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Abstract

In nature, bacteria are constantly adapting to various stressful conditions. Timely activation of stress response programs is
crucial for bacteria to smoothly survive under stressful conditions. Stress response, demanding the de novo synthesis of many
defense proteins, is generally activated at the transcriptional level by specific regulators. However, the effect of the global
protein translational status on stress response has been largely overlooked. The translational capacity is limited by the number
of translating ribosomes and the translational elongation rate. Recent work has shown that certain environmental stressors
(e.g. oxidative stress) could severely compromise the stress response progress of bacteria by causing either slow-down or
even complete stalling of the translational elongation process. The maintenance of ribosome elongation rate, being crucial
for timely synthesis of stress defense proteins, becomes the physiological bottleneck that limits the survival of bacteria in
some stressful conditions. Here, we briefly summarize some recent progress on the translational status of bacteria under
two distinct stress conditions, nutrient deprivation and oxidative stress. We further discuss several important open questions
on the translational regulation of bacteria during stress. The ribosome translation should be investigated in parallel with

traditional transcriptional regulation in order to gain a better understanding on bacterial stress defense.
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An overview of stress response

The natural environment of bacteria is constantly chang-
ing. For E. coli cells living inside the human gut, they may
encounter various stressful conditions such as nutrient dep-
rivation, hyper/hypo-osmolarity, low pH and oxidants. To
survive under those harsh environments, bacterial cells have
evolved various adaptive stress responses [1]. Exploring
the mechanism of stress response is of perennial interest to
microbiologists. Stress response is generally depicted as a
collection of gene regulatory responses from lots of signal-
ing cascades [1, 2]. Several sigma factors are responsible to
activate the stress response at the transcriptional level. The
central regulator of the general stress response, RpoS (¢°), is
responsible for activating the expression of over 100 genes
during nutrient-deprived stationary phase and other stressful
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conditions [2—4]. The ¢% and 6" factors mediate the bacterial
transcriptional response to envelope stress and heat shock,
respectively [5, 6]. In addition, OxyR and SoxSR proteins
mediate the transcriptional response provoked by H,0, and
superoxide anion, respectively [7—11]. Although those stress
responses are mainly regulated at the transcriptional level,
it is clear that the post-transcriptional event, the ribosome
translation process, is crucial for the successful occurrence
of stress response [12]. Early work has shown that treatment
of E. coli cells with the translation-targeted drug, chloram-
phenicol, causes severe loss of cell viability during carbon
starvation [13]. Therefore, it is important to investigate the
effect of specific stress on the ribosome translation process
of bacteria.

Bacterial protein translation capacity
during stress

Protein synthesis lies at the core of bacterial growth as pro-
tein accounts for 60-80% of cellular biomass and its syn-
thesis consumes two-thirds of the cellular energy budget
[14-16]. The ribosome is the “worker” to make proteins
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inside cells. The overall protein translation capacity of bac-
teria is determined by the number of actively translating
ribosomes (number of “workers”, depending on translational
initiation rate) and the translational elongation rate (ER, the
speed of “workers”) [17-20]. Since stress-related genes are
preferentially transcribed during stress, their highly abun-
dant mRNA should naturally attract high amount of ribo-
somes to translate related proteins. In this case, the number
of ribosomes engaged in translating stress-related proteins
is guaranteed. Then it comes to the issue of ribosome speed.
When growing at rich medium, the ribosome of E. coli cell
translates protein at a high elongation rate (ER), 1617
amino acids per second (aa/s) [18, 19]. At such a high ribo-
some speed, synthesis of a protein containing 1000 amino
acid residues (e.g. LacZ protein) only requires ~ 1 min.
However, ER of E. coli substantially decreases at certain
stressful conditions [18-24]. Therefore, it is conceivable
that slow-down of ribosome speed may negatively affect
the timely synthesis of stress defense protein, which further
limits the survival of bacteria at some adverse conditions.
Taking nutrient starvation and oxidative stress as the exam-
ples, below we discuss the impact of translational elongation
status on stress response in E. coli cells.

ER is maintained during nutrient deprivation

Bacteria seldom encounter conditions that support exponen-
tial growth in their natural niche. Even in laboratory condi-
tions, the nutrients contained in the medium are rapidly used
up by the exponentially growing bacteria, after which the
cells enter into stationary phase. Therefore, nutrient depri-
vation (e.g. starved for carbon, ammonia or amino acid) is a
frequent adverse condition faced by bacteria in their feast-
or-famine life cycles [3, 4, 25, 26]. The RpoS regulon lies at
the core of bacterial response to nutrient deprivation [2, 3,
6]. The RpoS-mediated general stress response includes the
activation of a diverse set of proteins functioning in stress
management, membrane stabilization, DNA repair, and cen-
tral metabolism as well as cell morphology control [2, 3].
The RpoS regulon is activated during the onset of station-
ary phase (within~ 1 h) to maintain long-term viability for
E. coli cells [25]. Inhibiting the protein synthesis by chlo-
ramphenicol at initial stage of stationary phase cause rapid
loss of cell viability [13]. Instead, the viability loss is much
milder if protein translation is inhibited after cells have been
in stationary phase for several hours [27]. Therefore, there
is no doubt that the timely synthesis of stress responsive
proteins of the RpoS regulon is crucial for bacterial survival
during nutrient deprivation. So, what is the status of ribo-
some speed in this case?

During exponential growth, the ER of E. coli cells is as
high as 17 aa/s in rich medium (e.g. 20 min per doubling)
and becomes slower at poor nutrient conditions. However,
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ER remains at a moderate value (9 aa/s) at extremely slow
growth condition (1 day per doubling) [19, 20]. A moderate
ER is still maintained (8 aa/s) even when growth is com-
pletely arrested during stationary phase or nutrient depri-
vation conditions including carbon deprivation, ammonium
deprivation and amino acid starvation [19, 21, 22, 24]. The
ER depends on the concentration of ternary complex (TC)
under different nutrient conditions [18, 19]. The level of
TC decreases, but is still significant under poor nutrient
conditions and nutrient starvation conditions, enabling the
maintenance of ER at those conditions [19, 28]. Overall,
the maintenance of ER guarantees the timely synthesis of
stress responsive proteins in RpoS regulon during nutrient
deprivation, enabling long-term survival at later stages of
the stationary phase (Fig. 1).

The dramatic reduction of overall protein synthesis rate
upon nutrient deprivation is mainly attributed to two factors:
decreased ribosome content and ribosome inactivation [29,
30]. The drastic accumulation of guanosine tetra- and penta-
phosphate, (p)ppGpp, mediated by RelA or SpoT (known
as stringent response), strongly inhibits the rRNA synthesis
during nutrient deprivation [29, 31, 32]. In such case, cells
only manage to maintain a basal level of cellular ribosome
pool. The decrease in ribosome content also occurs during
slow exponential growth since (p)ppGpp level also increases
under poor nutrient conditions [17, 33, 34]. Ribosome inac-
tivation is another important contributor to the decrease in
protein synthesis rate. The 70S ribosomes were dimerized
into the inactive 100S forms during stationary phase pro-
voked by nutrient starvation [30]. This process, known as
ribosome hibernation, is mediated by three ribosome hiber-
nation factors including ribosome modulation factor (RMF),
hibernation promoting factor (HPF) and ribosome-associ-
ated inhibitor A (RaiA) [30]. The inactive 100S ribosome
form can account for up to 60% of the total ribosome pool
during stationary phase [35]. Marked ribosome inactiva-
tion also occurs during slow exponential growth [19, 20].
However, the underlying mechanism may differ from sta-
tionary phase since no accumulation of 100S ribosome was
observed. Instead, polysome profiling has shown that the
fraction of 70S ribosome monomer increases dramatically
during slow growth, suggesting the inhibition of translation
initiation [19, 20]. A plausible origin could be the inhibition
of initiation factor 2 (IF2) by (p)ppGpp [36]. The phenom-
enon of ribosome inactivation may provide bacterial cells
with important physiological and ecological benefits. During
adverse conditions, bacterial cells maintain a pool of inac-
tive ribosomes so that they can rapidly resume growth when
the environmental condition becomes favorable [37]. The
inactive 100S ribosome dissociates into active 70S monomer
within 1-2 min of transferring starved-cells to fresh growth
medium so that cells immediately use them for protein syn-
thesis [35, 38].
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Fig.1 The effect of ribosome speed on stress defense response of
Escherichia coli upon nutrient starvation and severe oxidative stress.
At normal growth conditions, the abundance of cellular tRNA ternary
complex is high, supporting a fast ribosome translational elongation
rate (17 aa/s). Upon entry into stationary phase due to nutrient starva-
tion provoked by carbon, phosphate, ammonia and amino acid limi-
tation, E. coli still maintains a moderate translational elongation (8
aa/s). In this case, those RpoS-induced stress defense proteins such
as KatE (catalase E), XthA (exonuclease III), OtsAB (trehalose syn-
thesis proteins), could be timely synthesized to maintain long-term

Overall, as depicted in Fig. 1, the E. coli cells maintain
a moderate translational elongation rate during nutrient
deprivation so that they can timely synthesize related stress
defense proteins for long-term survival. At the same time,
they store a basal pool of inactive ribosomes for future use so
that they can quickly resume growth during nutrient upshift.

ER is severely compromised by oxidative stress

Reactive oxygen species (ROS) mediated oxidative stress is
a universal stressor for both prokaryotic cells and eukary-
otic cells. It is also a common stressful condition faced by
bacterial cells in their natural niches. For example, patho-
gens could encounter high levels of ROS produced by oxi-
dative burst of activated immune cells during infections
[39]. The OxyR regulon is the major stress response pro-
gram activated by E. coli cells during hydrogen peroxide

cell survival under starvation conditions. At the same time, cells
store a large pool of inactive ribosomes for future use. The situa-
tion of H,0,-mediated oxidative stress is quite different. High H,0O,
causes dramatic slow-down or complete stalling of ribosome elonga-
tion through triggering substantial tRNA degradation. In that case,
although stress defense program of OxyR regulon can be induced at
the transcriptional level, it is severely inhibited at the translational
level. Therefore, failure in timely synthesizing oxidative defensive
proteins causes cell death upon severe oxidative stress

(H,0,) shock [10, 11]. H,O, treatment could cause imme-
diate arrest of cell growth through inactivating metabolic
enzymes [11]. Atlow doses of H,0,, the OxyR regulon of E.
coli and Salmonella typhimurium is strongly induced within
10-20 min [7, 40], synthesizing various kinds of oxidative
protective proteins such as KatG (catalase G), AhpCF (per-
oxiredoxin/alkyl hydroperoxide reductase), TrxC (thiore-
doxin 2), GrxA (glutaredoxin A), to remove intracellular
H,0, and maintain redox homeostasis [10, 11]. Cells can
then resume normal growth after the excess H,0, has been
removed and protein damages are repaired [23]. However,
high levels of H,0, are lethal to cells by causing irrevers-
ible damages to proteins and nucleic acids. For example,
many proteins have their cysteine and methionine residues
(thiol-containing proteins) be oxidized upon H,0, shock,
leading to substantial protein unfolding and inactivation [9].
It was recently found that E. coli K-12 cells could smoothly
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resume growth at 5 mM H,O,, but fail to tolerate a slightly
high H,O, level of 6 mM [23], posing the issue of what’s
the intrinsic factor that limits the oxidative stress resistance
of the bacterial cells? Systematic studies have shown that
H,0, severely inhibits the translational elongation process
of E. coli cells through causing substantial degradation of
cellular tRNA pools [23]. The ER of E. coli cells drops to
as slow as~ 1 aa/s during the initial stage of 5 mM H,0,
shock, for which the accumulation of OxyR-controlled pro-
teins is significantly delayed compared with low doses of
H,0, shock [23]. Therefore, the cells undergo a lag phase
before resuming normal growth. At the threshold level of
H,0, (6 mM), although the OxyR-mediated stress response
was dramatically induced at the transcriptional level, it was
completely abolished at the translational level due to com-
plete stalling of ribosome movement (ER =0 aa/s) [23]. In
this case, cells fail to accumulate oxidative protective pro-
teins and ultimately fail to tolerate the oxidative damage
from high doses of H,0, (Fig. 1). Instead, if the cells have
been pre-adapted to a low dose of H,0, to pre-accumulate
enough stress defense proteins, they could tolerate a much
higher lethal H,O, [7, 23]. The tRNA-limited translational
elongation process imposes a strong physiological burden
on bacterial cells during counteraction of oxidative stress.

Outlook

Although the in vivo protein translational status of bacteria
has been extensively studied in recent years, it is clear that
we are still lacking a detailed picture of translational regula-
tion of bacterial cells in various stressful conditions. Some
important future directions are highlighted below:

1. Apply ribosome profiling to investigate details of trans-
lational elongation status and its regulation in bacteria
during stress

Owing to the emergency of the revolutionary ribosome-
profiling approach [41], we have seen tremendous progress
on the protein translational status of cells in vivo during
the last decade. Ribosome profiling is a high-resolution
deep-sequencing-based tool that allows us to monitor every
process of translation in vivo. Through mapping the ribo-
some occupancy on mRNA, it provides a snapshot of the
instantaneous protein synthesis rate of each gene as well
as the information of ribosome pause in vivo [42, 43]. In
addition, the combination of ribosome profiling and mRNA-
seq allows quantitative measurement of translational effi-
ciency of individual genes [42, 44, 45]. The application of
ribosome profiling has shed new light into the translational
regulation of bacterial cells in vivo. For example, it is tra-
ditionally proposed that rare codon limits the translational
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elongation rate in vivo [46—48]. However, ribosome profiling
has shown that ribosome pause mainly occurs at internal
SD-like sequences instead of rare codon regions [49]. In
another study, ribosome profiling was used to measure the
protein synthesis rate of individual genes in bacterial oper-
ons such as the operon encoding the eight different subunits
of FyF,-ATP synthase [44]. Although the mRNA levels of
the eight subunits are very similar with each other, ribosome
profiling shows that the individual ORFs that encode the
subunits of the FyF,-ATP synthase operon are translated at
aratio of 1:1:1:1:2:3:3:10, which precisely reflects the stoi-
chiometry of these components in the ATP synthase [44].
This observation reflects the importance of regulation of
translational efficiency in bacterial cells.

Given the central role of protein synthesis in biomass
growth, it is important to apply ribosome profiling to
obtain a detailed picture of the in vivo translational status
of bacteria during various kinds of stress. Ribosome profil-
ing studies on yeast cells or animal cells have shown that
three stressful conditions, including oxidative stress, heat
shock, protein misfolding, all cause translation arrest at~ 50
codons downstream of the translational start site, suggest-
ing a common mode of translational regulation in vivo in
eukaryotic cells under those stressful conditions [S0-52].
However, the details of the ribosome slow-down in bacte-
rial cells during stress remain largely unclear. For example,
it is unclear whether ribosome just stalls in specific regions
of mRNA or it is a uniform slow-down of elongation rate at
each codon under oxidative stress. Similar issue applies to
the case of nutrient starvation. It is expected that ribosome
stalls at specific codons due to lack of related charged tRNA
under amino acids starvation. However, the case is unclear
under carbon starvation where translational elongation rate
also drops by half compared with normal growth conditions
[21, 24]. Another important issue is the variation of transla-
tional efficiency among different genes [45]. The combina-
tion of ribosome profiling and mRNA-seq could obtain the
translational efficiency of each individual gene under stress.
This information will shed light on strategies of translational
regulation in bacterial cells during stress response and its
relation with cell survival.

2. The status of transcription-translation coordination of
bacteria during stress

It is generally accepted that bacterial cells tightly main-
tain the coordination of transcription and translation process
in vivo, as reflected by the same elongation speed of RNAP
and ribosome in rich medium [22, 53]. Loss of transcription-
translation coordination upon nonsense mutation or ribo-
some stalling could cause Rho-factor mediated premature
transcriptional termination, affecting the integrity of gene
expression in long operon [54-57]. It has been found that
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transcriptional-translation coordination in bacteria is still
largely maintained under nutrient starvation conditions,
in which (p)ppGpp assists in matching the speed of ribo-
some with RNAP [22, 58, 59]. However, it remains unclear
regarding the status of transcription-translation coordina-
tion in bacterial cells during various kinds of other stress
conditions. During oxidative stress, it has been shown that
the expression of OxyR-regulon genes of E. coli is smoothly
induced at the transcriptional level although the ribosome
translation is slown down or stalled, suggesting the occur-
rence of transcription-translation dissociation [23]. In the
future, it is important to deeply investigate the transcrip-
tion—translation coordination during stress and elucidate
how bacterial cells manage to integrate the control of tran-
scription and translation during stress response.

3. Does slow-down of ribosome also limit the stress
response on eukaryotic cells?

Many stress conditions (e.g. oxidative stress, nutrient
deprivation, heat shock, osmotic shock) are universal for
both bacterial cells and eukaryotic cells. For example, oxi-
dative stress causes transient growth arrest of both bacterial
cells and eukaryotic cells, during which both types of cells
could initiate stress response to fight against ROS [60]. In
addition, previous studies have shown that substantial tRNA
degradation is also a common phenomenon observed in
eukaryotic cells during many kinds of stress including oxi-
dative stress, heat shock and hypothermia [61]. Therefore,
it is interesting to investigate the relation between ribosome
translation and stress response in eukaryotic cells. For exam-
ple, does slow-down of translation elongation also occur in
eukaryotic cells during stress? Does ribosome slow-down
also limit stress response and cell fitness of eukaryotic cells?
Moreover, how does the translational efficiency of different
genes vary during stress? Exploring those issues will help to
elucidate the translational regulation strategy of eukaryotic
cells in response to stress.

Concluding remarks

In summary, the maintenance of ribosome speed is cru-
cial for bacteria to cope with stress. The ribosome speed is
moderately maintained at nutrient deprivation, enabling the
long-term survival of bacteria. However, ribosome speed is
severely compromised under oxidative stress, strongly affect-
ing the growth fitness of bacteria during stress. Therefore,
translational status should be investigated in parallel with
transcriptional analysis for a more comprehensive under-
standing of the stress response of bacteria. In the future,
it is important to investigate the molecular details of ribo-
some slow-down in vivo and the strategies of translational

regulation of bacteria during stress. Moreover, it is con-
ceivable to explore whether similar notion could be applied
to eukaryotic cells, such as yeasts and animal cells during
stress.
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