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ABSTRACT Previously, leaderless mRNAs (lmRNAs) were
perceived to make up only a minor fraction of the transcriptome
in bacteria. However, advancements in RNA sequencing
technology are uncovering vast numbers of lmRNAs, particularly
in archaea, Actinobacteria, and extremophiles and thus underline
their significance in cellular physiology and regulation.
Due to the absence of conventional ribosome binding signals,
lmRNA translation initiation is distinct from canonical mRNAs
and can therefore be differentially regulated. The ribosome’s
inherent ability to bind a 5′-terminal AUG can stabilize and
protect the lmRNA from degradation or allow ribosomal loading
for downstream initiation events. As a result, lmRNAs remain
translationally competent during a variety of physiological
conditions, allowing them to contribute to multiple regulatory
mechanisms. Furthermore, the abundance of lmRNAs can
increase during adverse conditions through the upregulation
of lmRNA transcription from alternative promoters or by the
generation of lmRNAs from canonical mRNAs cleaved by an
endonucleolytic toxin. In these ways, lmRNA translation can
continue during stress and contribute to regulation, illustrating
their importance in the cell. Due to their presence in all domains
of life and their ability to be translated by heterologous hosts,
lmRNAs appear further to represent ancestral transcripts that
might allow us to study the evolution of the ribosome and the
translational process.

In bacteria and archaea, translation initiates with a 30S
ribosomal subunit interacting with an initiator tRNA at
the ribosome binding site on a canonical mRNA to form
a stable translation initiation complex that is primed
for elongation. Canonical mRNAs contain both 5′ and
3′ untranslated regions (UTRs) containing information
that will influence the stability and translation efficiency
of the mRNA. Within the 5′ UTR, these signals can

include ribosome recognition regions such as purine-rich
Shine-Dalgarno (SD) sequences that are complemen-
tary to the anti-SD (aSD) sequence near the 16S rRNA
3′ terminus (1), AU-rich sequences that interact with
ribosomal protein (r-protein) bS1 (2, 3) and prevent
the formation of secondary structures, and enhancer re-
gions. Additionally, 5′UTRs may contain sequences that
can be bound by trans-acting elements (i.e., proteins,
antisense and small regulatory RNAs, or low-molecular-
weight effectors) to change secondary structures or
block translation initiation regions. Therefore, the reg-
ulatory and translation initiation signals are primarily
contained within the 5′ UTR. Despite this functional
importance of the 5′ UTR, there exists a class of mRNAs
that are completely devoid of 5′ UTRs or possess very
short 5′ UTRs. These mRNAs lack the SD sequence and
any other translational signals and are so named lead-
erless mRNAs (lmRNAs). Thus, the mechanism under-
lying their recognition and binding by the translational
apparatus is still not entirely elucidated.

lmRNAs can be naturally encoded on the chromo-
some and occur as a result of transcription and trans-
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lation initiating at the same position or as a result of
posttranscriptional or cotranslational processing events
(Fig. 1). Intriguingly, lmRNAs are found in every do-
main of life and are universally translatable by het-
erologous hosts (4), signifying a fundamental lmRNA
recognition capability of all translation systems. These
results suggest that they represent ancestral RNA rem-
nants. Hence, understanding their translatability could
provide insight into the evolution of the ribosome.

WIDESPREAD OCCURRENCE OF lmRNAs
As the number of annotated genomes has drastically
increased due to advancements in sequencing technol-
ogy, we are beginning to uncover the vast number of
lmRNAs. Recent in silico analyses examining transla-
tion initiation regions have made predictions as to the
prevalence of lmRNAs across numerous bacterial and
archaeal genomes (5–7). However, these studies can
only estimate quantities based on promoter sequence
logos and analysis of intergenic regions. Therefore,
while they provide useful information regarding the high
probability of lmRNAs, they cannot determine exact
reproducible numbers of leaderless transcripts. Rather,
transcriptome sequencing (RNA-seq)-based techniques,
while limited in the number of transcriptomes analyzed
in one study, can provide precise measurements of
lmRNAs, which have been directly sequenced with high

confidence. Such studies have uncovered a wide variety
of lmRNAs in bacteria and archaea ranging from <1%
up to ∼70% of primary and secondary transcripts
(Table 1). lmRNAs are not confined to bacteria and
archaea either. They are also found in eukaryotes, with
all mammalian mitochondrial mRNAs being leaderless
(8, 9).

lmRNAs may represent a functional relic of an earlier
evolutionary age, as bacteria and archaea closer to the
root of the phylogenetic tree commonly have a higher
proportion of lmRNAs. As determined by an in silico
analysis in Gammaproteobacteria, lmRNA genes are
most found in Xanthomonadales and Legionellales,
which are located near the root of Gammaproteobac-
teria (6). Furthermore, phylogenetically close species tend
to have a relatively equal proportion of lmRNA genes.
Analysis of 16S rRNA revealed that archaeal genomes
with the highest level of leaderless transcripts clustered
together (10).

Additionally, in archaea, the majority of single genes
or the proximal cistrons in operons encode lmRNAs
(11–13). Operon structure appears to have coevolved
with translation initiation signals, requiring additional
SD sequences for an increasing number of cistrons. The
proportion of operon distal genes shows positive cor-
relation with the proportion of SD-led genes in both
bacteria and archaea, supporting this notion (6). Fur-
thermore, a transcriptome analysis in Escherichia coli

FIGURE 1 Mechanisms leading to the generation of lmRNAs in bacteria. Besides genes
that are generally transcribed as lmRNAs, bacteria can generate lmRNAs in response
to adverse environmental conditions (i) by activation of alternative promoters, where
the transcriptional start point coincides with the A of the AUG start codon; (ii) by
cotranscriptional cleavage, when the 5′ UTR is removed by RNases during the process of
transcription; or (iii) cotranslationally. Here, the cleavage can be regulated by translating
ribosomes that might either protect mRNAs from cleavage or expose specific sites for
the processing event by RNases. Cleavage sites and potential RNases are indicated by red
spheres and scissors, respectively.
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uncovered previously uncharacterized 5′-AUGs at the
end of canonical SD-led mRNAs (5′-uAUGs) (14). This
genetic structure in which the first open reading frame
(ORF) in a polycistronic mRNA is leaderless, parallels
the operon structure in archaea (11). In E. coli, these
5′-uAUGs were shown to bind 70S ribosomes and
were translated at biologically relevant levels, lead-
ing to the conclusion that these transcripts should also
be classified as lmRNAs and are likely to exist in many
bacterial species (14). This notion is supported by
the characterization of the acuR-acuI-dddL operon in
the Gram-negative alphaproteobacterium Rhodobacter

sphaeroides (15) and the sptA mRNA in the haloar-
chaeal Natrinema sp. strain J7-2 (16), in which these
mRNAs were found to be regulated by their ability to
be alternatively transcribed as an lmRNA. The regula-
tion ascribed to each of these leaderless transcripts is
described below.

lmRNAs are not only naturally encoded on the chro-
mosome but can also be a result of posttranscriptional
processing (Fig. 1). In one such instance, leadered
mRNAs are cleaved to generate a subset of lmRNAs
that are specialized for translation during suboptimal
growth conditions (17, 18). This phenomenon involves

TABLE 1 Compilation of published transcriptome analyses outlining the number of leaderless mRNAs in a variety of
bacterial and archaeal genomesa

Nucleotides
upstream of
start codon

Total no. of
transcription
start sites or
mRNAs identified

No. of
lmRNAs

% of
lmRNAs Reference

Bacteria
Alphaproteobacteria
Caulobacter crescentus NA1000 0 2,201 375 17 84
Sinorhizobium meliloti 1021 0 4,430 171 4 119

Deltaproteobacteria
Geobacter sulfurreducens ATCC 51573 ≤5 3,487 52 1.5 120

Epsilonproteobacteria
Campylobacter jejuni NCTC 11168 0 992 12 1.2 121
Campylobacter jejuni 0 3,241 48 1.48 122

Gammaproteobacteria
Escherichia coli BW25113 0 728 5 0.7 123
Escherichia coli MG1655 0 4,261 14 124
Klebsiella pneumoniae MGH 78578 ≤5 5,194 83 1.6 125
Salmonella enterica serovar Typhimurium SL1344 0 1,873 23 1.2 126
Xanthomonas campestris pv. campestris B100 ≤2 3,067 130 8.4 127
Legionella pneumophila strain Paris 0 1,905 12 0.63 128

Deinococcus-Thermus
Deinococcus deserti RD19 0 1,958 916 47 91

Firmicutes
Clostridium acetobutylicum ATCC 824 0 616 212 34.4 129
Bacillus amyloliquefaciens XH7 ≤5 1,064 57 5.4 130

Actinobacteria
Mycobacterium tuberculosis H37Rv ≤5 2,524 505 22 106
Mycobacterium tuberculosis H37Rv ≤5 4,979 1,098 22 79
Mycobacterium smegmatis mc2155 0 1,098 206 19 79
Mycobacterium avium TMC724 ≤3 844 278 33 131
Actinoplanes sp. SE50/110 0 661 135 20 132
Corynebacterium glutamicum ATCC 13032 0 2,454 546 22 133
Corynebacterium glutamicum ATCC 13032 0 2,147 707 33 134
Streptomyces tsukubaensis NRRL 18488 0 3,678 581 15.8 135

Cyanobacteria
Prochlorococcus MED4 0 4,126 30 0.7 136
Prochlorococcus MIT913 0 8,587 41 0.5 136

Archaea
Haloferax volcanii H26 ≤5 4,749 1,329 72 137
Thermococcus onnurineus NA1 ≤5 1,082 117 10.8 13
Pyrococcus abyssi GE5 ≤5 1,893 27 1.4 138
Sulfolobus solfataricus P2 ≤3 1,040 718 69 139

aThe total number of lmRNAs identified in the different studies as well as their percentage (%) are given. mRNAs harboring up to 5 nucleotides upstream of the AUG start
codon are included for completeness.
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a conditionally active toxin whose endonucleolytic ca-
pability transforms the RNA landscape to allow for cer-
tain mRNAs to maintain translatability. This illustrates
the presence of previously overlooked lmRNAs that
are not evident from genome analysis but play a role in
regulation. The exact mechanism of this processing is
detailed below.

Therefore, with the advances in global RNA sequenc-
ing and classification of the translatome, the prevalence of
lmRNAs is becoming apparent, demonstrating the need
to understand their mechanism of translation and the role
they play in cellular physiology and regulation.

MAIN PATHWAYS OF
TRANSLATION INITIATION
Translation Initiation on Canonical mRNAs
Despite the fact that lmRNAs are rather infrequent in
E. coli, the majority of studies addressing the pathway
of translation initiation on these peculiar mRNAs have
been performed in this model organism. In E. coli, the
canonical pathway of translation initiation (Fig. 2A)
entails first the initiation factor-assisted recognition
and binding of the mRNA and the recruitment of the
fMet-tRNAfMet to the 30S subunit. Next, the codon-
anticodon interaction in the ribosomal P-site is estab-
lished to form the 30S initiation complex. The efficiency
of this step is affected by the strength of the SD-aSD
interaction, secondary structures within the ribosome
binding site, and the nature of the start codon. The three
initiation factors (IF1, IF2, and IF3) contribute syner-
gistically to the kinetics and fidelity of translation initi-
ation (19–22). IF1 binds at the ribosomal A-site. Thus, it
prevents elongator tRNA binding but also controls the
conformational dynamics of the 30S subunit (21). Fur-
ther, by providing the anchoring point for IF2 and IF3
on the 30S subunit, IF1 enhances their activity (23). IF2
selects for the correct initiator tRNA by directly binding
to the N-formyl-methionine and aminoacyl acceptor
stem of fMet-tRNAfMet (24). Hence, IF2 increases the
affinity of fMet-tRNAfMet to the 30S subunit, whereas
IF3 reduces the affinity of the fMet-tRNAfMet (25) and
discriminates against noncognate initiation complexes
by introducing conformational dynamics during com-
plex formation (19). With respect to subunit joining,
IF2 and IF3 likewise show opposite activities. Due to
the localization of the C-domain of IF3 at the interface
side of the platform of the 30S subunit, the factor ste-
rically blocks subunit joining at the B2 bridge between
helix 69 of the 23S rRNA and the 16S rRNA (26). After
release of IF3, a dynamic conformational switch intro-

duced by binding of GTP to IF2 stimulates the rate of
subunit joining (20). Finally, binding of the 50S subunit
triggers GTP hydrolysis, which causes a conformational
change in IF2 and drives an intersubunit rotation.
Thereby, IF2 is released and the 70S complex is stabi-
lized and transitions into the elongation-competent state
(27).

In addition to the initiation factors, some r-proteins
were shown to play key roles during translation ini-
tiation complex formation. The multidomain r-protein
bS1 is essential for canonical initiation (28). It interacts
via the N-terminal helix with r-protein uS2 on the 30S
subunit (Fig. 1) (29). The flexible and dynamic protein
is suggested to scan the vicinity of the ribosome for
mRNAs with its C-terminal RNA-binding domains (30).
Further, protein bS1 promotes RNA unwinding by bind-
ing to single-stranded RNA during thermal breathing
(31). Together, these activities suggest that the protein
promotes mRNA recruitment and facilitates positioning
of structured mRNA in the RNA track of the ribosome
by unwinding secondary structures. r-Protein bS21,
which is likewise essential for ribosome binding during
initiation of MS2 RNA and canonical E. coli mRNA
translation, is localized on the platform of the 30S sub-
unit close to the 16S rRNA 3′ terminus. It is suggested
to stimulate the base-pairing potential of the SD-aSD
interaction by exposing the 16S rRNA 3′ terminus (32–
34).

Factors and r-Proteins That Affect
Translation Initiation on lmRNAs
In contrast to the established pathway for translation
initiation on canonical mRNAs in bacteria, initiation on
lmRNAs can occur with a reduced set of factors and/or
r-proteins (Fig. 2B). Several lines of evidence indicate
that for translation initiation on lmRNA r-proteins bS1
and uS2 are both dispensable, as the cI lmRNA is more
efficiently translated in their absence, suggesting they
negatively impact lmRNA translation (35–37). Upon
bS1 depletion, lmRNAs become more abundant and
more stable and their translation is stimulated, whereas
translation of canonical mRNAs is greatly reduced, an
effect that can be reverted by the addition of exogenous
bS1 (38, 39). This positive impact of the lack of bS1 on
lmRNA translation is likely due to the loss of competi-
tion with canonical mRNAs. As structured, leadered
mRNAs can no longer compete for bS1-depleted ribo-
somes, this allows the ribosomes to selectively translate
only unstructured or leaderless transcripts. Additionally,
loss of bS1 will eliminate the negative impact of IF3
because bS1 is required for the discriminatory activity
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FIGURE 2 Potential pathways for translation initiation complex (IC) formation on lmRNAs. (A) Schematic showing the main steps
during canonical initiation. (B and C) Potential steps during translation initiation on lmRNAs via 30S subunits and 70Smonosomes,
respectively. r-Proteins bS1 and uS2 are transparent, indicating their dispensability during this process. See text for details.
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of IF3 against lmRNA translation (35). Interestingly,
bS1 has been shown to be dispensable for the forma-
tion of the initiation complex on leadered mRNAs if
they contain a strong SD sequence and a weakly struc-
tured ribosome binding site (40). Moreover, some
Gram-positive bacteria with low G+C content, the ma-
jority of which contain relatively high levels of lmRNA
(6) (Table 1), either lack a bS1 homolog or contain a
homolog missing the first domain, rendering it unable
to bind to the ribosome (41). The lack of a functional
bS1 homolog in archaea also correlates with their high
number of leaderless transcripts. Together, these data
support the notion that bS1 is in general not essential for
translation.

The role of r-protein uS2 in lmRNA translation might
be rather indirect, as it represents the primary anchoring
point for bS1 on the ribosome (29). Therefore, the effects
seen as a result of uS2 depletion are the same as deleting
bS1 alone (38, 42), as only translation of canonical
mRNAs is affected while the translational efficiency of
lmRNAs increases 8- to 10-fold (43). Additionally, bS2
mutants contain increased levels of 70S ribosomes, in
line with the stimulation of lmRNA expression (44).

In addition to bS1 and uS2, r-protein bS21 is also
expendable for lmRNA translation. Here, promoting
the base-pairing potential of the SD-aSD interaction
(33) is irrelevant for ribosome binding. However, the
absence of bS21 did not affect fMet-tRNAfMet binding
necessary for lmRNA translation, or poly(U) translation
(32), which resembles lmRNAs in that it is translated
under conditions in which 70S ribosomes are prevalent
(44).

As the 5′-AUG initiation codon appears to act as
the unique ribosome binding signal on lmRNAs, their
translation is more dependent on the presence of fMet-
tRNAfMet than of canonical mRNA. This notion is
supported by the observation that IF2 promotes lmRNA
translation, which can effectively compete with canoni-
cal mRNAs for 30S occupation when IF2 levels are in-
creased (4, 45). In contrast, IF3, which decreases the
affinity of the fMet-tRNAfMet (25), discriminates against
lmRNA translation by recognizing it as “noncanonical”
and destabilizing the initiation complex (45–49). This
discrimination could be attributed to conformational
dynamics introduced in the ribosome by IF3 during
initiation complex formation rather than direct scanning
of the initiation codon (19, 50) and requires the presence
of r-protein bS1 (35). Therefore, the ratio between IF2
and IF3 can modulate the efficiency of lmRNA trans-
lation (45). These ratios are equal at a steady state (51)
but can vary in response to physiological changes, as

IF3 concentration increases during increased growth
rate (52), while IF2 levels increase under cold shock
(53). This suggests that the efficiency of lmRNA trans-
lation might also fluctuate in response to environmental
changes.

Together, these observations propose the first path-
way for initiation on lmRNAs in bacteria, where a 30S
subunit with a prebound IF2-fMet-tRNAfMet complex
binds to the 5′ terminus of the lmRNA in the absence
of IF3. Here, the 5′-terminal AUG initiation codon and
the 5′ triphosphate appear to act as ribosome binding
signals (Fig. 2B). Intriguingly, this process is analogous
to the eukaryotic initiation pathway in which the 40S
subunit must first be loaded with tRNAi to scan for the
start codon (54).

The second model suggests that the lmRNA is directly
bound by an intact 70S ribosome through codon-anti-
codon base pairing with a prebound IF2-fMet-tRNAfMet

complex (Fig. 2C). 70S ribosomes show a high prefer-
ence for a 5′-terminal AUG (55) and bind to lmRNAs
more strongly than 30S subunits (46). Furthermore, 70S
initiation complexes are intrinsically more stable on
lmRNAs, with a 5- to 10-fold-higher retention with the
addition of fMet-tRNAfMet compared to 30S subunits
(56), and chemically cross-linked 70S complexes, unable
to dissociate into 30S and 50S subunits, retained the
ability to translate leaderless but not canonical mRNAs
(44). Also, inactivation of ribosome recycling factor to
prevent subunit dissociation resulted in increased lmRNA
translation, while bulk mRNA translation greatly dimin-
ished (44). Considering that IF3 prevents subunit asso-
ciation (26), the 70S initiation pathway on lmRNA can
also be reconciled with the reduced translation initiation
when IF3 levels are increased (35, 45). Finally, conditions
that create a prevalence of 70S monosomes in vivo cor-
relate with preferential translation of lmRNA and loss of
canonical translation (44). While evidence suggests that
the use of the 70S pathway is more likely, the two models
are not mutually exclusive, making it possible that both
the 30S and 70S initiation mechanisms are operating
in vivo depending on the physiological conditions.

Although lmRNAs are generally more prominent in
archaea, less is known about their initiation mechanism.
It is considered to closely parallel the proposed bac-
terial pathway, with 70S-bound a/eIF2 recruiting Met-
tRNAi

Met and directing it to bind specifically to the
initiation codon (Fig. 2C) (57, 58). However, there are
likely additional auxiliary factors that contribute to
archaeal lmRNA initiation, as they contain >10 genes
encoding proteins homologous to eukaryotic initiation
factors, including aIF1, aIF1A, aIF2, a/eIF2, and aIF6
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(59–62). Moreover, archaea utilize a hybrid system
where most factors are more similar to the eukaryotic
mechanism; however, they follow the basic bacterial
mechanism for initiation codon selection (61). None-
theless, in both bacteria and archaea, the initiator tRNA
is absolutely essential for stable initiation complex for-
mation on lmRNA (4, 44, 56, 57).

Together, the working model for lmRNA translation
in archaea suggests that a 70S-aIF1-aIF1A-a/eIF2-GTP-
Met-tRNAi

Met complex binds the mRNA (58). Although
the exact order of events to form this complex is un-
known, it is anticipated that a/eIF2 initially binds to the
ribosome. The binding is stimulated by the concerted
activities of aIF1 and aIF1A, which are hypothesized to
induce structural changes in the 30S to facilitate a/eIF2-
GTP binding to, in turn, recruit the Met-tRNAi

Met (58,
63, 64). a/eIF2 performs distinct functions depending
on whether or not it is bound to the ribosome. Off the
ribosome it has a high affinity for 5′-triphosphorylated
ends to protect mRNA from degradation (62, 65).
However, this binding negatively impacts lmRNA, as it
will block translation when a/eIF2 is bound. Once bound
by the ribosome, a/eIF2 has a higher affinity for Met-
tRNAi

Met and instead positively contributes to translation
initiation (66). This is especially important for lmRNAs,
which are dependent on Met-tRNAi

Met to be prebound
to the 70S ribosome for efficient translation initiation
complex formation.

Additional initiation factors aIF2 and aIF6, common
only between archaea and eukaryotes, play indirect roles
in archaeal lmRNA translation. aIF2 acts as a ribosome-
dependent thermophilic GTPase that interacts prefer-
entially with 50S subunits and 70S monosomes (67). It
stimulates the binding of Met-tRNAi

Met to the ribosome
and thereby increases the translation of both leadered
and leaderless mRNAs (67, 68). aIF6 localizes at the
nucleation core of the 50S subunit to prevent forma-
tion of the 70S ribosome. It is upregulated during cold
and heat shock to act as translational repressor under
unfavorable conditions (62, 69). Therefore, it is possible
that the ratios between archaeal initiation factors vary
in response to external conditions, thereby similarly
modulating lmRNA expression.

As demonstrated, the various initiation factors can
modulate lmRNA translation in distinct ways when
compared to canonical translation. Nevertheless, the re-
duced number of translational factors needed for lmRNA
translation further illustrates their ancestral nature by
following a simpler mechanism of initiation established
prior to the addition of certain r-proteins and initiation
factors to increase complexity.

Signals Intrinsic to the lmRNA
That Affect Translation Initiation
Due to the absence of 5′-UTR signals in lmRNA to direct
ribosome binding, it was hypothesized that sequences
downstream of the start codon may instead fulfill this
role. However, extensive examination has failed to pro-
duce a consensus sequence that may be responsible and
has disproven the existence of a potential “downstream
box” that was thought to interact with the 16S rRNA
(70, 71). The presence of CA repeats or A-richness has
been shown to increase the translational efficiency on
both lmRNAs and leadered mRNAs (72, 73), and these
sequences are thought to contribute to the reduction of
secondary structures, resulting in a more open complex
and therefore fewer constraints on ribosome binding.

The remaining factors present on every lmRNA are
then reduced to only the initiation codon and the 5′
triphosphate, both of which play a role in lmRNA ini-
tiation. The 5′ triphosphate was found to influence ter-
nary complex formation and stability on lmRNAs, with
a 5′ hydroxyl abolishing translation of the naturally
leaderless cI mRNA in E. coli but not the SD leadered
version (74). Brock et al. demonstrated that in E. coli,
the 70S ribosome can distinguish mRNAs by the pres-
ence or absence of a 5′-AUG and that this signal is both
necessary and sufficient for ribosome binding and sub-
sequent translation (75). Most convincing was the
demonstration that the addition of an AUG triplet to
the 5′ end of an internal fragment of the lacZ mRNA
restored its ability to be bound by ribosomes and suc-
cessfully translated in vivo (75).

It is the 5′-AUG itself, and not the codon-anticodon
base pairing with the fMet-tRNAfMet, that contributes
to the initial ribosome interaction with lmRNAs. The
codon-anticodon interaction further stabilizes the com-
plex (75, 76). To support the notion that the 5′-AUG
itself is important, in many organisms, mutation of the
AUG to another initiation codon (GUG, UUG, CUG,
AUU) completely abolishes lmRNA translation (77, 78).
In mycobacteria, a 5′-AUG or 5′-GUG is necessary and
sufficient for lmRNA translation, with no other initia-
tion codon enriched in the leaderless transcripts (79).
Therefore, an AUG may be highly preferred but not
absolutely required. The proximity of the AUG to the 5′
terminus also affects translation efficiency, as a further
recessed AUG results in reduced translation (80). It has
been proposed that the ribosome is able to examine 5′
termini for the presence of a start codon even onmRNAs
that are not naturally leaderless (81, 82). This may occur
as a result of coupling transcription and translation
through interaction of the RNA polymerase (Pol) and
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the ribosome (83). Thereby the ribosome may directly
scan each mRNA as it exits the RNA Pol. However,
this would only account for the first round of ribosome
binding on each lmRNA, after which free ribosomes
would be responsible for lmRNA recognition. Without
the benefit of direct binding facilitated through RNA
Pol-ribosome interactions, the ribosome binding effi-
ciency to lmRNA is likely decreased, accounting for the
less efficient translation of lmRNA in general.

REGULATION UNDER VARIOUS
PHYSIOLOGICAL CONDITIONS
Due to the lack of a 5′ UTR and canonical initiation sig-
nals, lmRNAs are typically regarded to be less efficiently
translated during exponential growth. This observation
may be an artifact of using E. coli as the model organism
for the majority of lmRNA translation studies despite
its relatively low number of lmRNAs. Conversely, the
use of ribosome profiling data and reporter assays has
shown that lmRNAs are translated with equal efficiency
to non-SD or SD-led mRNAs in Caulobacter crescentus
(84) and Mycobacterium spp. (79). Also, in both bac-
terial and archaeal systems, in some cases the transla-
tional efficiency is higher when deleting the entire 5′UTR
compared to mutations that disrupt the SD sequence (76,
85, 86). However, one has to carefully consider the im-
pact of secondary structures introduced by addition or
removal of 5′ UTRs.

Continued Translation of lmRNAs
during Stress Conditions
Regardless of whether lmRNAs are less efficiently trans-
lated during exponential growth, lmRNA translation
appears to be adapted to adverse physiological condi-
tions. They can be translated during stress (17, 18, 87),
without any initiation factors (55, 88), at low tempera-
tures (89), and their translation is immune to various
antibiotics (90). A higher occurrence of lmRNA genes
also appears in many extremophiles such as radiation-
resistant Deinococcus radiodurans, thermophilic Ther-
mus thermophilus, andmany archaea (6). InDeinococcus
deserti, 60% of the transcriptome is leaderless and pro-
teomics have confirmed that the lmRNAs are efficiently
translated and encode themost abundant proteins present
(91) (Table 1). Some of these lmRNAs code for proteins
that are essential for viability, such as the HU proteins
used for nucleoid compaction (92). The HU proteins in
D. deserti were shown to be more efficiently synthesized
from lmRNAs in contrast to the leadered variants, which
resulted in protein levels that were insufficient to provide

their essential function (92). Many of the leaderless
transcripts code for small peptides that have homologs
in other Deinococcus species (91). These small peptides
are hypothesized to act as antioxidants, resulting in the
radiation and desiccation tolerance displayed by Deino-
coccus species (91).

Numerous genes encoding resistance mechanisms
against antibiotics targeting the protein synthesis ma-
chinery are transcribed as lmRNAs (82, 93–95). It is
tempting to speculate that this mechanism is required
for continued translation even in the presence of the
antibiotic. The aminoglycoside antibiotic kasugamycin
(Ksg) targets the ribosome in a position overlapping
the kink between the P- and E-site codons and therefore
interferes with the path of the mRNA immediately up-
stream of the start codon (96, 97). However, Ksg only
affects 30S subunits without impairing fMet-tRNAfMet

binding to the P-site in 70S ribosomes due to 50S sta-
bilization (96). Therefore, lmRNA translation is resis-
tant to Ksg treatment due to the lack of competition
between the mRNA and Ksg for binding sites (90, 98).
This mechanism further supports the 70S initiation
pathway for lmRNA translation containing no 30S in-
termediate steps (98). Intriguingly, the mRNAs encoding
the ABC transporter that exports Ksg in the producing
actinobacterium Streptomyces kasugaensis correspond-
ingly are leaderless or translationally coupled (99). By
this means the synthesis of the export mechanism con-
tinues even when the intracellular concentration of Ksg
increases, ensuring the survival of the producer cell.

Generation of lmRNAs during Stress
During adverse physiological conditions, lmRNAs are
even produced via endoribonucleolytic cleavage, allow-
ing for their continued translation. Stress conditions
such as treatment with antibiotics affecting transcrip-
tion or translation (100–102) or amino acid starvation
(103) cause a reduction in the expression of the toxin-
antitoxin system mazEF in E. coli. The labile antitoxin
is quickly degraded and therefore no longer represses
the stable MazF toxin. The active sequence-specific en-
doribonuclease MazF subsequently cleaves at single-
stranded ACA sites to cause bulk mRNA degradation
(Fig. 1). However, in some cases, the only available ACA
site resides within the 5′ UTR just upstream of the ini-
tiation codon (17). This cleavage therefore generates
a subset of mRNAs including both lmRNA and mRNA
with shortened leaders that specifically contain a 5′-
terminal hydroxyl group (104).

Concurrently, MazF also cleaves the 16S rRNA
within mature 70S ribosomes upstream of position
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A1500, removing 43 nucleotides from the 3′ terminus,
including the aSD sequence (17). Therefore, MazF
cleavage results not only in a subset of short leadered/
leaderless mRNAs but also in a subpopulation of so-
called 70SΔ43 ribosomes that is specialized for lmRNA
translation. Subsequent ribosome profiling has revealed
that the transcripts that are processed byMazF upstream
of the start codon are bound and selectively translated
by the modified 70SΔ43 ribosomes (18). Whether the
ribosome is able to select for the mRNAs in the MazF
regulon via the absence of a complex leader sequence
or through recognition of the 5′ hydroxyl remains to be
elucidated. However, recent data suggest that the 70SΔ43

ribosome, in contrast to the 70S, is more promiscuous,
as it binds both 5′-triphosphate and 5′-hydroxyl termini
(H. J. Beck, M. Sauert, and I. Moll, unpublished data),
presenting a new potential pathway for lmRNA initiation.

The ∼330 mRNAs that make up the MazF regulon
do not appear to be functionally clustered, but there
is an overrepresentation of essential genes, suggesting
that the mRNAs that are not degraded by MazF are
important for cell survival during stress and likely post-
stress recovery (18). During recovery, the RNA ligase
RtcB catalyzes the religation of the 43-nucleotide cleaved
fragment to the 3′ end of the 16S rRNA, successfully
restoring the ribosomes’ ability to translate canonical
leadered mRNAs (105). Therefore, the cell has processes
in place to not only reduce its translatome to move into
dormancy but also to transition back to steady state by
utilizing the lmRNA initiation mechanism.

Differential Expression in Response to Stress
Other organisms also exploit the use of lmRNAs to
adapt to stress. In Mycobacterium tuberculosis the ma-
jority of toxin-antitoxin genes is transcribed as lmRNA
(106). A transcriptome analysis revealed a significant
increase in lmRNAs during starvation, and notably,
lmRNAs were the most strongly upregulated. Although
lmRNAs are typically thought to be less efficiently ex-
pressed, in M. tuberculosis they were shown to have
longer half-lives than the SD-led mRNAs, resulting in
nearly equivalent protein production. These results sug-
gest that lmRNAs, while playing a secondary role during
exponential growth, are key in the physiology of non-
replicating cells (106). Mycobacterium spp. also pro-
duce a MazF toxin shown to target both the 23S rRNA
helix loop 70, to completely inactivate translation, and
the 3′ end of the 16S rRNA, to alter ribosomal specificity
by removing the aSD sequence (107, 108). Mycobacte-
rial MazF recognizes a different specific sequence than
E. coliMazF but targets similar functional regions of the

translational machinery, suggesting that the orthologous
toxins have evolved their relative specificities in an effort
to exploit essential and accessible ribosomal regions,
which could lead to an adaptive response to various
conditions (108).

Shigella spp. utilize alternative promoters within one
gene to transcribe a leadered and a leaderless variant of
the virFmRNA, translation of which results in the major
full-length and an N-terminally truncated VirF protein,
respectively (109). By directly binding to consensus virF
promoter elements, the truncated protein negatively
regulates the levels of full-length VirF that triggers a
regulatory cascade, leading to virulence and subsequent
invasion of the intestinal epithelial barrier in humans
(109). The conditions triggering the transcription of virF
lmRNA from a secondary promoter within the canoni-
cal virF coding sequence remain elusive, but it has been
speculated that environmental cues signaling unsuitable
conditions for an invasive response may play a role.
Alternative transcription in response to butanol and
butyrate stress also leads to the generation of lmRNA in
Clostridium acetobutylicum (110). It is thus conceivable
that numerous organisms employ leaderless transcripts
to ensure continuous translation, albeit with lower effi-
ciency, during adverse physiological conditions.

Further Benefits of 5′-Terminal AUGs
The ability of ribosomes to interact with the 5′-AUG
can additionally allow for indirect regulation of down-
stream ORFs in polycistronic mRNAs. As previously
mentioned, a recent transcriptome analysis brought
to light the prevalence of 5′-uAUGs, which were able to
bind ribosomes and in some cases allow for efficient
translation (14). Similar 5′-uAUGs were also discovered
inD. deserti and in some cases were found to be involved
in transcriptional attenuation (91). In the acuR-acuI-
dddL operon in R. sphaeroides, the first cistron encodes
a regulatory protein that represses the entire operon but
is translated at a much lower rate than the downstream
cistrons because it lacks a ribosome binding site (15).
This genetic makeup generates equal transcriptional
rates but disproportionate translational rates, resulting
in the desired regulation. The pairwise arrangement of
acuR-acuI, lacking a 5′ UTR, was observed in several
individual strains of alpha-, beta-, and gammaproteo-
bacteria (15), suggesting that utilizing an lmRNA to
control protein expression is a widespread phenomenon.

In some cases, the additional upstream start codon is
in frame with the canonical start codon, which could
result in two independently translated protein isoforms
from one transcript. Such cases of alternative translation
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initiation have been well documented in eukaryotes
(reviewed in reference 110) and haloarchaea (16). In the
haloarchaeon Natrinema sp. strain J7-2, the alternative
initiation site on the sptA mRNA is 5 nucleotides from
the 5′ terminus, thereby characterizing the transcript
as both leadered and leaderless depending on the start
codon utilized. Here, greater translation initiation effi-
ciency occurs at the 5′-terminal AUG, with the internal
AUG serving as a remedial initiation site in case the 5′-
terminal AUG is disrupted (16). This observation is not
surprising, as lmRNAs form the majority of transcripts
in haloarchaea and are known to be efficiently translated
(111). However, the SptA protein is processed post-
translationally to remove the N terminus when trans-
lated from the leaderless mRNA; thus, regardless of the
initiation codon used, the final protein product remains
the same (111). The presence of both AUGs does provide
benefits, positively affecting mRNA stability to enhance
expression. Redundancy in initiation as either a leadered
or leaderless mRNA ensures its translation in response
to different cellular signals or stress. Alternative trans-
lation initiation also occurs inM. tuberculosis, where the
extracytoplasmatic sigma factor σE (sigE) is differen-
tially translated to produce different isoforms depending
on environmental cues. In response to surface stress or
an alkaline pH, transcription of the leaderless variant
of the sigE transcript is upregulated while the leadered
variant, usually selected for during normal growth, is
repressed (112). This genome structure is conserved in
other mycobacteria, suggesting that this regulatory
mechanism evolved early in mycobacteria history.

The translation of the upstream ORF can similarly
affect downstream expression through translational
coupling (113). A high percentage of leaderless small
proteins are coupled to downstream genes in myco-
bacteria (79). Since translation of the first ORF can be
initiated with a 70S ribosome, this may allow for in-
creased expression of the entire operon under conditions
of increased 70S concentration. 70S ribosomes can re-
initiate downstream without dissociating by scanning
using unidimensional diffusion to search for an SD se-
quence (114). This scanning can take place in the ab-
sence of initiation factors if fMet-tRNAfMet is present.
Therefore, under conditions selecting for lmRNAs, trans-
lational coupling through reinitiation could allow the
entire operon to maintain efficient expression.

One example in which the 70S scanning mechanism
appears to be essential for downstream expression
occurs in E. coli ptrBmRNA encoding a serine protease.
The ptrB transcript contains a 5′-uAUG upstream of
its canonical start site, and mutation of this 5′-uAUG

drastically reduces downstream ptrB expression by
>90% (115). The 5′-uAUG does not act as an initia-
tion codon for translation, but rather as a 70S loading
site, necessary during optimal growth conditions due to
ptrB’s weak SD sequence and also to ensure continued
translation during stress. In this case, regulation of the
mRNA is dependent upon the inherent ability of a 70S
ribosome to recognize a 5′-AUG via the 70S lmRNA
initiation pathway (115).

Apart from initiating translation, an upstream
leaderless AUG can elicit indirect effects from a bound
ribosome. 70S ribosome binding at the 5′ terminus can
stabilize the mRNA (2); block the action of exonucleases
(116); prevent premature transcriptional termination
(117); or block the binding of other ribosomes or
low-molecular-weight effectors such as amino acids,
coenzymes, vitamins, or cyclic di-GMP whose binding
could affect the mRNA secondary structure. Increasing
the mRNA’s half-life or protecting it from degradation
will have a positive impact on surrounding ORFs.
However, prohibiting ribosomal loading through steric
hindrance will ultimately reduce downstream expres-
sion. Furthermore, occupying an area on the mRNA can
also affect secondary structure, which in turn can lead to
opening or occluding downstream ribosomal binding
regions. Therefore, upstream ribosomal binding through
recognition of the 5′-AUG can indirectly modulate the
expression of the other cistrons in the operon in a variety
of ways.

These regulation mechanisms are able to utilize an
intrinsic property that may be an ancestral remnant used
to recognize lmRNAs for their own specialized purposes.
This “recycling” of inherent interaction mechanisms has
already been shown: aside from assisting in translation
initiation, the aSD sequence of the ribosome can inter-
act with the SD sequence within coding sequences in
archaea to induce pausing (113) and in bacteria for
programmed frameshifting (114). In this way, intrinsic
properties of the ribosome are used not only for initia-
tion but during elongation as well.

PERSPECTIVE
Although it is impossible to definitively conclude the
evolutionary origins of any biological process, there is
substantial evidence to suggest that lmRNAs are ances-
tral in nature. From their ability to be translated by ribo-
somes of any domain of life, the utilization of a scaled-
down mechanism of initiation, and their prevalence
in organisms close to the root of the phylogenetic tree
and in extremophiles, which are resistant to conditions
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reflecting the traits of prehistoric times, lmRNAs ap-
pear to predate SD-led mRNAs. lmRNAs can provide
insight into the minimal requirements for translation.
More-evolved prokaryotes and eukaryotes appear to
have built upon the primitive method by increasing
complexity of mRNA structure and number of initiation
factors and other ancillary components. However, ribo-
somes have retained the intrinsic ability to recognize and
bind the 5′-AUG signature of lmRNAs, allowing them to
remain active in today’s cells. This suggests that ribo-
somes may inspect the 5′ termini of all mRNAs as a
remnant of an ancestral mechanism that has evolved
into the eukaryotic mechanism of 5′-cap binding. The
existence of capped lmRNAs in the protozoan para-
site Giardia lamblia that use the lmRNA recognition
mechanism without ribosome scanning might provide
a bridge between prokaryotic and eukaryotic mecha-
nisms with parallels to archaea (118). Furthermore,
5′-end recognition may continue to be utilized in bacte-
ria and archaea for ribosomal loading for downstream
translation or to protect the mRNA from degradation.
These observations illustrate the importance of studying
lmRNAs to provide insight into the evolution and func-
tion of the ribosome.

lmRNAs are not simply a functional relic of ancient
times. They are still being used to control translational
efficiency and to modulate the stress response. The
ability to withstand adverse conditions makes lmRNAs
beneficial in combating stress and transitioning into
dormancy. The use of lmRNAs provides a way to con-
trol protein production without the need for auxiliary
factors, such as small RNAs or RNA-binding proteins.
Therefore, no further energy expenditure is required
to modulate translational efficiency, making lmRNAs
a valuable tool during cellular shutdown. Considering
that the threat of antibiotic resistance and persistence
formation is increasing, elucidating the role of lmRNA
and the mechanisms underlying its translation will be
crucial in controlling bacterial infections. As the vast
numbers of lmRNAs throughout bacteria and archaea
will be identified, further examples of their various roles
in multiple cellular processes are expected to be eluci-
dated, which may provide insights into the intrinsic abil-
ities of the ribosome.
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