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ABSTRACT

In countless bacterial species, the lifetimes of most
mRNAs are controlled by the regulatory endonucle-
ase RNase E, which preferentially degrades RNAs
bearing a 5′ monophosphate and locates cleavage
sites within them by scanning linearly from the 5´ ter-
minus along single-stranded regions. Consequently,
its rate of cleavage at distal sites is governed by any
obstacles that it may encounter along the way, such
as bound proteins or ribosomes or base pairing that
is coaxial with the path traversed by this enzyme.
Here, we report that the protection afforded by such
obstacles is dependent on the size and persistence
of the structural discontinuities they create, whereas
the molecular composition of obstacles to scanning
is of comparatively little consequence. Over a broad
range of sizes, incrementally larger discontinuities
are incrementally more protective, with correspond-
ing effects on mRNA stability. The graded impact of
such obstacles suggests possible explanations for
why their effect on scanning is not an all-or-none
phenomenon dependent simply on whether the size
of the resulting discontinuity exceeds the step length
of RNase E.

INTRODUCTION

Messenger RNA (mRNA) degradation is a mechanism of
universal importance for controlling gene expression. By
limiting the lifetime of mRNAs, this process determines
how many times they can be translated by ribosomes to gen-
erate the proteins they encode. mRNA half-lives range from
seconds to about an hour in bacteria and from minutes to
days in vertebrates, with corresponding effects on protein
synthesis.

In Escherichia coli and countless other proteobacteria,
RNase E plays a critical role in controlling the lifetimes of
most mRNAs (1). This low-specificity endonuclease cuts in
single-stranded regions of RNA that are AU-rich (2–6), as

does its paralog RNase G, whose much lower cellular con-
centration precludes it from making more than a minor con-
tribution to mRNA degradation in E. coli (7). The diverse
half-lives of mRNAs in vivo might seem difficult to reconcile
with the relaxed cleavage-site specificity of RNase E. How-
ever, various lines of evidence suggest that their disparate
lifetimes are determined not by the mere presence of sus-
ceptible cleavage sites, which are ubiquitous in mRNA, but
by the ease with which RNase E is able to gain access to
them (8). It does so by either of two mechanisms, one direct
and the other 5′-end-dependent. The former mechanism in-
volves binding of the enzyme directly to the sites that it cuts,
while the latter is a multistep process that involves conver-
sion of the initial 5′-terminal triphosphate to a monophos-
phate by the RNA pyrophosphohydrolase RppH and the
recruitment of RNase E by the resulting 5′ monophosphate,
which can accelerate subsequent RNA cleavage at internal
sites by as much as 100-fold (9–14). Monophosphorylated
5′ ends can also be generated by endonucleolytic cleavage of
triphosphorylated transcripts without the prior removal of
5′-terminal phosphates.

Interestingly, RNase E (as well as RNase G) locates
cleavage sites in monophosphorylated RNA not by search-
ing freely in three dimensions but rather by scanning lin-
early from the 5′ monophosphate along single-stranded
RNA segments by a mechanism thought to resemble one-
dimensional diffusion (15,16). As a result, its access to those
sites is governed by any obstacles that it might encounter
along the way, such as a bound protein or ribosome or base
pairing that is coaxial with its path (e.g. an RNA pseudo-
knot or a bound sRNA), each of which creates a large struc-
tural discontinuity in single-stranded RNA that can protect
distal sites from cleavage and thereby increase protein syn-
thesis. By contrast, RNase E can readily bypass small dis-
continuities such as that created by a stem-loop orthogonal
to its path, suggesting that it migrates along RNA in steps
that are more than one nucleotide long. These properties are
intrinsic to RNase E and do not require ancillary proteins
or an external source of energy such as ATP. However, de-
spite the importance of this process for bacterial pathogen-
esis, stress responses, and riboswitch mechanisms (15–17),
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little else is known about the mechanism of scanning or the
characteristics of obstacles that govern their ability to pro-
tect distal sites from cleavage. For example, it has not been
determined whether the capacity of RNase E to bypass ob-
stacles depends on a threshold discontinuity size related to
its step length, below which the impact of an obstacle is in-
significant and above which it is maximal; nor is it known
whether the molecular composition of obstacles influences
their efficacy.

We have now investigated the relationship between the
size, makeup, and longevity of structural discontinuities and
their impact as obstacles to scanning by RNase E. Our find-
ings indicate that the effect of such discontinuities on dis-
tal cleavage is graded in proportion to their size, not all-or-
none, and that maximizing their influence requires their per-
sistence over time. By contrast, the molecular composition
of obstacles to scanning appears to be much less consequen-
tial.

MATERIALS AND METHODS

Strains, growth conditions, and RNA extraction

mRNA cleavage and degradation was analyzed in a deriva-
tive of the E. coli K-12 strain BW25113 (18) that lacked the
chromosomal yeiP gene. Bacterial cultures were grown to
log phase at 37◦C in MOPS medium (19) containing 0.2%
glucose, and total RNA was harvested by hot phenol extrac-
tion (15) and stored at –20◦C. The effect of retapamulin was
examined by adding it (100 �g/ml) to log-phase cultures 5
min before harvesting RNA.

Plasmids

Reporters for testing the efficacy of obstacles to scanning by
RNase E in E. coli were all derived from plasmid pAC3 (15),
which encodes a modified E. coli yeiP transcript whose ex-
tended 5′ UTR comprises a BglII restriction site flanked on
both sides by multiple RNase E cleavage sites. The reporter
plasmids (Table S1) were constructed by substituting DNA
encoding various obstacles for the (AC)3 hexanucleotide lo-
cated immediately upstream of the BglII site (Table S2).

Analysis of 5′ UTR cleavage

To resolve the various decay intermediates of interest by
electrophoresis, the reporter transcripts were first subjected
to site-specific cleavage with DZyeiP69, a 10–23 deoxyri-
bozyme (20) that cuts in yeiP codon 12 (Table S3) (21). This
was accomplished by combining total cellular RNA (10 �g)
with 600 pmol of DZyeiP69 in a total volume of 36 �l, heat-
ing the mixture to 85◦C for 5 min, and then slowly cooling
it to room temperature. A buffer containing 500 mM Tris–
HCl (pH 7.5), 100 mM MgCl2, and 100 mM dithiothre-
itol (4 �l) was added, and deoxyribozyme-catalyzed cleav-
age was allowed to proceed for 4 hr at 37◦C. The reaction
was quenched with 3 mM EDTA (210 �l), and the products
were recovered by ethanol precipitation, separated by elec-
trophoresis on a 7.5% polyacrylamide–8 M urea gel, and ex-
amined by northern blotting. In each case, RNA was elec-
troblotted from the gel to an Immobilon-Ny+ membrane

(MilliporeSigma) and probed with a radiolabeled oligonu-
cleotide (JR279, Supplementary Table S3) that annealed
to the reporter between the 3′-most 5′ UTR cleavage site
and the site of deoxyribozyme cleavage. Radioactive bands
were visualized on an Amersham Typhoon Trio or Typhoon
FLA 9500 IP imager (GE Healthcare) and quantified by us-
ing ImageQuant TL software (GE Healthcare).

Analysis of mRNA decay rates

Reporter mRNA half-lives were measured in log-phase cul-
tures of E. coli by inhibiting RNA synthesis and then
monitoring degradation. At time intervals after adding ri-
fampicin (200 �g/ml) to block further transcription initia-
tion, culture samples were chilled rapidly to 0◦C, and total
RNA was extracted. Reporter mRNA decay was analyzed
by subjecting equal amounts of total RNA from each sam-
ple (10 �g) to site-specific cleavage with DZyeiP54, which
cuts in yeiP codon 7 (Supplementary Table S3), and then ex-
amining the cleavage products by gel electrophoresis (7.5%
polyacrylamide–8 M urea) and northern blotting with a ra-
diolabeled probe (JR275, Supplementary Table S3) that an-
nealed between the 3′-most 5′ UTR cleavage site and the site
of deoxyribozyme cleavage. Radioactive bands were visual-
ized and quantified as described above, and mRNA half-
lives were calculated by linear regression analysis of band
intensities.

RESULTS

Incremental effect of enlarging discontinuities created by pro-
tein binding

Previous studies in E. coli and in vitro indicate that RNase
E locates cleavage sites in monophosphorylated RNA by
scanning linearly from the 5′ end along single-stranded re-
gions of RNA (15,16). As a result, cleavage at those sites can
be impeded by any obstacles to scanning that this endonu-
clease encounters along the way. These conclusions were
reached initially by examining the effect of inserting a vari-
ety of potential obstacles into the unstructured 5′ untrans-
lated region (UTR) of AC3 mRNA, a reporter transcript
whose rapid degradation in E. coli is RppH-dependent (15).
This 81-nt 5′ UTR contains several RNase E cleavage sites
well upstream of the ribosome-binding site and protein-
coding region. Effective obstacles to scanning were found
to increase the molar ratio of decay intermediates gener-
ated by 5′ UTR cleavage upstream of the obstacle versus
downstream of the obstacle and to prolong the lifetime of
the shortest upstream cleavage product by inhibiting fur-
ther degradation (15). Tests of the effect of such obstacles
in other RNA contexts corroborated these findings.

One such obstacle was created by introducing a binding
site for TRAP, the tryptophan operon RNA-binding atten-
uation protein of Bacillus subtilis (22). This protein com-
prises 11 identical subunits that assemble to form a ring. In
the presence of tryptophan, it binds tightly to RNA sites
comprising tandem G/UAGNN pentanucleotide repeats. In
the complex of TRAP with 11 such repeats, the RNA encir-
cles the protein ring, with one pentanucleotide repeat bound
to each TRAP subunit, such that the sites where RNA en-
ters and exits the complex are in close spatial proximity to
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Figure 1. Protective effect of discontinuities created by TRAP binding. (A) 5′ UTR of reporter mRNAs containing a TRAP-binding site. Arrows, RNase
E cleavage sites; gray ring, TRAP 11-mer; white rectangle with a jagged edge, beginning of the protein coding region; broad black line, (AC)3 spacer. (B)
Cleavage within the 5′ UTR of reporter mRNAs containing a TRAP-binding site. Isogenic strains of E. coli containing each reporter mRNA and TRAP
were grown to mid-log phase in the presence of tryptophan. Total RNA was extracted, and equal amounts were analyzed by northern blotting to detect
cleavage within the 5′ UTR. The blot was probed with a radiolabeled oligonucleotide complementary to the coding region. M, boundary marker between
the upstream and downstream cleavage sites. (C) Relative abundance of 5′ UTR cleavage products. The sum of the intensities of the bands in panel (B)
resulting from cleavage upstream of the TRAP-binding site or (AC)3 spacer (A + B + C) was divided by the corresponding sum for 5′ UTR cleavage
downstream (V + W + X + Y + Z). Each value is the average of three biological replicates. Error bars correspond to standard deviations.

one other (23). RNAs containing as few as five repeats also
bind TRAP tightly (24).

We have previously reported that, when a truncated
TRAP-binding site comprising eight tandem GAGNN re-
peats was inserted into AC3 and the decay of the resulting
transcript (TR8) was examined in E. coli cells engineered to
produce TRAP, the ratio of cleavage upstream versus down-
stream of the site of insertion increased more than 25-fold
(Figure 1) and the half-life of the shortest upstream cleav-
age product increased 8-fold (15). Because TRAP binding
to TR8 is expected to create a 69-Å discontinuity within
an otherwise unstructured 5′ UTR, the length of each step
taken by RNase E as it scans RNA presumably is less than
69 Å. By contrast, TRAP binding to a reporter (TR11)
containing 11 tandem GAGNN repeats prolonged the half-
life of the shortest upstream cleavage product only 1.5-fold
(15), apparently because the resulting structural disconti-
nuity was too small to prevent it from being bypassed by
RNase E.

In principle, the step length of RNase E might define a
critical obstacle size, below which bypass is easy and above
which bypass is nearly impossible. If so, the propensity of
obstacles to be bypassed might be expected to undergo an
abrupt transition at that critical length. To test this possi-
bility, we examined the effect of discontinuities of various
other sizes by inserting TRAP-binding sites comprising ten

(TR10), nine (TR9) or seven (TR7) tandem GAGNN re-
peats, resulting in discontinuities of 35, 54 or 78 Å respec-
tively upon TRAP binding (as estimated from the published
X-ray crystal structure of TRAP bound to eleven such re-
peats (23)). The ratio of cleavage upstream versus down-
stream of the TRAP-binding site in TR11, TR10, TR9,
TR8 and TR7 was found to increase steadily as a function
of the size of the discontinuity before plateauing for obsta-
cles ≥69 Å in length (Figure 1; Supplementary Table S4).
No threshold discontinuity size of critical importance was
evident from these experiments.

Incremental effect of enlarging discontinuities caused by
pseudoknot formation

Scanning by RNase E can be impeded not only by a bound
protein but also by base pairing that is coaxial with the
path from the 5′ monophosphate to downstream cleavage
sites, such as would result from sRNA binding or the for-
mation of an H-type pseudoknot (15,16). Previously, we
have shown that a VPK pseudoknot containing 11 coaxi-
ally aligned base pairs (25) poses a modest impediment to
scanning (16). We next examined two additional pseudo-
knots derived from beet western yellows virus (BWYV) or
human telomerase RNA (hTR�U), which contained 8 or
15 coaxial base pairs, respectively (26,27) (Figure 2A, B).
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Figure 2. Protective effect of discontinuities created by pseudoknots. (A) 5′ UTR of reporter mRNAs containing a pseudoknot. Arrows, RNase E cleavage
sites; white rectangle with a jagged edge, beginning of the protein coding region. (B) Secondary structure of the BWYV, VPK, hTR�U and SARS-CoV-2
pseudoknots (25–27,32). (C) Cleavage within the 5′ UTR of reporter mRNAs containing a pseudoknot between the upstream and downstream cleavage
sites. Equal amounts of total cellular RNA from isogenic strains of E. coli containing each reporter mRNA were analyzed by northern blotting to detect
cleavage within the 5′ UTR. The blot was probed with a radiolabeled oligonucleotide complementary to the coding region. M, boundary marker between
the upstream and downstream cleavage sites. (D) Relative abundance of 5′ UTR cleavage products. The sum of the intensities of the bands in panel (C)
resulting from cleavage upstream of the pseudoknot or (AC)3 spacer was divided by the corresponding sum for 5′ UTR cleavage downstream. Each value
is the average of three biological replicates. Error bars correspond to standard deviations.

As observed for TRAP binding, the efficacy of these three
pseudoknots as obstacles to scanning increased as a func-
tion of their length, as judged either by the ratio of cleavage
upstream versus downstream of each pseudoknot (Figure
2C, D; Supplementary Table S5) or by the lifetime of the
shortest upstream cleavage product (Figure 3; Supplemen-
tary Table S6).

To rule out the alternative possibility that the diverse ef-
fects of the various pseudoknots resulted instead from se-
quence differences, we investigated the consequence of in-
creasing the length of the VPK pseudoknot. This was ac-
complished by extending one of its component stems by
2–4 bp while also lengthening the corresponding loop by
an equivalent number of nucleotides to avoid strain that
might otherwise prevent the additional base pairs from
forming (VPK+2, VPK+3, VPK+4). Doing so increased
the ratio of upstream versus downstream cleavage prod-
ucts by up to three-fold while also prolonging the life-
time of the shortest upstream cleavage product (Figure 4;
Supplementary Tables S7 and S8). By contrast, inserting
four unpaired nucleotides immediately downstream of the
VPK pseudoknot so as to increase the spacing between the
cleavage sites surrounding the pseudoknot by a compara-

ble amount without enlarging the pseudoknot itself (VPK-
AC2) had a negligible effect, as did lengthening the pseu-
doknot loop without also adding base pairs to the adja-
cent stem (Supplementary Figure S1). We conclude that
the degree of protection afforded by a pseudoknot depends
incrementally on the number of coaxial base pairs that it
contains.

A long pseudoknot from SARS-CoV-2 (Figure 2B) was
similarly effective at blocking scanning by RNase E. This
pseudoknot acts in cis to promote translational frameshift-
ing in virus-infected cells (28), where it is thought to be in
equilibrium with an alternative RNA conformation com-
prising a pair of tandem hairpins whose loops base pair
with (‘kiss’) one another (29). Lacking several 3′ flanking
nucleotides needed to form the second of those stem-loops,
the minimal SARS-CoV-2 RNA element that we first tested
in E. coli was expected to form a stable pseudoknot, and its
15 coaxial base pairs proved to be a potent impediment to
scanning (Figures 2C, D and 3). As expected, its efficacy
as an obstacle was diminished somewhat by adding back
the missing 3′ nucleotides, which enabled the tandem stem-
loops to begin competing conformationally with the pseu-
doknot, and was nearly abolished by artificially extending
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Figure 3. Effect of pseudoknots on the decay rates of reporter mRNAs and their upstream cleavage products. (A) Northern blots. Transcription was
arrested by adding rifampicin to E. coli cells that contained each reporter (AC3, BWYV, VPK, hTR�U, or SARS-CoV-2), and equal amounts of total
cellular RNA isolated at time intervals thereafter were examined by northern blotting. Only bands representing the intact transcript and upstream cleavage
products (A, B and C) are shown. (B) Graphs. The remaining percentage of the intact transcript (top) and cleavage product C (bottom) was plotted
semilogarithmically for each reporter as a function of time after blocking further RNA synthesis. Representative experiments are shown.

the base-paired region of the second RNA hairpin so as to
lock in the tandem stem-loops conformation (Supplemen-
tary Figures S2 and S3; Supplementary Table S9). Indeed,
by largely replacing the coaxial pseudoknot with a pair of
orthogonal stem-loops, the latter modification reduced the
ratio of upstream to downstream cleavage products from 31
to just 2.

Protective effect of a G-quadruplex

Another potential source of coaxial structure in some
cellular RNAs may be the presence of a G-quadruplex.
Prior studies in vitro have shown that the pentade-
canucleotide G3UG3UG3UG3 (Gquad) folds stably as a
parallel-stranded G-quadruplex comprising three stacked
G tetrads, each surrounding a monovalent cation, and three
one-nucleotide loops (30). By creating a 16-Å structural dis-
continuity (31), this G-quadruplex resulted in a five-fold in-
crease in the ratio of upstream versus downstream cleav-

age products when inserted into AC3 (Figure 5; Supple-
mentary Table S10). By comparison, inserting either of two
other pentadecanucleotides unable to form a G-quadruplex
(Gquad-mut or AC7.5) increased this ratio only about
two-fold.

Correlation between obstacle size and efficacy

To better understand the relationship between the size of
a discontinuity and its efficacy as an obstacle to scanning,
we compared the fraction of 5′ UTR cleavage products cut
downstream of obstacles of various types to the size of the
discontinuity that they each create. Included in this analysis
were five obstacles resulting from TRAP binding and eight
others comprising a pseudoknot or G-quadruplex. In each
case, the size of the discontinuity was estimated from a pub-
lished X-ray or NMR structure (23,25–27,31,32) or by mod-
eling a double-helical extension of such a structure (in the
case of VPK+2, VPK+3 and VPK+4). Despite the diversity
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Figure 4. Effect of extending the VPK pseudoknot. (A) Pseudoknot secondary structures. In VPK+2, VPK+3 and VPK+4, two, three, or four base pairs,
respectively, were added to the VPK pseudoknot, together with two, three, or four unpaired loop nucleotides. In VPK-AC2, four unpaired nucleotides
(ACAC) were added immediately downstream of an unmodified VPK pseudoknot. (B) Cleavage within the 5′ UTR of reporter mRNAs containing a
pseudoknot between the upstream and downstream sites. Equal amounts of total cellular RNA from isogenic strains of E. coli containing each reporter
mRNA were analyzed by northern blotting to detect cleavage within the 5′ UTR. The blot was probed with a radiolabeled oligonucleotide complementary
to the coding region. M, boundary marker between the upstream and downstream cleavage sites. (C) Relative abundance of 5′ UTR cleavage products.
The sum of the intensities of the bands in panel (B) resulting from cleavage upstream of the pseudoknot was divided by the corresponding sum for 5′ UTR
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mRNAs and their upstream cleavage products. (Left) Transcription was arrested by adding rifampicin to E. coli cells that contained VPK, VPK+4 or VPK-
AC2 mRNA, and equal amounts of total cellular RNA isolated at time intervals thereafter were examined by northern blotting. Only bands representing
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Figure 5. Protective effect of a G-quadruplex. (A) 5′ UTR of a reporter
mRNA containing a G-quadruplex. Arrows, RNase E cleavage sites; white
rectangle with a jagged edge, beginning of the protein coding region.
(B) Cleavage within the 5′ UTR of reporter mRNAs containing a G-
quadruplex (Gquad: GGGUGGGUGGGUGGG) or either of two other
pentadecanucleotides (Gquad-mut: CGGUGCGUGGCUCGG; AC7.5:
ACACACACACACACA) between the upstream and downstream sites.
Equal amounts of total cellular RNA from isogenic strains of E. coli con-
taining each reporter mRNA were analyzed by northern blotting to de-
tect cleavage within the 5′ UTR. The blot was probed with a radiolabeled
oligonucleotide complementary to the coding region. M, boundary marker
between the upstream and downstream cleavage sites. (C) Relative abun-
dance of 5′ UTR cleavage products. The sum of the intensities of the bands
in panel (B) resulting from cleavage upstream of the G-quadruplex, pen-
tadecanucleotide, or (AC)3 spacer was divided by the corresponding sum
for 5′ UTR cleavage downstream. Each value is the average of three bio-
logical replicates. Error bars correspond to standard deviations.

of the obstacles that were compared, a clear correlation was
observed between the size of a discontinuity and its effec-
tiveness as an impediment to scanning (Figure 6). Discon-
tinuities caused by protein binding were slightly (<2-fold)
more protective than those of a similar size caused by RNA

Figure 6. Correlation between the size and protective effect of discontinu-
ities. The fraction of 5′ UTR cleavage products cut downstream of various
protein (black circle) and RNA (white or gray circle) obstacles (1/[R + 1],
where R is the ratio of upstream versus downstream cleavage products
graphed in Figures 1-2 and 4-5) was plotted as a function of the size of
the discontinuity that they each create, as estimated from empirically de-
termined structures (23,25–27,31,32) and predicted structures generated by
using an ideal RNA double helix and PyMOL to model the extensions in
VPK+2, VPK+3 and VPK+4. Each value is the average of three indepen-
dent measurements. Error bars (not always visible) correspond to standard
deviations.

base pairing. The accessibility of the downstream cleavage
sites declined steadily as a function of obstacle size for dis-
continuities between 10 and 50 Å and then plateaued at a
minimum level for those larger than 50 Å. We conclude that
the degree of protection afforded by an obstacle to scanning
depends primarily on the size of the discontinuity that it cre-
ates and not its molecular composition and that there is no
apparent threshold size that must be exceeded for such dis-
continuities to have a significant impact on distal cleavage.

Importance of obstacle persistence

Previously, we have shown that ribosome binding to an up-
stream open reading frame (uORF) can impede scanning
by RNase E and that the efficacy of such an obstacle de-
pends on the strength of the ribosome binding site, as in-
ferred from its complementarity to 16S ribosomal RNA
(15). To ascertain whether the impediment to scanning is
also dependent on the length of the uORF, which could de-
termine whether the uORF can accommodate more than
one ribosome at a time, we compared the upstream versus
downstream cleavage ratio for uORFs containing 6, 12 or
24 codons (Figure 7A). Regardless of the strength of the
ribosome binding site (SD-med = AGGA, SD-high = AG-
GAG, SD-ultra = UAAGGAGG), increasing the length of
the uORF by a factor of 2 or 4 had only a modest effect
(Figure 7B, C; Supplementary Table S11).

Despite the large footprint of a ribosome bound to RNA
(33), the protection of distal cleavage sites by these uORFs
was smaller than for discontinuities created by a large pseu-
doknot or by bound TRAP, even for uORFs with a strong
ribosome binding site such as SD-high or SD-ultra. In prin-
ciple, the smaller than expected impact of the uORFs might
be a consequence of the transient nature of ribosome bind-
ing, as even tightly bound ribosomes soon migrate away
from their initial binding site as they begin translation,
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Figure 7. Effect of uORF length. (A) 5′ UTR of reporter mRNAs con-
taining a uORF (SD-med, SD-high, or SD-ultra). Arrows, cleavage sites;
gray rectangle, uORF; white rectangle with a jagged edge, beginning of the
principal open reading frame. (B) Cleavage within the 5′ UTR of reporter
mRNAs containing a 6-, 12- or 24-codon uORF preceded by any of three
Shine-Dalgarno elements (SD-med = AGGA, SD-high = AGGAG or SD-
ultra = UAAGGAGG) between the upstream and downstream sites. Equal
amounts of total cellular RNA from isogenic strains of E. coli containing
each reporter mRNA were analyzed by northern blotting to detect cleav-
age within the 5′ UTR. The blot was probed with a radiolabeled oligonu-
cleotide complementary to the principal open reading frame. Arrows iden-
tify bands corresponding to the intact transcripts. M, boundary marker be-
tween the upstream and downstream cleavage sites. Faint bands between
the upstream and downstream regions resulted from infrequent cleavage
within the uORF. (C) Relative abundance of 5′ UTR cleavage products.
The sum of the intensities of the bands in panel (B) resulting from cleav-
age upstream of the uORF was divided by the corresponding sum for 5′
UTR cleavage downstream. Each value is the average of three biological
replicates. Error bars correspond to standard deviations.

eventually dissociating from the mRNA altogether when
they reach a termination codon. To test this hypothesis, we
compared the efficacy of the six-codon SD-high uORF as
an obstacle to scanning in the presence or absence of re-
tapamulin, an antibiotic that blocks protein synthesis by
trapping ribosomes at the site of translation initiation (34).
Treating cells with this antibiotic significantly increased the
ability of SD-high to protect 5′ UTR cleavage sites down-
stream of the 6-codon uORF, presumably by locking ini-
tiating ribosomes in place (Figure 8; Supplementary Table
S12). By contrast, retapamulin had little or no effect on

Figure 8. Effect of retapamulin. (A) 5′ UTR of reporter mRNAs contain-
ing a uORF (SD-high with six codons) or a VPK pseudoknot. Arrows,
cleavage sites; gray rectangle, uORF; white rectangle with a jagged edge,
beginning of the principal open reading frame. (B) Cleavage within the
5′ UTR of the reporter mRNAs illustrated in panel (A). Total RNA was
extracted from isogenic strains of E. coli containing each reporter before
or 5 min after treating the cells with retapamulin, and equal amounts of
RNA were analyzed by northern blotting to detect cleavage within the 5′
UTR. M, boundary marker between the upstream and downstream cleav-
age sites. (C) Relative abundance of 5′ UTR cleavage products. The sum of
the intensities of the bands in panel (B) resulting from cleavage upstream
of the obstacle was divided by the corresponding sum for 5′ UTR cleavage
downstream. Each value is the average of three biological replicates. Error
bars correspond to standard deviations.

the cleavage ratio for VPK, which lacks a uORF between
the upstream and downstream cleavage sites but has the
same principal open reading frame distal to the downstream
sites as SD-high. These findings suggest that the efficacy of
uORFs as obstacles to scanning is limited by the brevity of
their association with ribosomes.

DISCUSSION

A great deal of evidence indicates that the diverse lifetimes
of proteobacterial mRNAs are determined primarily by the
ease with which the low-specificity endonuclease RNase E
can gain access to its many cleavage sites within each tran-
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script. In monophosphorylated RNA, this enzyme locates
such sites by scanning linearly from the 5´ terminus along
RNA segments that are single-stranded (15). Consequently,
the rate at which RNase E cuts at those sites is governed not
only by its ability to initially bind the monophosphorylated
5´ end but also by any obstacles that it may encounter as
it scans downstream, with attendant effects on mRNA life-
times and protein synthesis. Our findings now show that the
impediment to scanning posed by such obstacles depends
on both their size and their persistence. Obstacles that are
large and enduring are more impactful than those that are
small or transitory. By contrast, the molecular composition
of such an obstacle, be it a bound protein or coaxially base-
paired RNA, is much less consequential.

The ease with which RNase E can scan past small dis-
continuities in single-stranded RNA, such as a stem–loop
orthogonal to its path (15), indicates that this endonucle-
ase traverses RNA in steps greater than one nucleotide in
length. If so, one might expect discontinuities smaller than
the step length to have a negligible effect on distal cleav-
age and those larger than the step length to pose an insur-
mountable obstacle. However, our data provide no evidence
for a threshold discontinuity size below which the impact
of an obstacle is insignificant and above which it is maxi-
mal, a key new finding. Instead, the effect of obstacle size
on downstream cleavage is graded over a broad range of
distances, such that incrementally larger discontinuities are
incrementally more capable of protecting distal sites from
cleavage. By contrast, the protective effect of discontinu-
ities greater than ∼50 Å is invariant. This maximum degree
of protection of downstream cleavage sites (corresponding
to an upstream/downstream ratio of ∼34 for the very large
discontinuities in TR7, TR8, hTR�U, and SARS-CoV-2)
may be limited by the slow rate at which RNase E is able
to access distal sites directly without first binding to the 5′
end and may therefore underrepresent the magnitude of the
greatest possible impediment to scanning.

How can a graded response to the size of obstacles (rather
than an all-or-none response) be reconciled with the con-
cept of a step length? One potential explanation is that
the step length of RNase E may be variable rather than
fixed, perhaps due in part to the conformational flexibility
of RNA. If so, a greater fraction of the range of possible
step lengths would exceed the size of a small discontinuity
than would exceed the size of a larger discontinuity, thereby
impacting the ease with which an obstacle can be bypassed
by determining the likelihood that a step of random length
would be sufficiently large to overcome it. Another possible
rationalization is the probabilistic effect of random RNase
E take-off points upstream of an obstacle, such that bypass
would require the step length to exceed not just the size of
the discontinuity but additionally the variable distance from
diverse take-off points to the near side of the discontinuity.
A third possibility is that the activation energy required for
RNase E to overcome obstacles could depend on their size
if reaching past larger discontinuities entails more confor-
mational strain and/or lost entropy.

Other interpretations of the effect of obstacle size ap-
pear to be inconsistent with our findings. For example, the
greater protective effect of larger obstacles cannot be at-
tributed to the increased separation of the flanking cleavage

sites in view of the greater protection observed for VPK+4
versus VPK-AC2, in which the distance between the up-
stream and downstream cleavage sites is equal, and the sim-
ilar protection observed for the uORFs of SD6, SD12, and
SD24, in which that distance differs by up to fourfold. Like-
wise, the disparate efficacies of related obstacles that dif-
fer in size cannot merely be a consequence of differences
in their persistence, as TRAP has a greater protective effect
when bound to TR7 versus TR11 despite its lower affinity
for the former, which contains only seven tandem GAGNN
repeats (versus eleven).

Nevertheless, obstacles to scanning must persist to de-
ter distal cleavage. For example, the protection provided by
bound ribosomes is less than their large size would suggest,
an apparent consequence of their dissociation from mRNA
upon encountering a termination codon. As a result, dis-
tal protection by the six-codon uORF of SD-high can be
increased by treating cells with retapamulin to freeze ribo-
somes at sites of translation initiation. No such effect of
retapamulin was observed for VPK, which lacks a uORF
but has the same cleavage sites and principal open reading
frame as SD-high. The presence of cleavage sites outside the
expected footprints of ribosomes bound to the two transla-
tion initiation sites of SD-high (33) ensured that the effect
of retapamulin would not be obscured by direct masking of
every potential upstream or downstream cleavage site.

The finding that a G-quadruplex can protect distal cleav-
age sites is the first evidence that RNA secondary struc-
ture other than a base-paired duplex can impede scanning
by RNase E. Whereas the four strands of G-quadruplexes
composed of DNA can adopt either a parallel, anti-parallel,
or hybrid topology, the strands of RNA G-quadruplexes
like the one tested here (G3UG3UG3UG3) are almost ex-
clusively parallel (30,35). As a result, this G-quadruplex is
able to obstruct scanning because the discontinuity that it
creates is coaxial with the path traversed by RNase E as it
scans RNA. Naturally occurring G-quadruplexes appear to
be widespread in bacterial transcripts, including mRNAs
implicated in pathogenesis (36).

Among the largest coaxially base-paired obstacles that
we have examined is a branched HL-type pseudoknot de-
rived from SARS-CoV-2 RNA. In its natural viral context,
this pseudoknot facilitates translational frameshifting (28),
but it can adopt other, presumably inactive conformations
as a result of base-pairing interactions with flanking re-
gions (29). The most prominent of those alternative confor-
mations comprises two tandem stem-loops whose loop nu-
cleotides base pair with (‘kiss’) one another (Figure S2B).
Our data show that, in the context of a bacterial reporter
transcript, the minimal SARS-CoV-2 pseudoknot is very
effective at protecting downstream sites from cleavage by
RNase E. Adding back nine natural 3′-flanking nucleotides
complementary to a nearby segment of the pseudoknot
modestly reduces the protective effect of this RNA element,
consistent with a conformational equilibrium in which the
pseudoknot is slightly favored over a pair of kissing stem-
loops. More extensive (and unnatural) sequence changes
that strongly reinforce the tandem stem-loops at the ex-
pense of the pseudoknot virtually abolish protection of dis-
tal cleavage sites, as expected for base pairing that is now
entirely orthogonal (stems) or peripheral (kissing loops) to



Nucleic Acids Research, 2023, Vol. 51, No. 3 1373

the path traversed by RNase E. These findings illustrate the
significant effect on RNA degradation that can result from a
conformational change induced by seemingly small changes
in RNA sequence.

The ability of nucleic-acid binding proteins to search their
RNA or DNA targets for specific sites by one-dimensional
diffusion has been debated for some time (37–39). How-
ever, the potential regulatory effect of obstacles to linear
diffusion of this kind had received scant attention prior to
the discovery of their impact on scanning by RNase E. A
growing body of evidence now indicates that the protection
afforded by obstacles to scanning by this endonuclease is
a key mechanism for regulating RNA lifetimes in bacteria
and that it plays an important role in pathogenesis, stress
responses, and riboswitch function (15–17). Understand-
ing this novel phenomenon and its impact on gene expres-
sion will require the detailed elucidation of the molecular
mechanisms by which this essential enzyme is able to dif-
fuse linearly along RNA and bypass small obstacles. The
constraints imposed by our present findings establish a con-
ceptual framework critical for achieving this goal.
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