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Abstract

Though widely assumed to bear a 5′-terminal triphosphate or monophosphate, recent evidence 

suggests that the 5′ end of bacterial RNA can sometimes bear a modification reminiscent of a 

eukaryotic cap. A new study has now identified E. coli RNAs that begin with a noncanonical cap 

resembling the redox cofactor nicotinamide adenine dinucleotide (NAD), as well as a cellular 

enzyme that can remove it. The biological function of such caps remains to be determined.
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A number of distinguishing characteristics have traditionally been thought to differentiate 

bacterial mRNA from eukaryotic mRNA, such as a 5′-terminal triphosphate versus an N7-

methylguanosine triphosphate cap and the absence or presence of a 3′-terminal poly(A) tail. 

The latter distinction was overturned decades ago by the discovery of widespread if transient 

polyadenylation of bacterial transcripts [1]. However, 5′ caps had retained their status as an 

attribute unique to eukaryotic mRNA until a few years ago, when the laboratory of David 

Liu reported the mass spectrometric detection of a cap-like NAD moiety at the 5′ end of 

bulk RNA isolated from Escherichia coli and Streptomyces venezuelae [2] (Figure 1A). 

Fractionation by size showed that this modification was present primarily on RNAs shorter 

than 200 nucleotides, but specific transcripts bearing an NAD cap were not identified. In a 

recent issue of Nature, Andres Jäschke and his coworkers have now determined the identity 

of these RNAs and begun to investigate what the biological role of their caps may be [3].

To identify E. coli RNAs bearing an NAD cap, Jäschke’s team devised a way (NAD 

captureSeq) to selectively purify such RNAs from E. coli extracts. Central to their procedure 

was using an NAD(H)-specific enzyme (adenosine diphosphate ribosylcyclase from Aplysia 

californica) and click chemistry to selectively biotinylate NAD-modified RNAs so that they 

could be purified on streptavidin-coated beads, amplified by RT-PCR, and sequenced. The 

RNAs enriched in this manner included 15 noncoding RNAs, such as the plasmid replication 
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inhibitor RNA I and the regulatory small RNA (sRNA) GcvB, as well as 5′-terminal 

fragments of 29 mRNAs. Mass spectrometry confirmed that the modification at the 5′ end of 

RNA I and GcvB was NAD. As might be expected for a 5′-terminal modification with an 

adenosine monophosphate component, the transcription units for each of the 44 NAD-

capped RNAs begin with the nucleotide A. However, apart from this shared characteristic, 

these RNAs appear to have nothing else in common.

Having determined that a specific subset of E. coli RNAs bears an NAD cap, the authors 

then inquired about its function. One possibility they considered was an effect on RNA 

degradation. Previous research had demonstrated that 5′ termini can influence this important 

regulatory process in E. coli, where internal cleavage of transcripts by the endonuclease 

RNase E is often triggered by prior conversion of the 5′-terminal triphosphate to a 

monophosphate by the RNA pyrophosphohydrolase RppH [4,5] (Figure 1B). This 

modification creates a better substrate for RNase E, which, in addition to its active site, 

bears a discrete pocket for binding monophosphorylated RNA 5′ ends [6,7]. Jäschke’s group 

first examined the influence of an NAD cap on the action of these two enzymes in vitro, 

using RNA I as a model substrate. Like triphosphorylated RNA I, NAD-capped RNA I 

produced by in vitro transcription was found to be much less susceptible than 

monophosphorylated RNA I to cleavage by purified RNase E. However, unlike its 

triphosphorylated counterpart, NAD-capped RNA I was also resistant to purified RppH, 

raising the possibility that such a cap might protect transcripts from RppH-dependent 

degradation in vivo.

How, then, might NAD-capped RNAs be degraded in E. coli? Jäschke and his coworkers 

tested a hypothesis, first proposed by Alexander McLennan [8], that NudC, an E. coli 

enzyme previously shown to hydrolyze NAD so as to produce nicotinamide mononucleotide 

(NMN) and adenosine monophosphate [9], might also act on NAD-capped RNA, yielding 

NMN and monophosphorylated RNA as products. This hypothesis was confirmed by 

experiments with purified NudC, which was able to convert NAD-capped RNA I obtained 

by in vitro transcription into a product more vulnerable to rapid RNase E cleavage. They 

then asked whether the presence of NudC limits the abundance of NAD-capped RNA in E. 

coli. RNA was extracted from isogenic strains containing or lacking NudC, and the 

percentage of RNA I molecules bearing an NAD cap was examined by a procedure based on 

the ability of such a cap to resist treatment with alkaline phosphatase. The phosphatase-

resistant RNA was decapped with purified NudC and detected by PABLO, a splinted 

ligation assay specific for monophosphorylated RNA [4]. In this manner, they determined 

that 13% of RNA I bears an NAD cap in wild-type cells. This amount doubles to 26% in 

ΔnudC cells, evidence that NudC acts to decap RNA I in vivo.

Together, these observations led Jäschke and his team to propose that NudC may trigger the 

degradation of NAD-capped RNA in E. coli by removing the cap so as to generate a 

monophosphorylated intermediate susceptible to rapid cleavage by RNase E (Figure 1B). If 

so, one might expect capped RNAs to decay more slowly in ΔnudC cells. However, the 

absence of NudC had no detectable effect on the lifetime of either RNA I or GcvB in E. coli. 

Given that RNA I is known to be degraded by a 5′-end-dependent mechanism involving 

RNase E [4,10], this finding suggests that the fraction of these RNAs that becomes capped is 
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insufficient to influence the kinetics of degradation in vivo or that NAD caps can be 

removed not only by NudC but also by another, hypothetical enzyme with which NudC is 

functionally redundant.

What, then, are the biological implications of these findings? Although they suggest a 

potential new pathway for 5′-end-dependent decay, the physiological significance of NAD 

caps and their removal by NudC awaits empirical evidence of an effect on RNA lifetimes. 

Perhaps a larger percentage of E. coli transcripts become capped under other growth 

conditions, resulting in a greater effect on their rates of decay. It is also possible that sRNA 

decapping by NudC and the consequent generation of a monophosphorylated 5′ end that can 

recruit RNase E may be less important for accelerating the degradation of the sRNAs 

themselves than of the mRNAs with which they base pair. Alternatively, NAD caps may 

influence RNA function in unforeseen ways not related to degradation, perhaps by 

mediating binding to one of the many cellular enzymes that use NAD as a substrate.

Other interesting questions relate to how these caps are acquired in the first place and why 

they are present on only a small subset of RNAs. Previously, Liu’s group found that E. coli 

RNA polymerase is unable to incorporate NAD at the 5′ end of nascent transcripts by using 

it as a surrogate for ATP during transcription initiation [2]. This observation and the absence 

of caps on long E. coli RNAs suggest that NAD capping occurs post-transcriptionally, 

raising the possibility that these caps may be added to triphosphorylated RNA 5′ ends by 

one or more enzymes heretofore thought to participate only in NAD biosynthesis. Why they 

are found on relatively few transcripts and predominantly on RNAs shorter than 200 

nucleotides are intriguing puzzles that await further investigation.
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Figure 1. NAD caps and their removal by NudC
(A) Structure of bacterial and eukaryotic RNA caps. A bacterial nicotinamide adenine 

dinucleotide (NAD) cap (top) comprises nicotinamide mononucleotide (NMN, red) 

covalently joined via its 5′ phosphate to the 5′ terminus of an RNA transcript that begins 

with adenylate, whereas a eukaryotic m7GpppA cap (bottom) comprises N7-

methylguanosine diphosphate (m7GDP, blue) similarly joined to the 5′-terminal adenylate of 

RNA.

(B) 5′-end-dependent pathways for RNA degradation in E. coli. The 5′ terminus of 

triphosphorylated RNA (left) or NAD-capped RNA (right) is converted to a monophosphate 

by RppH or NudC, respectively. The resulting intermediate is then cut by the endonuclease 

RNase E, whose cleavage activity at internal sites is potentiated by the ability of this enzyme 

to bind the monophosphorylated 5′ end. ppp, triphosphate; p, monophosphate; NMN, 

nicotinamide mononucleotide; hatchet, RppH or NudC; scissors, RNase E; etc., additional 

degradative steps that are not shown.
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