATP (0.25 mM) in the case of yeiP-U2G or of GDP (7.5 mM) or GMP (7.5
mM) over GTP (0.25 mM) in the case of metE. These /n vitro transcripts were identical to
the corresponding cellular transcripts in their entirety (yeiP”-U2G: 654 nt in length; metE:
2,464 nt in length). In addition, a diphosphorylated RNA (yeiP-std128) comprising the first
128 nucleotides of ye/iP-U2G except for a GGU — CCC substitution at positions 6870 was
prepared by /n vitro transcription for use as an internal standard in rate measurements with
purified RppH. For details about nucleotide purity and oligonucleotide primers, see Tables
S6 and S7.

Reactivity of RppH with polynucleotides—Either diphosphorylated or
triphosphorylated ye/P-U2G RNA (1 pmol) was combined with a diphosphorylated internal
standard (1 pmol of yeiP-std128, a ye/P-U2G variant resistant to cleavage by the 10-23
DNAzyme DZyeiP69) in a total volume of 50 ul. A 5-ul sample was removed as the 0-min
timepoint, and another 5-ul sample was removed and processed as a ligation control by
exhaustive treatment with excess RppH (200 nM at 37°C for 2 hr). The remainder (40 pl)
was prewarmed to 37°C and combined with prewarmed RppH (40 pl) to initiate the reaction.
The final reaction mixture (80 ul) contained the following: diphosphorylated or
triphosphorylated ye/iP-U2G RNA (10 nM), diphosphorylated internal standard RNA (10
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nM), HEPES, pH 7.5 (20 mM), MgCl, (10 mM), dithiothreitol (1 mM), glycerol (1%),
rRNasin (2 units/ul; Promega), RppH (5 nM), and DapF (10 nM). To monitor the progress of
the reaction, samples (10 pl) were removed at time intervals, quenched with excess EDTA,
phenol extracted, and ethanol precipitated. Each sample was then examined by PABLO in
conjunction with the selective cleavage of yeiP-U2G RNA and its ligation product by
DZyeiP69 to increase their electrophoretic mobility. The extent of conversion of
diphosphates or triphosphates to monophosphates at each timepoint was calculated by
normalizing the measured ligation yield to that of the fully monophosphorylated ligation
control.

Reactivity of RppH with dinucleotides—Dinucleotide substrates bearing a 5”-terminal
diphosphate or triphosphate were prepared by /n vitro transcription with T7 RNA
polymerase (Vasilyev and Serganov, 2015; Vasilyev and Serganov, 2016). To measure RppH
activity, reaction mixtures containing 50 mM HEPES, pH 7.5, 10 mM MgCl,, 0.1% Triton
X-100, 100 pM di- or triphosphorylated dinucleotide, and 100 nM RppH were incubated at
37°C for 0-10 min, and 50-pl samples taken at time intervals were quenched by dilution
with 50 mM sodium acetate, pH 5.0 (500 pl). The substrate and product in each sample were
separated by anion-exchange chromatography on a 5x50 mm Mono Q column by applying a
gradient of 0-0.5 M NaCl in 10 mM Tris-HCI, pH 8.0, while recording the elution profile
spectrophotometrically at 260 nm. Peak areas corresponding to the substrate and product
were integrated using UNICORN software (GE Healthcare). Each reaction was repeated two
times.

RNA extraction from E. coli—Total cellular RNA was extracted from £. coli cultures
that had been grown to mid-log phase at 37°C in MOPS-glucose medium. 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 ul 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 (3070 ul) to a
concentration of 0.5-2.0 pg/ul, and stored at —20°C.

PABLO—To determine the percentage of a particular £. colitranscript that was
monophosphorylated, total cellular RNA was combined with oligonucleotide X (0.44 pM),
oligonucleotide Y (0.09 uM), and a transcript-specific 10-23 DNAzyme (8.9 uM) (see Table
S7) in a total volume of 45 pl, heated to 85°C for 5 min, slowly cooled to 30°C, and then
placed on ice for at least 2 min. A solution (35 pl) containing Tris-HCI, pH 7.5 (114 mM),
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MgCl, (23 mM), dithiothreitol (23 mM), ATP (2.7 mM), rRNasin (1 unit/ul; Promega), and
T4 DNA ligase (1.3 uM) was added, and ligation was allowed to proceed for 2 or 4 hr at
37°C before being quenched with EDTA (150 pl of an 8.3 mM solution). The reaction
products were phenol extracted, ethanol precipitated, separated by electrophoresis on a 5—
6% polyacrylamide-urea gel, and transferred to a Hybond-XL membrane (GE Healthcare)
by electroblotting. The blot was then UV-crosslinked and probed with a 5’-radiolabeled
oligonucleotide complementary to the RNA of interest. Bands were visualized on a Typhoon
Trio imager (GE Healthcare) and quantified by using ImageQuant TL software. As a ligation
control, fully monophosphorylated RNA generated by prior treatment with excess RppH
(200 nM for 2 hr at 37°C) was analyzed in parallel. When testing reactivity with RppH in
vitro, the PABLO reactions were performed as above but with four times as much oligo X
(1.8 uM), oligo Y (0.36 uM), and 10-23 DNAzyme (35.6 uM) in a total volume of 45 pl.

PACO—To determine the percentage of a particular £. colitranscript that was
diphosphorylated, total cellular RNA (10 pl, prewarmed) was combined with Pcel (10 pl,
prewarmed) in a reaction mixture containing RNA (5 pg), Tris-HCI, pH 7.5 (50 mM),
dithiothreitol (5 mM), GTP (1 mM), MgCl, (1 mM), rRNasin (2 units/ul; Promega), and
Pcel (100 nM). In parallel, triphosphorylated, diphosphorylated, and monophosphorylated
RNAs identical to the entire £. colitranscript of interest were synthesized by /n vitro
transcription, added to total RNA (5 ug) from £. coli cells devoid of that transcript, and
treated identically. The capping reaction was allowed to proceed for 4 min at 37°C before
being quenched with EDTA (195 pl of a 4 mM solution), and the reaction products were
phenol extracted and ethanol precipitated. The 5’-terminal phosphates of uncapped RNA
were next removed by treatment with calf intestine alkaline phosphatase (0.5 units/pl; New
England Biolabs) in Tris-HCI, pH 7.9 (100 mM), NaCl (100 mM), MgCl, (10 mM),
dithiothreitol (1 mM), and rRNasin (2 units/ul; Promega) for 1 hr at 37°C, and the reaction
products were again phenol extracted and ethanol precipitated. Subsequent treatment of the
capped 5’ ends with excess RppH (200 nM for 2 hr at 37°C) converted them all to
monophosphates, which were then detected by PABLO in conjunction with DNAzyme
cleavage. As a ligation control, fully monophosphorylated RNA generated by prior treatment
with excess RppH (200 nM for 2 hr at 37°C) was analyzed in parallel.

Characterization of caps added by Pcel—Total RNA (260 ug) extracted from £. coli
cells that lacked the chromosomal ye/P gene and instead contained plasmid pYeiP1-U2G
was fractionated by electrophoresis on a 4.5% polyacrylamide/7 M urea gel. A gel slice
containing full-length ye/P-U2G mRNA was excised, crushed, and soaked overnight in
EDTA (1 mM, pH 8.0), and the extracted RNA was ethanol precipitated. To selectively
reduce the length of ye/P-U2G mRNA relative to other, co-purified RNAs of a similar size, it
was then cleaved 444 nucleotides from the 5” end by treatment with DZyeiP444 (20 uM) in
Tris-HCI, pH 7.5 (50 mM), MgCl, (10 mM), and dithiothreitol (10 mM) for 4 hr at 37°C.
The cleavage products were separated by electrophoresis on a 4.5% polyacrylamide/7 M
urea gel, and the fragment comprising the 5’ -terminal 444 nucleotides of yeiP-U2G mRNA
was recovered as described above. In addition, triphosphorylated, diphosphorylated, and
monophosphorylated standards identical to the 5”-terminal 444 nucleotides of yeiP-U2G
MRNA were synthesized /n vitro by run-off transcription with T7 RNA polymerase. Each
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RNA was dissolved in 20 ul of a buffer containing Tris-HCI, pH 7.5 (50 mM), dithiothreitol
(5 mM), [a-32P] GTP (0.65 uCi, 0.078 pM), MgCl, (1 mM), and rRNasin (2 units/pl;
Promega) and capped with Pcel (3.5 uM) for 2 hr at 37°C. The capping reaction was
quenched with EDTA (180 pl of a 4.2 mM solution), and the reaction products were phenol
extracted and ethanol precipitated. The capped 5’-terminal nucleotide was then released by
RNA digestion with S1 nuclease (50 units; Thermo Fisher Scientific) for 30 min at 37°C in 9
ul of a buffer containing sodium acetate, pH 4.5 (40 mM), NaCl (300 mM), and ZnSO4 (2
mM), and the remaining unreacted [a.-32P] GTP was hydrolyzed to guanosine and
orthophosphate by treatment with calf intestinal alkaline phosphatase (1 unit/pl; New
England Biolabs) for 30 min at 37°C in a buffer containing Tris-HCI, pH 8.0 (50 mM) and
MgCl, (10 mM). Finally, the products were analyzed by thin layer chromatography beside
GpppA (1 nmol; New England Biolabs) and GppppA (1 nmol; Jena Bioscience) markers on
a fluorescent PEI-cellulose plate (J.T. Baker) developed with ammonium sulfate (0.4 M, pH
5.5). The radiolabeled products were detected with a Typhoon Trio imager (GE Healthcare),
and the unlabeled GpppA and GppppA markers were detected by UV shadowing.

5 ’-terminal nucleotide incorporation by E. coli RNA polymerase—EcIVTa RNA
was synthesized /in vitro by run-off transcription with £. co/i RNA polymerase of a 174-bp
DNA template that contained a o’% promoter
(CTTAAGGTTAACCACCGAATTCATGAGCGCGCACAGTACCACCTTTTTTGCACCA
GCAAAAGTGCGAATACCACTTGACAGAAAGGCCCGTCGCGAGTACTTTGTCGCG
ATCTTTCTCTGTTGTTCTTCTGTTGGTCTTTTTCCCTGCCCTGTGCGGTCGGCGTT
GCGTTCGGT, where the region encoding RNA is underlined). Purified £. coli RNA
polymerase holoenzyme (16 pmol) was combined with the purified DNA template (8 pmol)
in buffer TB50 (40 mM Tris-HCI, pH 8.0, 50 mM NaCl, 10 mM MgCl,) containing GTP
(0.1 mM), CTP (0.1 mM), UTP (0.1 mM), and a mixture of ATP and ADP at various molar
ratios (2.0 + 0.0 mM, 1.8 + 0.2 mM, 1.0 + 1.0 mM, 0.2 + 1.8 mM, or 0.0 + 2.0 mM). After 1
hr at 37°C, each reaction was quenched with an equal volume of stop solution (20 mM
EDTA, 7 M urea), phenol extracted, and ethanol precipitated. The reaction products were
then combined with total £. co/iRNA (5 pg), cleaved 54 nt from the 5" end by treatment
with the 10-23 DNAzyme DZEcIVTa54 (11 puM; see Table S7) for 2 hr at 37°C in a buffer
containing Tris-HCI, pH 7.5 (50 mM), MgCl, (10 mM), and dithiothreitol (10 mM), and
analyzed by PACO to determine the ratio of 5’-terminal ADP versus ATP incorporation.

RNA cleavage by purified N-RNase E—Monophosphorylated, diphosphorylated, and
triphosphorylated /n vitro transcripts comprising the first 80 nucleotides of ye/P-U2G RNA
(37 nM) were digested with purified N-RNase E (175 nM enzyme subunits) at 30°C in a
buffer containing 25 mM Bis-tris propane (pH 8.0), 100 mM NacCl, and 15 mM MgCl..
Reaction samples (0.33 pmol) were quenched with excess EDTA at time intervals. These
samples were then mixed with total RNA (7.5 ug) from E£. colistrain BW25113 AyeiPto
facilitate precipitation, ethanol precipitated, subjected to electrophoresis on a 7.5%
polyacrylamide-urea gel, and transferred to a Hybond-XL membrane (GE Healthcare) by
electroblotting. The blot was UV-crosslinked and probed with a 5’ -radiolabeled
oligonucleotide (yeiP 80 rev) complementary to the 3" end of the RNA. Bands were
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visualized on a Typhoon Trio imager (GE Healthcare) and quantified by using ImageQuant
TL software.

Decay rate of metE mRNA in E. coli—At time intervals after inhibiting transcription
with rifampicin (200 ug/ml), total RNA was extracted from isogenic £. coli strains
containing or lacking RppH, and the half-life of the metE transcript was determined by
quantitative RT-PCR analysis with SuperScript 111 reverse transcriptase (Thermo Fisher
Scientific), FastStart Universal SYBR Green Master (Rox) (Roche), and primers specific for
metE mRNA and 16S rRNA (see Table S7). The initial concentration of the two cDNAs in
each sample was determined by fitting the gPCR data to a two-parameter MAK2 model
(Boggy and Woolf, 2010; Ritz and Spiess, 2008; Luciano et al., 2012).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification—Northern blot band intensities were quantified by using ImageQuant TL
software (GE Healthcare). Peak areas for the substrates and products of the reaction of
dinucleotides with RppH were determined by using UNICORN software (GE Healthcare).

Statistical analysis—Mean values and standard deviations are provided in Figures 6 and
S3 and in the legends of Figures 1 and 5. Standard deviations of the data plotted in Figure 2
are listed in Table S1. Statistical analysis of the 5° phosphorylation data shown in Figures 3
and 4 is presented in Tables S2, S3, S4, and S5.

Calculating capping efficiencies and phosphorylation states—The capping
efficiency for each standard was calculated by using the following set of equations:

=gt
E 7(YDS/EIS)7<Y¥S/EL ) 1-Dg)
D Ds
E _ Ve /Brg) =Yg /Brg) 1-Mg)
M Iq

where ET, Ep, and Ey, are the capping efficiencies of the triphosphorylated,
diphosphorylated, and monophosphorylated standards, respectively. Yrs, Yps, and Y s are
the fractional PACO ligation yields obtained for each standard, Dg and Mg are the fraction of
those standards that are diphosphorylated or monophosphorylated, as calculated from the
molar ratio of NDP or NMP to the corresponding NTP during their synthesis by /n vitro
transcription, and E| g is the ligation efficiency of the fully monophosphorylated transcript.
(Note that Dg = Mg = 0 for the /n vitrotranscribed triphosphorylated standards, Mg = 0 for
the /n vitro transcribed diphosphorylated standards, and Dg = O for the /n vitro transcribed
monophosphorylated standards and that the correction factors (Yts/E|s) (1 — Ds) and
(YTs/ELs) (1 — Mg) are very small: 0.005 to 0.021 and 0.005 to 0.007, respectively,
depending on the RNA.) These equations were derived from two simpler equations: (Ys/
ELs) =E7 (Ts) + Ep (Ds) + Ep (Mg) and Tg + Dg + Mg = 1, where Yy is the fractional
PACO ligation yield for a given standard and Tg is the fraction of a particular standard that is
triphosphorylated. Mean values and standard deviations were calculated for Ytg, Yps, Yms,
and E| s from multiple measurements of each (Table S2) and subsequently used to generate
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random Gaussian sample sets of 100,000 values for each of these variables. E+, Ep, and Ep
and their errors were then calculated by Monte Carlo simulation (ciCalc). 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 error equivalent to
one standard deviation was then calculated by integrating outward from the mode until a
confidence level of 68.3%, equivalent to one standard deviation, was attained. The modes
and errors are reported in Table S3.

The distributions of Et, Ep, and Ey, were then combined with data from PACO and PABLO
analysis of cellular RNA to calculate the fraction of diphosphorylated and
monophosphorylated ye/P-U2G and metE mRNA in E. coliby Monte Carlo simulation
(ciCalc) with the following equations:

D= Yp/E p)—E1 1-M)-E,, (M)

p Bt
M= Yu *EEPD (D)

LM

where D is the diphosphorylated fraction, M is the monophosphorylated fraction, Y and
Y are the fractional PACO and PABLO ligation yields, E| p and E_ p are the ligation
efficiencies of fully monophosphorylated RNA in PACO and PABLO experiments, and Epp
is the small fraction of diphosphorylated RNA (0.045 for yeiP-U2G and 0.075 for metE (see
Figure S1)) that undergoes ligation by T4 DNA ligase during PABLO. (Note that the
correction factors Ey; (M) and Epp (D) are very small: —0.002 to 0.030 and 0.015 to 0.073,
respectively, depending on the RNA and host genotype.) Random Gaussian sample sets
(100,000 values each) were generated from the means and standard deviations of Yp, E| p,
Ym, and Ey v (Table S4) and then used to calculate D and M by iterative Monte Carlo
simulation. For an initial estimate of D and its error, we performed a Monte Carlo simulation
in which Y \/E pm was used as an approximation of M. The resulting distribution of values
for D and the complete equation for M were then used in a Monte Carlo simulation to
calculate M more accurately. This distribution of M values was subsequently used to
recalculate D, and so on. After three iterations, the modes of the distributions for D and M
had each achieved convergence. These modes and their associated errors (confidence level of
68.3%, equivalent to one standard deviation) are reported in Table S5.

DATA AND SOFTWARE AVAILABILITY

ciCalc: https://www.dropbox.com/sh/tnmfozrubycxq56/

AABDh2ex_ wfMQ6204byQsYKXa?dI=0 ciCalc computes modes (peak values) and
confidence intervals for variables of interest by the Monte Carlo method. These variables are
defined by the user as arbitrary functions of other, input variables, which are assumed to
have Gaussian distributions with known means and standard deviations that are entered by
the user.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

E. coli RppH prefers diphosphorylated RNAs to their triphosphorylated
counterparts.

An assay was devised to detect and quantify diphosphorylated RNA 5" ends.
Diphosphorylated 5" ends were found to be abundant on mRNA in £. coli.

5’-end-dependent RNA decay begins with sequential removal of the y and B
phosphates.
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Figure 1. Relative reactivity of diphosphorylated and triphosphorylated RNA as substrates of
purified E. coli RppH

(A) Substrates and product of the reaction of RppH with diphosphorylated and
triphosphorylated yeiP-U2G RNA. The first six nucleotides of yeiP-U2G are shown. p, 5'-
terminal a, B, or y phosphate. (B, C) The reaction of diphosphorylated and
triphosphorylated ye/P-U2G with RppH was compared in the presence of the ancillary factor
DapF by using PABLO to detect the monophosphorylated reaction products. In each case, a
diphosphorylated derivative of yeiP-U2G with the same 5’-terminal sequence but a distinct
length served as an internal standard. The increase in the concentration of
monophosphorylated reaction products is graphed beneath each blot. Representative
experiments are shown. Bent arrows beside the blots lead from each RNA substrate to its
PABLO ligation product. M, fully monophosphorylated ye/P-U2G generated by treating an
equivalent substrate mixture with excess RppH for an extended period of time. Filled
triangles, reaction of diphosphorylated ye/P-U2G (DiP). Gray circles, reaction of
triphosphorylated ye/iP-U2G (TriP). Empty triangles, reaction of the diphosphorylated
internal standard (Std). In multiple experiments of this kind, the initial reaction rate of
diphosphorylated yeiP-U2G was 3.2 + 0.6 times that of its triphosphorylated counterpart;

Mol Cell. Author manuscript; available in PMC 2018 July 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Luciano et al.

Page 23

because the reactions slowed as a function of time, this value represents a lower limit on the
difference in the initial rates.
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Figure 2. Sequence-independent preference of purified E. coli RppH for diphosphorylated over

triphosphorylated dinucleotide substrates

(A) Chromatographic separation of diphosphorylated and triphosphorylated AG dinucleotide
substrates from monophosphorylated reaction products. Representative samples of separate
reactions were quenched before and 10 min after adding RppH and fractionated by anion-
exchange chromatography. Substrates and products were detected spectrophotometrically as
a function of elution volume, and the chromatographic traces were superimposed. Black
traces, reaction of the diphosphorylated substrate (ppAG) to produce a monophosphorylated
product (pAG). Gray traces, reaction of the triphosphorylated substrate (pppAG) to produce

a monophosphorylated product (pAG).

(B) Relative reactivity of diphosphorylated versus triphosphorylated AG, AA, AU, and AC
dinucleotides. Reaction samples were quenched at 1- to 2-min intervals after adding equal
amounts of RppH and analyzed chromatographically to determine the percentage of
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substrate remaining. Black triangles, reaction of diphosphorylated substrates (DiP). Gray
circles, reaction of triphosphorylated substrates (TriP). Mean values from multiple
experiments are plotted. To avoid obscured error bars, the standard deviation of each
measurement is reported in Table S1.
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Figure 3. Detection of diphosphorylated yeiP-U2G mRNA in E. coli
(A) Method for detecting diphosphorylated RNA (PACO). Pcel preferentially guanylylates

the 5" end of diphosphorylated RNA. Subsequent treatment with alkaline phosphatase
removes the exposed 5’ -terminal phosphates of triphosphorylated and monophosphorylated
RNA but not the protected phosphates of guanylylated RNA, which is then converted to
monophosphorylated RNA by treatment with a pyrophosphatase and detected by PABLO.
(B) Specificity of PACO as determined by analysis of /n vitrotranscribed yeiP-U2G RNA
bearing a 5”-terminal triphosphate (TriP), diphosphate (DiP), or monophosphate (MonoP).
The analytical reactions were performed in the presence of total £. coliRNA from AyeiP
cells to simulate the assay of an endogenous £. coli transcript. See also Tables S2 and S3.
(C) Relative abundance of diphosphorylated ye/P-U2G mRNA in wild-type (WT) and
ArppH cells, as determined by PACO. A vertical line marks the location of superfluous lanes
omitted from the image. See also Tables S4 and S5 and Figures S2 and S4.
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(D) Relative abundance of monophosphorylated ye/P-U2G mRNA in wild-type (WT) and
ArppH cells, as determined by PABLO. See also Tables S4 and S5 and Figures S1 and S4.
(E) Number of phosphates in the yeiP-U2G cap after guanylylation by Pcel. Equimolar
amounts of triphosphorylated, diphosphorylated, or monophosphorylated ye/P-U2G
standards synthesized by /n vitro transcription and ye/P-U2G mRNA selectively purified
from total RNA that had been extracted from wild-type or ArppH cells were capped by Pcel
in the presence of [a-32P]GTP, digested with nuclease S1 to release the capped 5’-terminal
nucleotide, treated with alkaline phosphatase to hydrolyze the remaining GTP, and analyzed
by thin layer chromatography on PEI-cellulose and autoradiography. The radiolabeled
reaction products comigrated with unlabeled samples of GpppA and GppppA that were
obtained commercially and detected by their ability to quench fluorescence (not shown).
Capping and subsequent hydrolysis of the diphosphorylated standard produced GpppA.
Capping and subsequent hydrolysis of the triphosphorylated standard produced primarily
GppppA, along with a small quantity of GpppA whose mechanism of formation is unclear.
*, GppppG produced by Pcel-catalyzed capping of GTP (Wang and Shatkin, 1984); Origin,
denatured reaction intermediate comprising [a.-32 P]guanylate covalently bonded to Pcel
(Shuman and Hurwitz, 1981).

For a detailed explanation of how the values in panels B, C, and D were calculated, see
STAR Methods. Minor discrepancies versus the theoretical maximum (100%) or minimum
(0%) resulted from the small mathematical correction factors that were used and are either
within the margin of error or close to it. A bent arrow leads from each RNA substrate to its
ligation product.
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Figure 4. Detection of diphosphorylated metE mRNA in E. coli
(A) Examination of /n vitrotranscribed metE standards bearing a 5’-terminal triphosphate

(TriP), diphosphate (DiP), or monophosphate (MonoP) by PACO. The reactions were
performed in the presence of total £. co/i RNA from AmetE cells. See also Tables S2 and S3.
(B) Relative abundance of diphosphorylated metE mRNA in wild-type (WT) and ArppH
cells, as determined by PACO. A vertical line marks the location of superfluous lanes
omitted from the image. See also Tables S4 and S5.

(C) Relative abundance of monophosphorylated metE mRNA in wild-type (WT) and ArppH
cells, as determined by PABLO. See also Tables S4 and S5 and Figures S1 and S3.

For a detailed explanation of how the values in panels A, B, and C were calculated, see
STAR Methods. Minor discrepancies versus the theoretical maximum (100%) or minimum
(0%) resulted from the small mathematical correction factors that were used and are either
within the margin of error or close to it. A bent arrow leads from each RNA substrate to its
ligation product.
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Figure 5. Competitive incorporation of ADP and ATP at the 5” end of transcripts synthesized by
E. coli RNA polymerase

EclVTaRNA (5
AUCUUUCUCUGUUGUUCUUCUGUUGGUCUUUUUCCCUGCCCUGUGCGGUCGG
CGUUGCGUUCGGU 3") was synthesized by £. co/i RNA polymerase at various ADP :
ATP ratios, and the relative abundance of diphosphorylated versus triphosphorylated 5’
termini was determined by PACO (filled circles). The PACO ligation yields for RNA
synthesized at ratios of 100 : 0 and 0 : 100 (100% diphosphorylated and 100%
triphosphorylated EclVTa, respectively) provided correction factors that allowed precise
quantification of the data obtained at intermediate ratios. The curved line represents the
relative yield of diphosphorylated EclVTa that would be expected if ATP is incorporated 5
times more readily than ADP, and the gray and white zones encompass the range of
experimental outcomes expected for preferential incorporation of ADP or ATP, respectively.
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A representative experiment is shown. The observed preference for 5’-terminal
incorporation of ATP versus ADP was 5.0 + 0.2 (ATP/ADP).
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Figure 6. Relative reactivity of diphosphorylated RNA as an RNase E substrate
(A) Reaction of monophosphorylated (MonoP), diphosphorylated (DiP), and

triphosphorylated (TriP) yeiP-U2G with equal amounts of £. col/i N-RNase E. Reaction
samples were quenched at time intervals and analyzed by Northern blotting.

(B) Semilogarithmic plots of the amount of intact ye/P-U2G RNA remaining as a function of
time after N-RNase E addition. Empty squares, monophosphorylated ye/iP-U2G. Filled
triangles, diphosphorylated yeiP-U2G. Gray circles, triphosphorylated ye/P-U2G. Mean
values from multiple experiments are plotted. Error bars represent standard deviations.
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 ppp—
RppH
p—
RNase E

cleavage products

Figure 7. Principal mechanism of 5’-end-dependent RNA degradation in E. coli
Swift removal of the -y phosphate of a triphosphorylated primary transcript by an

unidentified enzyme generates a 5”-terminal diphosphate susceptible to rapid p phosphate
hydrolysis by RppH. Less often, RppH may convert the 5’-terminal triphosphate to a
monophosphate in a single step. The monophosphorylated 5 end of the resulting
intermediate binds to a pocket on the surface of RNase E, thereby facilitating
endonucleolytic cleavage by this ribonuclease at various downstream locations. The
cleavage products are subsequently degraded by the combined action of RNase E and 3’
exonucleases (not shown). Curved arrows represent phosphate removal.
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