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Bacteria must rapidly respond to both intracellular and envi-
ronmental changes to survive. One critical mechanism to rap-
idly detect and adapt to changes in environmental conditions is
control of gene expression at the level of protein synthesis. At
each of the three major steps of translation—initiation, elonga-
tion, and termination—cells use stimuli to tune translation rate
and cellular protein concentrations. For example, changes in
nutrient concentrations in the cell can lead to translational
responses involving mechanisms such as dynamic folding of
riboswitches during translation initiation or the synthesis of
alarmones, which drastically alter cell physiology. Moreover,
the cell can fine-tune the levels of specific protein products
using programmed ribosome pausing or inducing frameshifting.
Recent studies have improved understanding and revealed
greater complexity regarding long-standing paradigms describ-
ing key regulatory steps of translation such as start-site selection
and the coupling of transcription and translation. In this review,
we describe how bacteria regulate their gene expression at the
three translational steps and discuss how translation is used to
detect and respond to changes in the cellular environment.
Finally, we appraise the costs and benefits of regulation at the
translational level in bacteria.

Bacterial cells face a wide variety of challenges from their
outside environment, including rapid changes in temperatures
and nutrient concentrations. To survive and remain competi-
tive, bacteria use strategies to rapidly adapt to diverse stimuli,
many of which require transcriptional changes that impact cel-
lular concentration of adaptive protein factors (1, 2). For exam-
ple, under heat stress, transcription of critical thermotolerance
genes are controlled through the transcription factor ¢ (3).
Another means to control transcription dependent on environ-
mental stimuli is the use of two component systems. Two com-
ponent systems transduce information from the environment,
such as changes in nutrient levels, into rapid transcriptional
responses that lead to adaptive processes like chemotaxis (4, 5).
Regulation of gene expression through o factors and two com-
ponent systems are just two of the several mechanisms of
adaptive transcriptional control.

Adaptation to external stimuli is not reliant on transcrip-
tional regulation alone; regulation at the level of protein synthe-
sis can also result in rapid and fine-tuned responses to chal-
lenges. Translation is a complex and dynamic process that
includes a sequence of steps that must occur rapidly to opti-
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mally decode genetic information (6—8). Translation in bacteria
can be roughly partitioned into three phases: initiation, elonga-
tion, and termination. Translation initiation comprises the
small subunit of the ribosome binding to the correct site on the
mRNA and assembling with support of initiation factors IF1,
IF2, and IF3. During elongation tRNAs charged with amino
acids are brought to the ribosome by the elongation factor EF-
Tu and added to the growing peptide chain. Ribosomal translo-
cation is then facilitated by EF-G. When the ribosome reaches a
stop codon, translation termination is promoted by release fac-
tor 1 or 2, depending on the sequence identity of the stop
codon.

Given the growing body of data elaborately describing the
basic mechanistic aspects of each step of translation, recent
studies have been able to focus on the intricacies of transla-
tional regulation. These studies have been aided by the advent
of technologies such as ribosome profiling, allowing research-
ers to rapidly collect ribosomes from cells under many different
conditions and calculate ribosome “footprints,” which indicate
the location and density of ribosomes upon a given mRNA.
Insights into translational events using ribosome profiling tech-
nology have significantly influenced the field’s understanding
of the three major steps of translation (initiation, elongation,
and termination) at a single-ribosome scale. Recent studies
have also begun to question long-standing paradigms in key
regulatory steps of translation such as start-site selection and
the coupling of transcription and translation. In this review, we
will discuss specific points of regulation during the three steps
of translation and how control at each of these steps can lead to
rapid and effective adaptation to environmental stimuli.

Initiation

Protein synthesis places a significant demand on cellular
energy pools, specifically through the use of ATP and GTP to
activate amino acids for transfer onto tRNAs and hydrolysis by
translational GTPases, respectively (9—11). To prevent the su-
perfluous use of energy, translation must be tightly regulated at
the point of initiation. The rate of translation initiation has also
been observed to be rate-limiting in protein production (12).
Another key function of translational regulation at the step of
initiation is to maintain protein stoichiometry, allowing for the
synthesis of functional complexes under variable conditions
(13). Control of initiation can be achieved through mechanisms
such as regulation of key initiation determinants, including
sequestration of the ribosome-binding site and control of the
number of available ribosomes. This section gives an overview
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Figure 1. Regulation of translation initiation in bacteria. In many bacteria, translation initiation occurs downstream of a SD with the aid of initiation factors
1-3. A, one mechanism to regulate initiation is to inhibit ribosomal subunit joining to the mRNA by sequestering the SD through RNA folding events. B, when
the process of translational initiation begins, IF1 inspects the tRNA that is brought to the ribosome by IF2. IF3 aids in initiation fidelity by ensuring initiation at

the appropriate start codon.

of some of the most common ways bacteria regulate their phys-
iology at the step of translation initiation.

Ribosome-binding site

In many bacteria, translation initiation sites in leading genes
are recognized by the ribosome through interactions with spe-
cific nucleotide sequences near the 5'-end of the mRNA called
Shine—Dalgarno motifs (SDs). This sequence pairs to an anti-
SD (aSD) sequence found in the 16S rRNA of the ribosomal
small subunit, beginning assembly of the translation initiation
complex (14-16). Protein output is directly correlated with
ribosome loading on a given transcript, and by changing the
potential for the SD and aSD to pair through changing the
accessibility or sequence identity of the SD, ribosome occu-
pancy on a given transcript can be controlled (Fig. 14) (17-19).
Generally, highly translated mRNAs have SD sequences closer
to the consensus sequence (AGGAGG) than those that are less
well-translated because of more energetically favorable hybrid-
ization between the mRNA at the SD sequence and the aSD in
the 16S rRNA, although this is not always the case. Further, not
all transcripts contain identified SDs, and the proportion of
mRNAs that encode SDs differs between organisms (14,
19-21). For example, in Escherichia coli ~57% of all genes are
preceded by a consensus SD, whereas Bacillus subtilis and Bac-
teroidetes encode identified SDs in ~90% and less than 10% of
genes, respectively (14, 23, 24).

Translation of genes without SDs depends on multiple fac-
tors. In E. coli, the ribosomal protein S1 has a role in recogni-
tion of mRNAs without an SD through its recognition of A/U-
rich sequences (16). RNA folding also plays a critical role in
translation of genes in which the SD is absent because the pro-
pensity for mRNA folding is inversely correlated with the initia-
tion efficiency, where mRNA folding can occlude critical deter-
minants for mRNA recognition by the initiating ribosome (25).
Recently, ribosome profiling was performed in Flavobacterium
johnsoniae, a species of Bacteroidetes in which SD sequences
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are absent (23). From the profiling data, it was found that F.
johnsoniae utilizes mRNAs that contain an overrepresentation
of adenine near the translation start site, specifically in the
region 11-14 nucleotides upstream of the start codon. One
consequence stemming from initiating translation without an
SD is that F. johnsoniae also has underrepresentation of AUG
codons within genes, a potential mechanism to prevent errone-
ous internal translation initiation. This overrepresentation of
adenine is not unique to F. johnsoniae; E. coli also showed an
enrichment of adenine in similar regions of the 5'-UTR of the
mRNA. The presence of adenine was also seen to enhance
translation of reporter sequences in both E. coli and F. johnso-
niae, suggesting that bacteria may use “Kozak-like” consensus
sequences. In eukaryotes, Kozak sequences are adenines 3-6
nucleotides upstream of the start codon and are strong positive
determinant for translation initiation (15, 23).

When SDs are present, they may have a greater role in tuning
initiation rate than in determining start codon selection. It was
recently found that in E. coli, the aSD sequence in the 16S
rRNA is not the main determinant for start codon selection;
rather, the SD-aSD pairing functions as a mechanism to tune
initiation efficiency in concert with mRNA folding and trans-
acting factors (26). In this study, E. coli was also observed to use
the A-rich sequences upstream of the translation start site, sug-
gesting a universal role for Kozak-like sequences. These find-
ings also support the model of ribosome “standby” sites. These
sites have been proposed to function as locations upstream of
the start codon where a ribosome can load on the mRNA
upstream of an annotated SD. Standby sites could be used to
allow for rapid responses to stimuli by allowing ribosome occu-
pancy on an mRNA without dedicating resources to initiation.
Once there is a stimulus, the ribosomes can immediately begin
protein synthesis. Determinants such as the RNA structure and
the presence of adenines with the proper spacing may facilitate
the binding and initiation of a ribosome without the require-
ment of an available SD sequence.
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Ribosome assembly and start codon selection

Ribosome levels in the cell can be regulated post-transcrip-
tionally, either through changes during their assembly or by
modulating the active pool of ribosomes. Ribosome assembly is
a tightly controlled process in which ribosomal proteins and
subunits must interact and coordinate in a manner that pro-
motes the assembly of the mature 70S particle (27). Ribosomal
protein binding is hierarchical and requires a host of quality
control steps to properly assemble. One example of a ribosome
assembly quality control factor is the translational GTPase
LepA, which facilitates binding of ribosomal proteins to the
small subunit of the ribosome (28, 29). Beyond ribosomal pro-
tein binding, LepA also has a role in the maturation of the 16S
rRNA, in which an accumulation of 17S precursor rRNA is
found in the absence of LepA. Another assembly factor, BipA,
has been shown to bind to the stress response molecule ppGpp
and potentially regulate ribosome assembly under stress condi-
tions (30). These functions demonstrate the potential roles for
LepA, BipA, and similar translational GTPases in controlling
ribosome maturation and, in effect, the pool of active ribo-
somes in the cell.

Ribosomal subunit joining is also a critical step in translation
initiation. Initiation factors coordinate the timing and location
of initiation (Fig. 1B) (31). Initiation factor 1 (IF1) aids in initia-
tor tRNA™®* selection within the 70S ribosome and shows
both association and disassociation activity during initiation,
along with other functions (32, 33). Initiation factor 2 (IF2)
ensures selection of fMet-tRNA™®" to begin translation. Initia-
tion factor 3 (IF3) serves in start codon selection by promoting
dissociation of the ribosomal subunits if assembly is occurring
at a noncanonical start codon and facilitating tRNA™** interac-
tions with the proper start codon.

Recently, evidence has been presented that after termina-
tion, the 70S ribosome is stimulated by IF1, IF3, and tRNA™¢*
to scan for the next start codon without the requirement of
disassembly and reassembly (33). This mechanism of scan-
ning may be used both to mitigate the energy requirements of
de novo initiation and to sense the available pools of charged
tRNA™M®,

Ribosome scanning allows for an intricate mechanism for
translation reinitiation in which the stop codon of the
upstream gene and the start codon of the downstream gene
overlap and a potential SD can be found near the 3'-end of
the upstream gene. Recently, translational efficiency of the
upstream gene was observed to control the rate of reinitia-
tion in polycistronic transcripts (24). Bioinformatics analy-
ses have shown that ~30% of genes in prokaryotes are struc-
tured in overlapping codirectional pairs in which the stop
codon of the upstream gene and the start codon of the
downstream gene overlap.

Overlapping gene structure is a potential regulatory point for
bacterial cells; if the upstream gene does not get fully translated,
translation of the downstream gene is inhibited. This would be
an intriguing mechanism for maintaining stoichiometry in pro-
teins found in operons. The efficiency of reinitiation is also de-
pendent on the strength of the upstream SD, but only if the or-
ganism uses an SD in its leading genes. Bacteriodetes, for
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example, have a low propensity to use SD in their leading or
monocistronic genes; therefore they have fewer reinitiating
genes with an SD at the 3'-end of the leading gene. This mecha-
nism of regulation of gene expression through translational
coupling is conserved in bacteria and archaea, although there is
evidence that the determinants for coupling have coevolved
with SD usage between individual phyla (34).

mRNA folding

One of the most important properties of RNA is its ability to
anneal to itself and other RNAs through base-pairing, forming
secondary structures such as stem-loops, hairpins, and pseudo-
knots. RNA folding generally impacts translation at the initia-
tion step by modulating the accessibility of the ribosome-bind-
ing site or start codon (35-38). Control of gene expression via
mRNA folding allows the cell to rapidly adapt to chemical and
physical stimuli without synthesizing or degrading mRNA.
RNA folding can occur in response to various stimuli, including
temperature, pH, small metabolites, and macromolecules such
as tRNA (36, 39). For example, thermosensing mRNA can regu-
late cell adaptation upon entry into a host, controlling the
expression of virulence determinants through changes in RNA
folding caused by temperature shifts (1). A wide range of genes
are controlled by differential mRNA folding and sequestration
of the ribosome-binding site, including those involved in tem-
perature adaptation, metabolite biosynthesis, and regulation of
charged tRNA pools (1, 17, 40).

The synthesis of some proteins is controlled by the binding
of ligands such as nucleotides, amino acids, or enzymatic cofac-
tors to cis-acting RNAs called riboswitches (39, 41). Ribos-
witches bind to ligands through an aptamer domain, a strongly
conserved nucleotide sequence found in the RNA. The aptamer
domain allows flexibility of the surrounding nucleotide se-
quence, permitting a variety of RNA folding responses to take
place in response to aptamer-ligand binding. Riboswitch-con-
trolling ligands are not limited to small molecules; for example,
the 5'-UTR for many ribosomal proteins mimic rRNA struc-
ture and bind their own products (35). ThrRS, the threonine
tRNA synthetase, is controlled in a similar fashion, in which the
5'-end of its mRNA takes the shape of tRNAT" (35). By mim-
icking tRNA™™, bacteria can use #7S to sense cellular concen-
trations of ThrRS and tune translation initiation accordingly.
When ThrRS levels are high, the probability for ThrRS to bind
thrS mRNA increases, which then prevents ribosome binding
to thrS and decreases further ThrRS production. Inversely, if
ThrRS concentrations in the cell are low, the ability for ribo-
somes to initiate translation of thrS increases, restoring ThrRS
levels. In some instances, the ligand for riboswitches is another
RNA such as tRNA. “T-box” riboswitches are able to bind the
anticodon sequence of a tRNA and detect whether the tRNA is
charged with an amino acid through recognition of its acceptor
stem (39). Generally, T-box riboswitches control transcription
of genes through transcription terminator/antiterminator reg-
ulation, but more recent work has shown that in Actinobacte-
ria, this class of riboswitch can function through the sequestra-
tion of a ribosome-binding site (36).
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An example of translational regulation of gene expression
through thermosensing RNAs has been recently described in
the cold shock response in E. coli (1). It was initially observed
that when E. coli experiences a temperature shift from 37°C
(normal growth temperature) to 10 °C (cold shock), there is an
acclimation phase in which cell growth and protein synthesis
are stopped. After this acclimation phase, the cells begin to
grow at a much slower rate. By using ribosome profiling to
determine ribosome occupancy on mRNAs and dimethyl sul-
fate sequencing to probe mRNA structure, global increases in
mRNA folding were found to correlate with a decrease in trans-
lation efficiency. Intriguingly, mRNAs encoding cold shock
proteins make specific structures that permit maintenance of
their translation at low temperatures. These proteins function
to decrease total mRNA structure in the cell during the accli-
mation phase of the cold shock response. Once total cellular
mRNA structure is decreased, the acclimation phase ends, and
cells begin to grow.

Ribosome multiplicity

The majority of the cell’s resources are allocated toward the
synthesis of rRNA during exponential growth (42). In early
studies, it was found that the relative number of ribosomes in a
cell is directly proportional to the growth rate and that rRNA
synthesis is controlled through a feedback-inhibition mecha-
nism (42). Ribosomes can be synthesized at such high quanti-
ties because of the multiplicity of rRNA operons (rrns). These
operons can vary in number, from 14 in the Clostridioides to
only 1 in Mycobacterium tuberculosis. This multiplicity was
found to be essential for E. coli (7 rrns) to adapt to changes in
environmental conditions (43, 44). Under nonstressed condi-
tions, up to 3 rrus can be deleted without a substantial growth
defect because transcription initiation and elongation of the
other operons increases to counteract the loss of rrus (42).
When there are fewer than 4 rrus, the transcription machinery
is not able to compensate for the depleted ribosome pools,
which decreases the probability of translation initiation at
genes that are required for adaptation to changing conditions.
The correlation between rrn number and adaptive potential
has also been observed using computational approaches, in
which bacteria that live in more dynamic environments tend to
have larger genomes and a greater rrn copy number, whereas
organisms that live in more stable environments (such as intra-
cellular parasites) have reduced genomes and subsequently
reduced rrus copies (44). The number of rrus is also controlled
so that the copy number is not cumbersome to the cell, because
increasing the copy number of rrus can lead to growth defects
through the allotment of limited cellular resources for rRNA
synthesis (44).

Elongation

During translation elongation, the ribosome catalyzes pep-
tide bond formation between amino acids. Amino acids are
ligated onto tRNAs by aminoacyl tRNA synthetases and deliv-
ered to the ribosome by the translation elongation factor EF-
Tu. Once peptide bond formation is complete, the ribosome is
translocated by EF-G. In E. coli, translation elongation occurs
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at ~20 amino acids/s under optimal conditions (45). The
intrinsic rate of translation elongation does not vary drastically
under many different conditions. Instead, other processes are
impacted that can control gene expression during elongation,
such as tRNA availability or the pool of active ribosomes in the
cell (7, 8, 42, 43). In this section, we describe some of the meth-
ods bacterial cells utilize to modulate translation elongation to
regulate synthesis of their proteome.

Programmed translational arrest

During translation elongation, specific strings of amino acids
can lead to ribosome pausing through various mechanisms
(46-51). These strings of amino acids can be used to regulate
translation rate over different protein regions such as interdo-
main linker regions (46, 52).

Programmed translational arrest is probably most well-
known as the regulatory mechanism in the Sec pathway. In the
Sec pathway, the secretion monitor peptide secM encodes for a
peptide (FXXXXWIXXXXXGIRAGP, where X is any amino
acid), which induces ribosome stalling. This stalling is alleviated
by pulling through the secretory system, allowing elongation to
resume (49, 53, 54). If concentrations of secretory factors are
low or if secretion of SecM is defective for other reasons, ribo-
some pausing at the leader region is pervasive. Ribosome stall-
ing in the secM gene is caused by interactions between the nas-
cent SecM peptide and the ribosome exit tunnel, specifically
with the 23S rRNA and ribosomal protein L22, preventing
proper ribosome translocation (54). Ribosome pausing at this
sequence makes the SD for the gene encoding the downstream
translocase, secA, more accessible for translation initiation. By
monitoring translocation of SecM peptide, cells can achieve
proper stoichiometry between their secretory proteins. If the
SecM stall sequence is mutated to prevent ribosome stalling,
the resulting depletion of SecA is lethal in E. coli (48, 53). Ribo-
somal mutants that lose the ability to interact with SecM within
the exit tunnel also show defects associated with loss of SecA
homeostasis.

Beyond the SecM stall peptide sequence, other specific
motifs in nascent peptides can cause ribosome pausing (48, 49).
For example, when a ribosome reaches a stretch of two or more
prolines in a row (a polyproline (PPX) motif), slowed peptide
bond formation can cause the ribosome to pause (55-57). Ribo-
some pausing at PPX motifs occurs because proline is the slow-
est of all canonical amino acids in peptide bond formation,
being both a poor peptide bond donor and acceptor because of
its unique pyrrolidyl ring structure (58). When a ribosome is
paused at a PPX motif, the A- and P-site tRNAs are unstable,
further decreasing the rate of translation elongation. Pausing at
PPX motifs leads to decreased protein synthesis of PPX-con-
taining proteins and causes ribosome queuing on PPX-encod-
ing transcripts, which can lead to defects in cell physiology (56,
59, 60).

The translation elongation factor EF-P alleviates ribosome
pausing at PPX motifs by facilitating peptide bond formation
between proline residues (Fig. 24) (61). EF-P enters the ribo-
some from the E-site and interacts with the P-site tRNA
between the P- and E-sites, stabilizing the A- and P-site tRNAs
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Figure 2. Regulation of gene expression at the level of translation elongation. A, translation pausing can be induced by the slow peptide bond formation
between proline residues (red). These pauses are relieved by the translational elongation factor EF-P, which facilitates proline-proline bond formation. B,
when uncharged tRNA enters the A-site of the ribosome under starvation conditions, it is recognized by RelA. RelA synthesizes (p)ppGpp, inducing the strin-
gent response. The stringent response stimulates widespread regulatory functions in the cell, including regulation translation through the control of ribosome

biosynthesis.

and increasing the protein synthesis rate (61). EF-P also dis-
plays high specificity for Pro-tRNA"™. The major determinant
for tRNA"™ recognition is the unique D-arm that is shared
between tRNA"™ and tRNA™¢ and structural experiments
demonstrate that EF-P is in direct contact with the D-arm of
the P-site tRNA"™ within the ribosome, suggesting that EF-P
function is directly linked to polyproline translation and is a
sensitive target for regulation via these stalling motifs (61, 62).

One potential mechanism for regulating translation elonga-
tion at PPX motifs is through EF-P post-translational modifica-
tion (PTM). In most cases, EF-P must be post-translationally
modified for full function as modification aids in both stabiliz-
ing the P-site tRNA and increasing the dwell time of EF-P
within the ribosome (63). Until recently, EF-P function was
believed to be dependent on its PTM in all bacteria (57, 64, 65).
It is now known that in some Actinobacteria, EF-P does not
require PTM for function. This may be a result of the high
number of PPX motifs in Actinobacteria, where there is >1
PPX motif per protein on average (compared with 0.5 in E. coli
and 0.4 in B. subtilis) (66). The high polyproline burden present
in these organisms may prevent the fine-tuning of translation
elongation based upon PPX motifs. Although the PTM is essen-
tial for EF-P function in many organisms, the identity of the
PTM is varied, ranging from (R)-B-lysine in E. coli to rhamnose
in Pseudomonas aeruginosa (64, 67).

Not only are the structures varied, but the pathways for mod-
ification also are divergent. 3-Lysine is synthesized by the lysine
aminomutase EpmB (YjeK), ligated to EF-P using a lysyl-tRNA
synthetase paralog, EpmA (PoxA), and hydroxylated by EpmC
(YfcM) (67). Rhamnose is synthesized by the Rml pathway in
Pseudomonas, Shewanella, and Neisseria and is attached to EF-
P using the glycosylase EarP (64, 68). The synthesis and ligation
of the post-translational modification in B. subtilis, 5-amino-
pentanol, is substantially different from that of the other known
modifications (65). The attachment of 5-aminopentanol to EF-
P occurs modularly; the modification is built upon EF-P in mul-
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tiple steps (69). It was recently found that structurally distinct
modifications had different effects on enhancing peptide bond
formation depending on the X residue of a PPX motif (69). For
example, although in a Aefp strain a Pro-Pro-Trp motif causes
the strongest pause, in some modification mutants Pro-Pro-
Pro had the greatest defect in peptide bond formation. These
results suggest that there may be instances in which B. subtilis
requires EF-P with only a partial modification to translationally
control the output of a protein product. Interestingly, in all
known cases of EF-P modification, the moiety is derived from a
core metabolic pathway (B-lysine from amino acid biosynthe-
sis, rhamnose from sugar metabolism, and 5-aminopentanol
from fatty acid biosynthesis), which may be indicative of mech-
anisms to sense the levels of these key metabolites and regulate
translation elongation rates accordingly.

Because translation elongation generally occurs at a constant
rate in a WT cell, one way to translationally control gene
expression is to modulate the number of ribosomes that can
load on a certain transcript, as mentioned in previous sections
of this review (18, 21). Ribosome profiling data reveal that two
transcripts can have the same PPX motif with similar context
within the gene; however, one would require EF-P for optimal
protein output, whereas the other would not (70, 71). This was
discovered to be an effect of translation initiation, in which a
transcript with a strong SD would be more EF-P-dependent
than a transcript with a weak SD. One example of this phenom-
enon is the regulation of the ATP synthase proteins AtpA and
AtpD. In Gammaproteobacteria, both proteins have the same
motif encoded in a region of the protein, which would imply
similar dependences on EF-P for translation (72). Surprisingly,
AtpA does not require EF-P for translation, whereas AtpD
translation depends on EF-P (18). This is a result of AtpA hav-
ing a weaker SD than AtpD; therefore translation of AtpA does
not induce ribosome queuing in the absence of EF-P. If the
dwell time of a ribosome on a PPX motif is shorter than it takes
for the next ribosome to initiate and reach the motif, there will
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be a minimal effect on total protein output. In this scenario
both translation initiation and elongation have a role in modu-
lating the synthesis of components of a core biosynthetic pro-
tein, the ATP synthase.

Interplay between translation elongation and cell
homeostasis

Misregulation of translation has pleotropic consequences for
the cell. For example, slowed translation rate leads to higher
frequencies of RNA polymerase backtracking, and this results
in a decreased frequency of head-on collisions between RNA
polymerase and the replication machinery (73). Conflicts
between transcription and replication can lead to the formation
of DNA:RNA hybrids and cause genomic instability, requiring
the function of collision-resolving factors such as Rep, UvrD,
and Rho, which aid in preventing the deleterious effects that
are associated with collisions between RNA polymerase and
the replisome (74-77). It was seen that ribosome pausing
caused by decreased charged tRNA pools or the loss of EF-P
permitted cell survival in the absence of collision-resolving pro-
teins (73). This study highlighted the intricacies in bacterial
physiology, in which many factors must coordinate to allow for
rapid translation and growth while resolving potential conflicts
between the macromolecular complexes that perform replica-
tion and transcription.

Bacterial cells have a generally consistent translation elonga-
tion rate under a variety of conditions. Recently, a series of
studies have shown that even under conditions such as low
nutrients, elongation continued at an appreciable rate (~8
amino acids/s) (7, 8). Surprisingly, in conditions that were pre-
viously considered to decrease translation such as in the pres-
ence of translational inhibitors, the elongation rate has been
observed to stay constant, whereas the fraction of active ribo-
somes decrease (7). Control of elongation in starvation condi-
tions is also dependent on the limiting substrate. Under carbon
limitation, the number of active ribosomes is decreased because
a fraction of the ribosomes in the cell do not initiate translation
(78). When cells are starved for phosphorous, ribosome biogen-
esis is impaired, decreasing the ribosome concentration within
the cell. The effect of carbon and phosphate limitation is similar
to the effect of rrn multiplicity previously discussed, in which
gene expression is not controlled at the level of translation
elongation rate; rather, the number of actively translating ribo-
somes changes. When the cells are limited for nitrogen, it was
found that the elongation rate is decreased through depletion
of cellular pools of aminoacylated tRNA®'™, inducing ribosome
pausing at glutamine codons. Glutamine is a key molecule for
nitrogen storage in bacteria and is used for many other proc-
esses that require nitrogen outside of translation. By sensing
the levels of charged tRNA®'™, the cells can both decrease the
energetic burden of translation through reduced elongation
and induce stress response pathways such as the stringent
response, which will be discussed in the next section. It was
also noted that observed elongation rate fluctuations were
mainly caused by changes in availability of translational cofac-
tors such as tRNAs or elongation factors.
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The stringent response

A critical mechanism that bacterial cells utilize to adapt to
changing environmental conditions is through the synthesis of
the alarmone (p)ppGpp and the subsequent stringent response
(79). Synthesis of ppGpp can occur as a response to a variety of
stimuli, including ribosome pausing during translation elonga-
tion (79—-81). When cells are in conditions with low amino acid
availability, the fraction of uncharged tRNA increases, in turn
raising the probability of uncharged tRNA entering the ribo-
somal A-site. When this occurs, the ppGpp synthase RelA
binds the ribosome and begins to synthesize ppGpp, which
binds and regulates the action of many divergent cellular proc-
esses, the most well-studied of which is directing transcription
through binding to RNA polymerase (Fig. 2B). Because this reg-
ulation is specific to uncharged tRNA binding to the ribosome,
mischarging of tRNA with noncognate amino acid prevents the
stringent response in conditions of amino acid starvation (40).

Recent studies have shown that ppGpp has many binding
targets. By capturing proteins using a cross-linkable ppGpp
analog, it was observed that ppGpp has the potential to bind
factors that have major roles in all aspects of cellular physiology
(73, 82—84). Binding of ppGpp can regulate translation initia-
tion, elongation, and termination, specifically at the levels of
ribosome biogenesis and translational GTPase activity (30, 82,
85-87). Studies have shown that of the translation initiation
factors, IF2 is specifically targeted by ppGpp-dependent regula-
tion (86, 88). Control of cellular ribosome concentrations by
ppGpp has also been observed directly by modulating the syn-
thesis and degradation of ppGpp in E. coli (42, 79). When
ppGpp levels are high, growth is suppressed by decreasing ribo-
some biosynthesis, potentially through binding and inhibiting
ribosome assembly GTPases (84). When ppGpp concentrations
are low, cell growth is also suppressed, but it is postulated that
this is because of inappropriate resource allocation toward
ribosome synthesis and assembly. By sensing nutrient concen-
trations through translation elongation, bacteria can regulate
the synthesis of ppGpp and properly allocate resources to proc-
esses that will increase fitness under stress.

The effects of translation elongation on transcription

One of the major paradigms of bacterial physiology is the
spatial and temporal coordination of transcription and
translation. When mRNA is transcribed, it has been shown
that ribosomes can immediately initiate once an appropriate
ribosome-binding site becomes accessible (12, 15). Without
a ribosome rapidly initiating translation, RNA polymerase
shows a greater propensity to backtrack, which can lead to
transcriptional stalling (73, 83). The coupling of transcrip-
tion and translation was thought to be absolute in bacteria
and required for transcription processivity. However, recent
work has argued against the requirement of a dedicated cou-
pling mechanism between the ribosome and RNA polymer-
ase during protein synthesis (34, 89). This correlates with
data showing that transcription elongation is not inhibited
by the absence of a leading ribosome, despite an increased
probability to backtrack (89).
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control gene expression. Left panel, when charged cognate tRNA levels are high, rapid translation of the leader peptide leads to the formation of a terminator
stem-loop. This stem-loop leads to transcription termination. Middle panel, when the levels of charged tRNA are low, ribosome pausing leads to the formation
of a mutually exclusive antiterminator loop that facilitates transcription of the downstream gene. Right panel, in the event of mistranslation, mischarged tRNA
can lead to premature termination of transcription when cognate amino acid levels are low.

Although transcription and translation do not require a dedi-
cated coupling mechanism, the presence of a ribosome does
have effects on transcription termination. When E. coli cells are
treated with a translational inhibitor or translation prematurely
terminates, Rho-dependent transcription termination events
increase (73). Rho-dependent termination, known as transcrip-
tional polarity, occurs when a Rho-utilization (rut) site in the
mRNA is not protected by a ribosome (90-92). Polarity has
classically been associated with the presence of a premature
stop codon and the subsequent decrease in translation of
downstream genes. Rho-dependent termination has been ob-
served in ~200 loci in the E. coli genome (93). Beyond occur-
rences of premature translation termination, ribosome pausing
at PPX motifs has been seen to decouple transcription and
translation, leading to the exposure of rut sites where Rho can
bind and terminate transcription (94).

Translational pausing during elongation can also control
downstream mRNA folding (Fig. 3). One of the most well-char-
acterized mechanisms of translational control by RNA folding
is through an mRNA leader region. Leader regions are sensitive
mechanisms to sample the cellular concentrations and rapidly
respond to changes in a specific metabolite (17). These regions
are found upstream of the gene in which they control and can
modulate transcription and translation of the downstream
gene. The trp leader is a well-characterized example of transla-
tional control of gene expression, in which there are two con-
secutive tryptophan codons in a leader region (¢rpL) before the
start codon of genes encoding Trp synthesis proteins in a poly-
cistronic mRNA (17). When tryptophan levels in the cell are
high, the charged pools of Trp-tRNA™™P are sufficient for rapid
translation of trpL. Rapid synthesis of the TrpL peptide leads to
the formation of an attenuator stem-loop, which is recognized
as a termination sequence by the RNA polymerase, leading to
transcription termination before tryptophan biosynthesis genes
are expressed (95). If the level of charged tRNA™™ is low, the
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ribosome will pause at the Trp codons in trpL, allowing for the
formation of a mutually exclusive antiterminator stem-loop,
facilitating transcription and translation of the ¢rp operon. This
mechanism of control is not exclusive to the trp operon;
another example of leader-mediated regulation in Escherichia
coli includes translational control of PheS and PheT, the subu-
nits of the phenylalanine tRNA synthetase, which are con-
trolled by a leader region that senses charged tRNA"™™ pools
(96). By sensing the levels of charged tRNA through ribosome
pausing, cells regulate both transcription and translation of
core biosynthetic pathways. Further, the Mgt system in Salmo-
nella is regulated by ribosome translocation speed through a
proline-encoding stretch and is required for survival in macro-
phages and the uptake of magnesium (97). Ribosome pausing at
mgtP greatly increases transcription of mgtC, a virulence factor,
whereas pausing at mgtL up-regulates the magnesium trans-
porter mgtA. Salmonella EF-P is down-regulated when there
are depleted levels of Pro-tRNA"™, which is found in the intra-
macrophage environment. Depletion of EF-P concurrent with
depleted Pro-tRNA™ levels causes ribosome pausing at the
PPP motif found in mgtP, enhancing mgtC transcription in a
similar fashion as the previously discussed trp operon (17).
Unlike the sec operon, which utilizes the function of the Sec
protein products to test for their concentrations within the cell,
the trp operon and other leader region-containing operons use
translation to directly assess the availability of a metabolite and
regulate biosynthesis genes accordingly.

Termination and frameshifting

Translation termination in bacteria is performed by three
translation release factors: RF1, RF2, and RF3 (31, 98). RF1 rec-
ognizes UGA/UAA codons through its PXT motif, whereas
RF2 recognizes UAG/UAA stop codons through its SPF motif
(99). Both RF1 and RF2 have a conserved GGQ motif that is
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essential for peptide release through hydrolysis of the P-site
tRNA ester linkage (99). RF3 aids in dissociation of the release
factors from the ribosome and begins the process of ribosome
recycling through conformational changes induced by GTP
hydrolysis (100). Without functional release factors, ribo-
somes stall at stop codons, and the active concentration of
ribosomes in the cell decreases (101). Translational regula-
tion of gene expression at the point of termination generally
occurs in the form of frameshifting and stop codon read-
through (102). By regulating the translational reading frame,
bacterial cells can maintain proper protein stoichiometries
through the use of premature stop codons and control the
amino acid sequence of protein products to increase pro-
teome diversity (102—104).

Quality control during termination

When ribosomes are unable to terminate, such as during
translation of a nonstop mRNA, they are rescued by transfer-
mRNA (tmRNA). Ribosome release from stalling by tmRNA is
mediated by trans-translation, in which tmRNA functions as
a tRNA mimic and is brought to the ribosome by SmpB. The
ribosome then uses tmRNA both as a tRNA and as a new
reading frame that encodes a degradation tag for the nascent
peptide (105). This functions as a method to both replenish
ribosome pools and remove potentially aggregate-prone
mistranslation products (106—108). Although this is an effi-
cient mechanism to rescue ribosomes that are unable to ter-
minate, further studies based upon release factor mutants
have given insight into the importance of rapid peptide
release in bacterial cells. In a recent ribosome profiling
study, it was observed that if termination was impaired,
some operons that contained leader regions became misre-
gulated. This is likely due to ribosome loading on the mRNA
without termination leading to formation of attenuator
mRNA secondary structures and premature transcription
termination (Fig. 4B). Because many important biosynthesis
genes contain leader regions for their regulation, this is one
mechanism in which translation termination is critical for
the maintenance of cellular homeostasis.

Translation termination is also a critical step for protein
quality control. For example, if a mismatched tRNA is incorpo-
rated to the P-site of the ribosome, RF2 hydrolyzes the peptide
with the aid of RF3 (100, 109). This mechanism of quality con-
trol has been observed both in vitro and in vivo and prevents
the accumulation of potentially deleterious peptides (106, 107).
When RF3 is deleted, cells display decreased fitness that is asso-
ciated with greater translational error rates. Translational fidel-
ity mediated by RF3 was also observed to control protein levels
and mRNA stability. In the absence of translational proofread-
ing, the cells may be insensitive to mistranslation-induced
changes in amino acid pools, which would allow for read-
through of sensor sequences. This also impacts mRNA stability
because of a greater ribosome occupancy on mistranslated
mRNAs without RF3.
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Proteome regulation through frameshifting

In the absence of timely ribosome release or rescue, ribo-
somes can spontaneously change reading frame and alter the
resulting protein product (Fig. 4C). A well-studied pro-
grammed frameshifting event regulates levels of RF2 in bacte-
ria, where there is a programmed frameshift in the RF2 gene
(prfB) (103). The in-frame coded sequence of RF2 contains a
premature stop codon that produces a truncated protein prod-
uct that is not functional in translation termination. When RF2
levels are low, however, ribosomes queue at the stop codon
without release. This can then lead to a frameshift in which the
complete RF2 protein is made. This mechanism effectively
senses the levels of RF2 in the cell through its mechanism of
action and utilizes a programmed frameshift to regulate expres-
sion of the prfB gene.

Frameshifting has also been observed in the regulation of
iron uptake and other virulence determinants. In meningo-
cocci, frameshifting occurs in iron uptake genes and depends
on a stretch of guanines that suppress downstream nonsense
codons (104). It has been postulated that both translational fra-
meshifting and the propensity of the DNA replication errors at
these sequences aid the cells in antigenic variation and evasion
of the host immune system. In M. tuberculosis, some rifampicin-
resistant strains contain an insertion mutation in 7poB, the 3 sub-
unit of RNA polymerase (110). This insertion is suppressed by a
subsequent translational +1 frameshift that leads to a 3-amino
acid change in RpoB, resulting in high levels of rifampicin resist-
ance. By programming frameshifts to make variable protein prod-
ucts from the same mRNA, bacterial cells can add an element of
heterogeneity to the proteome and potentially increase fitness
under stress conditions (104, 111).

There are also mechanisms to prevent unwanted frameshift-
ing in bacteria. For example, the CCC codon encoding for pro-
line is considered highly prone to frameshifting because of the
0 and +1 frameshift reading identically when taking account of
the wobble base pair. To prevent pervasive frameshifting at
these codons, the UGG isoacceptor for proline, which can read
all Pro codons, is methylated at position G37 by TrmD (97,
112). Using reporter assays, it was observed that without fully
functional TrmD, frameshifting at CCC-C is increased by 8-
fold. Not only is the proline codon itself prone to frameshifting,
the slow formation rate of Pro-Pro peptide bonds also contrib-
utes to frameshifting. The ribosomal protein bL9 is critical for
reducing compaction between ribosomes during translational
stalling events; decreased ribosome spacing during elongation
can block the E-site and prevent release of the E-site tRNA (22,
113). As a result, bL9 is essential when bacterial cells lose EF-P
function because of the increased rate of ribosome collisions at
PPX motifs (22, 47, 113). The effect of frameshifting also appears
to be dependent on the rate of ribosome loading on the transcript
(22). If the strength of the ribosome-binding site is changed, the
increase in ribosome loading impacts the rate of frameshifting,
although the effect depends on the genetic context.

Outlook

Translational control of gene expression is pervasive in bac-
teria and can occur using a variety of mechanisms including
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differential mRNA folding or post-translational modification of
translation factors. At each step of translation, there are mecha-
nisms for the cellular machinery to sample and respond to in-
ternal and environmental stimuli. Translation regulation has
also been observed to work in concert with transcriptional con-
trol of gene expression to precisely tune protein output through
events such as attenuation and acclimatization. In the future, it
will be critical to further account for the breadth of stimuli to
which a bacterial cell must respond, and the mechanisms that
drive the responses. As mentioned in previous sections, transla-
tion is an energetically expensive task. It will be important to
elucidate how the cell senses its energy levels and regulates
translation accordingly. Work is currently ongoing in the field
of bacterial persistence linking cellular energy concentration
and dormancy; for example, do bacteria use a functional trans-
lational machinery as a proxy for energy pool sufficiency with
respect to ATP and GTP availability? Another way in which
there can be better insight into translational control of gene
regulation is to perform studies under conditions in which
stress may cause mistranslation. For example, T-box ribos-
witches have the ability to discriminate between tRNAs
based upon their anticodon, but are they sensitive to tRNA
charged with an incorrect amino acid? Understanding trans-
lational regulation in bacteria is also critical for clinical
research. Is there a way to target regulatory functions that
help bacteria evade the immune system such as translational
frameshifting to prevent the rise of antimicrobial resistance?
It is also known that without EF-P, many bacteria become
avirulent. Are there ways to target EF-P as a combinatorial
therapeutic? By continuing studies into the intricacies of
translational regulation, it is possible to gain insight into the
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regulatory pathways and responses that lead to cellular ad-
aptation and competitiveness.
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