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Maintaining a functional proteome under different envi-
ronmental conditions is challenging for every organism, in
particular for unicellular organisms, such as bacteria. In order
to cope with changing environments and stress conditions,
bacteria depend on strictly coordinated proteostasis networks
that control protein production, folding, trafficking, and
degradation. Regulation of ribosome biogenesis and protein
synthesis are cornerstones of this cellular adaptation in all
domains of life, which is rationalized by the high energy de-
mand of both processes and the increased resistance of trans-
lationally silent cells against internal or external poisons.
Reduced protein synthesis ultimately also reduces the substrate
load for protein transport systems, which are required for
maintaining the periplasmic, inner, and outer membrane sub-
proteomes. Consequences of impaired protein transport have
been analyzed in several studies and generally induce a
multifaceted response that includes the upregulation of chap-
erones and proteases and the simultaneous downregulation of
protein synthesis. In contrast, generally less is known on how
bacteria adjust the protein targeting and transport machineries
to reduced protein synthesis, e.g., when cells encounter stress
conditions or face nutrient deprivation. In the current review,
which is mainly focused on studies using Escherichia coli as a
model organism, we summarize basic concepts on how ribo-
some biogenesis and activity are regulated under stress con-
ditions. In addition, we highlight some recent developments on
how stress conditions directly impair protein targeting to the
bacterial membrane. Finally, we describe mechanisms that
allow bacteria to maintain the transport of stress-responsive
proteins under conditions when the canonical protein target-
ing pathways are impaired.

The dynamic regulation of a balanced and compartmen-
talized proteome is essential for every organism and depends
on a coordinated network of molecular machineries that
control all aspects of the life cycle of proteins. This includes
protein synthesis at the ribosome, co- or posttranslational
protein folding, co- or posttranslational protein transport, and
finally protein degradation (1-8) (Fig. 1). Ribosomes serve as
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major checkpoints of this proteostasis network in pro- and
eukaryotes and are crucial targets for stress-induced adapta-
tion to nonfavorable conditions (9-11). This is explained by
their cellular abundance, the high-energy demand of their
biogenesis, and the costs of protein synthesis (11). In response
to stress conditions or nutrient depletion, bacterial cells reduce
ribosome biogenesis, modify ribosomes and components of the
translational machinery, and regulate translation initiation and
elongation for adapting protein synthesis to changing condi-
tions (Fig. 1). Bacteria also silence ribosomes for protecting
them against stress-induced damage (12-20). This adaptation
is complemented by increased production of chaperones and
proteases, which support correct folding under suboptimal
conditions and degrade aggregated or damaged proteins (3, 21,
22). A similar response is also initiated when protein transport
across membranes is impaired or saturated due to the limiting
number of targeting factors and protein transport channels (6,
23-26). Enhanced chaperone and protease production reduces
the cytosolic aggregation of proteins that cannot be trans-
ported or induces their degradation (26—-29). Simultaneously,
the membrane-bound protease FtsH clears jammed protein
transport channels (30, 31) and the membrane surface is
enlarged as a result of increased phospholipid biosynthesis
(32-34). Finally, protein synthesis is downregulated and ribo-
somal proteins are sequestered in inactive aggregates (35—37).
The upregulation of chaperones and proteases when protein
targeting is impaired is mainly induced via the stress-
responsive RNA polymerase (RNAP) subunit RpoH (¢°?) (38,
39). For executing its stress-responsive function, o°> needs to
out-compete the housekeeping ¢”° subunit, which requires the
presence of the hyperphosphorylated guanine nucleotides
ppGpp and pppGpp, collectively called alarmones (40, 41)
(Fig. 1). Nucleotide second messengers such as (p)ppGpp act
as critical signaling molecules during stress conditions and
redirect the cellular metabolism toward the synthesis of stress
resistance factors, while rapidly inhibiting the synthesis of ri-
bosomal proteins or ribosomal RNA (rRNA) (11, 42, 43).
Considering that approximately one-third of the entire
Escherichia coli proteome (38, 44, 45) execute their function
outside of the cytosol, the downregulation of protein synthesis
is critical for preventing cytosolic protein aggregation when
protein transport is impaired. On the other hand, it is largely
unknown how the production and activities of the protein

J. Biol. Chem. (2023) 299(9) 105163 1

© 2023 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.jbc.2023.105163
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://orcid.org/0000-0002-8417-4635
Delta:1_surname
https://orcid.org/0000-0001-5913-0334
mailto:Hans-Georg.Koch@biochemie.uni-freiburg.de
mailto:Hans-Georg.Koch@biochemie.uni-freiburg.de
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2023.105163&domain=pdf
http://creativecommons.org/licenses/by/4.0/

JBC REVIEWS: Protein synthesis and transport under stress conditions

Ribosome Alarmones (0]
'RNASs biogenesis (P)pPGpp </N | )N\H
§ Mol
HO-P-O1P-0-P-0— g
OH /OH OH
O OH
Ribosomal Q O HO-P=0
proteins OO O 0
HO-P=0
fMet_tRNAfMet mRNA OH
Translation
initiation
RMF ATP +
Ribosome Stringent GDP/GTP
hibernation response ‘
>
ﬂ P)PPGPP
Aggregation/
disaggregation % Degradation
f’t T
Protein \% J,.J,-\'\
targetlng — /
FW Degradation
unfolding
YidC
Inner membrane — R tli?\(;lYof:Sn
Periplasm
Outer membrane
s 000y cece0000000000000
T (? T LT
\\\\Kw\\ ‘\\\\‘\W\\\H\\\M\\
)T PP

Figure 1. General overview of ribosome biogenesis, ribosome hibernation, and the proteostasis network in Escherichia coli. Ribosome biogenesis in
E. coli requires the coordinated synthesis and association of the three distinct rRNAs (23S rRNA, 55 rRNA, and16S rRNA) with 54 ribosomal proteins (21
proteins for the 30S subunit and 33 proteins for the 50S subunit). Translation initiation is induced upon binding of the mRNA to the 30S ribosomal subunit
and the subsequent recruitment of the 50S ribosomal subunit to form the translating 70S ribosome. The proteostasis network includes chaperones and
proteases that assist protein folding and degrade misfolded, damaged, or aggregated proteins. Protein targeting factors are also part of this network and
recognize N-terminal signal sequences (blue). They then deliver their cargo either co- or posttranslationally to the SecYEG translocon or to the YidC
insertase, which constitute the main protein transport sites in E. coli. Most outer membrane proteins are inserted into the outer membrane by the BAM
complex after their passage through the SecYEG channel. Under stress conditions, ribosome biogenesis is drastically reduced, primarily via a reduced
transcription of the rRNA genes. In addition, ribosomes are inactivated by a process called ribosome hibernation. Furthermore, nutrient starvation induces
the stringent response, which activates the ribosome-associated protein RelA and leads to the production of the hyperphosphorylated guanine nucleotides
ppGpp and pppGpp, collectively called alarmones. (p)ppGpp influence all of the processes mentioned above.

transport machineries are adapted to reduced protein syn-
thesis, e.g, when cells enter stationary phase or encounter
nutrient starvation. Intriguingly, a recent study has demon-
strated that (p)ppGpp accumulation not only reduces
protein synthesis but also shuts down the essential signal
recognition particle (SRP)-dependent protein targeting
pathway in bacteria (46).

In the first part of this review, we summarize the different
strategies that bacteria use to regulate ribosome biogenesis and
activity in response to stress conditions and how they engage
different proteins for silencing ribosomes. The second part
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briefly highlights general concepts of Sec-dependent protein
transport and then describes how the protein transport ma-
chinery responds to stress conditions and how this enables
bacteria to coordinate protein transport with reduced protein
synthesis.

Ribosome assembly and protein synthesis under stress
conditions

A single E. coli cell can contain up to 70,000 ribosomes,
which account for approximately 50% of the total cellular
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protein content and for approximately 85% of the total RNA
(11). Adjusting ribosome biogenesis and turnover to the
available nutrients and energy status is therefore critically
important for cell survival. This is reflected by a rapid increase
in the number of ribosomes during exponential phase and a
decline when cells transition into stationary phase (47)
(Table 1). Ribosome biogenesis is primarily determined by the
rate of rRNA transcription (42, 48), which is strictly linked to
the cellular ATP levels (49, 50). E. coli contains seven rRNA
operons, each encoding the 16S rRNA, 23S rRNA, 5S rRNA,
and variable tRNA genes (51). Each rRNA operon is tran-
scribed from two promotors; the upstream P1 promoter is
responsible for high-level rRNA production, while the down-
stream P2 promoter accounts for basal rRNA production at
low growth rates or during stationary phase (51) (Fig. 2).
Transcription from the P1 promoter is responsible for a large
portion of the global transcriptome in rapidly growing E. coli
cells (52). Stable binding of RNAP to the P1 promotor of the
E. coli rRNA operons requires millimolar ATP concentrations
and is thus diminished when ATP levels drop during stationary
phase (49) (Fig. 2).

Synthesis of (p)ppGpp as a major stress regulator

Transition into stationary phase is further accompanied
by an increase of the polyphosphorylated guanine nucleo-
tides pppGpp and ppGpp by a mechanism termed stringent
response (9, 41, 53-58). The concentrations of (p)ppGpp in
E.  coli are mainly controlled by the GDP/GTP

Table 1

Abundance of ribosomal proteins and ribosome-hibernation factors
in E. coli

Protein abundance (proteins/cell)

Ribosome Protein mass
profiling spectrometry
Protein data® (45) data
IBAQ IBAQ
Exponential Stationary

phase” (346) phase®

(346)

Ribosomal proteins
uS2 (RpsB) 23,487 13,957 2432
uL4 (RplD) 18,688 11,478 1409
Hibernation factors
RMF 16,122 138 3538
HPF 2917 2312 4011
RaiA 5010 3045 11,711
Sra 15,792 1835 5851
RsfA/RsfS 796 69 4

YqjD 10,886 2146 6209
ElaB 11,477 2398 4052

YgaM 4734 762 793

EttA 2080 n.d. n.d.

In general, the protein abundance based on ribosome profiling data is in most cases

higher than the data based on protein mass spectrometry. This is potentially explained

by the fact that ribosome profiling does not consider protein degradation, which is

particularly important for stress-responsive proteins. In addition, these experiments

were not performed under identical growth conditions and with identical E. coli strains.

Abbreviations: IBAQ, intensity-based absolute quantification; n.d., not determined/not

detected.

“ E. coli MG1655 cells were grown to exponential phase (Agp = 0.3) in Mops medium
with 2% glucose (347).

Y E. coli BW25113 cells were grown to exponential phase on M9 medium + 5 g/l
glucose.

¢ E. coli BW25113 cells were grown to stationary phase (24 h) on M9 medium + 5 g/l
glucose.
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pyrophosphokinase RelA and by the bifunctional synthetase/
hydrolase SpoT (41, 59) (Fig. 3A). RelA and SpoT show a
very similar amino acid sequence and likely evolved via gene
duplication from an ancestral Rel protein (60), but the hy-
drolase domain in RelA is inactive (53). Under nonstress
conditions, RelA acquires a synthetase-off conformation, in
which the N-terminal catalytic domain is inhibited by the C-
terminal regulatory domain. However, during amino acid
starvation, the regulatory domain interacts with the un-
charged tRNA in the A-site of the ribosome, which releases
the catalytic domain for (p)ppGpp synthesis (41, 61) (Fig. 3,
B and C). Among the many targets of (p)ppGpp is RelA itself
because (p)ppGpp reduce the affinity of RelA for the ribo-
some, which induces its dissociation from the ribosome.
This in turn allows the reactivation of RelA by binding to the
next stalled ribosome (53). This “hopping model” postulates
that the presence of an uncharged tRNA in the ribosomal A-
site provides the signal for RelA activation (53). However,
RelA can also interact with uncharged tRNAs in the absence
of ribosomes and it is therefore possible that RelA binds to
the uncharged tRNA first and then transfers it to the vacant
ribosomal A-site (62, 63). Nevertheless, the contact of RelA
to the ribosome appears to be required for (p)ppGpp syn-
thesis (64).

(p)ppGpp are synthesized by transferring pyrophosphate
from ATP to the 3'-hydroxyl group of GDP or GTP, respec-
tively. Thus, increasing (p)ppGpp concentrations ultimately
also lead to a reduction of the cellular ATP levels. The
reduction of the cellular ATP levels is further enhanced
because (p)ppGpp have been shown to inhibit purine nucle-
otide synthesis in both gram-positive and gram-negative bac-
teria (53, 65, 66) and to reduce the F;Fy, ATP synthase
expression in Sinorhizobium meliloti (67). As a consequence of
the reduced ATP levels, the rRNA production is further
diminished. An E. coli ArelA strain maintains high ATP levels
even during stationary phase, which highlights the importance
of the stringent response to adjust cellular energy homeostasis
during stationary phase (68). (p)ppGpp also regulate their own
degradation because the N-terminal hydrolase domain of SpoT
becomes available only in the presence of (p)ppGpp (Fig. 34)
but is confined in an inactive state when (p)ppGpp are absent
(69). Different from RelA, SpoT has only a weak synthetase
activity, which is furthermore not induced by amino acid
starvation but rather by fatty acid starvation or carbon, iron,
and phosphate limitation (11, 41) (Fig. 3A).

The influence of (p)ppGpp on the biogenesis and activity of
ribosomes

The ppGpp concentration increases from approximately
40 pM in exponentially growing cells to almost 1 mM when
the stringent response is induced (70, 71). Increasing (p)ppGpp
levels further reduce rRNA transcription and ribosome
biogenesis by an additional mechanism, because a stable
binding of RNAP to the rRNA P1 promoter is strongly
repressed by the ppGpp-bound transcription factor DksA (72)
(Fig. 2). The reduction of the usually very high rRNA
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Figure 2. Regulation of ribosome biogenesis and function in response to ATP and (p)ppGpp levels. The transcription of the rRNA operons from the P1
promoter requires high ATP concentrations, and transcription is prevented by the (p)ppGpp-bound transcription factor DksA. In addition, (p)ppGpp prevent
the transcription of the ribosomal protein operons. Modified ribosomal proteins and modified tRNAs refer to stress-induced modifications, such as
phosphorylation or methylation. (p)ppGpp also compete with GTP for binding to GTP-dependent ribosome assembly factors and initiation and elongation
factors, which leads to reduced ribosome assembly and reduced translation when (p)ppGpp accumulate. BipA and YchF refer to stress-responsive ribosome-
interacting proteins that have been implicated in the selective translation of stress response proteins.

transcription by DksA and ppGpp in turn increases the
availability of the core RNAP for binding the general stress
responsive o-factor RpoS (6°®) (73). RpoS-bound RNAP then
controls the transcription of as many as 400 to 500 genes in
E. coli (43, 74) and thus initiates a global response to non-
favorable conditions.

In addition to reducing rRNA transcription, (p)ppGpp also
act as competitive inhibitors of GTPases involved in ribosome
maturation, such as Era, RsgA, EngA, RbgA, and ObgE, which
impairs ribosome biogenesis further (41) (Fig. 2). Additional
ribosome-associated GTPases, such as BipA or YchF, are
particularly involved in translation under stress conditions
(Fig. 2). BipA (TypA) is a paralog of elongation factor G (EF-G)
and widely distributed in bacteria and plants (9, 75), while
YchF is a universally conserved member of the Obg subfamily
of GTPases (76, 77). Both BipA and YchF have been shown to
bind to 70S ribosomes and to the 30S ribosomal subunit, and it
has been speculated that they exist in two distinct ribosome
complexes, depending on the environmental conditions (78,
79). In addition, both BipA and YchF have been implicated in
the selective translation of mRNAs encoding for stress
response proteins (78, 80). Although YchF belongs to the
family of P-loop GTPases, it preferentially hydrolyses ATP
rather than GTP (81), which makes it a potential target of the
hyperphosphorylated adenine nucleotides (p)ppApp (82).
Whether (p)ppGpp influence ATP or GTP hydrolysis by YchF

4 ] Biol. Chem. (2023) 299(9) 105163

in bacteria is not known, but it was recently shown that ppGpp
inhibits ATP binding to the Arabidopsis thaliana homologue
AtYchF (83). It therefore appears likely that (p)ppGpp also
regulate the activity of the stress-responsive ATPase YchF in
E. coli. Recent data demonstrate that the translation of mRNAs
lacking the canonical ribosome binding site is increased in the
absence of YchF (78). In many bacterial species such as
Deinococcus (84) or Mycobacterium (85, 86), these leaderless
mRNAs often encode for stress-responsive proteins and the
inhibition of YchF by (p)ppGpp might boost their selective
translation under stress conditions.

Downregulation of ribosome biogenesis during stress con-
ditions or nutrient depletion is likely the most efficient way of
reducing protein synthesis. In addition, ribosomes are
degraded during stationary phase and the released amino acids
and nucleotides provide nutrients for starved cells (87-90).
Still, for rapid inhibition of protein synthesis, bacteria need to
execute additional strategies. One strategy is the direct inhi-
bition of initiation and elongation factors during stress con-
ditions, and the second is the stress-induced modification of
the translational machinery.

Regulation of translation initiation under stress conditions

Translation initiation is the rate-limiting step of protein
synthesis and requires the formation of a 30S initiation

SASBMB
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Figure 3. The stringent response in E. coli. A, the stringent response in E. coli is initiated when cells transition into the stationary phase or encounter
nutrient limitation. The (p)ppGpp levels in E. coli are mainly controlled by the GDP/GTP pyrophosphokinase RelA and the bifunctional synthetase/hydrolase
SpoT. Ribosome-bound RelA synthesizes (p)ppGpp after activation by an uncharged tRNA. (p)ppGpp in turn also induce their own degradation by activation
of SpoT. The synthetase activity of SpoT is lower than the synthetase activity of RelA, and (p)ppGpp synthesis by SpoT is induced upon, e.g., fatty acid
starvation. B, orientation of RelA on the ribosome (PDB 5IQR). The 30S and 50S ribosomal subunits are shown in light and dark gray, respectively. The
uncharged tRNA in the A-site is shown as spheres in red, and RelA is shown in blue. C, zoom-in of the interaction between RelA and the uncharged tRNA. The
C-terminal regulatory domain of RelA (CTD; yellow) and the TGS domain (purple) interact with the uncharged tRNA (red) to release the N-terminal catalytic
domain (NTD, light blue) for (p)ppGpp synthesis (upper panel). The 3' CCA of the tRNA wraps around the TGS domain and interacts with key amino acid
residues of RelA. Binding of aminoacetylated tRNAs is prevented because the 3'-OH group (OH) of adenine 76 (A76) of the tRNA is shielded by B-strand 5
(B5) of the TGS domain (left lower panel). Positively charged amino acid residues in a-helix 4 (a4) of the TGS domain bind to the phosphate backbone within

the acceptor end of the tRNA to further stabilize the RelA—tRNA interaction (right lower panel).

complex that consists of the 30S ribosomal subunit, the fMet-
tRNA™M® (N-formylmethionine-specific tRNA charged with
N-formylmethionine), and the initiation factors IF1, IF2, and
IF3 (91, 92). In particular, the nucleotide-bound state of IF2 is
a critical determinant of translation and either favors or pre-
vents translation (93, 94). IF2 binds (p)ppGpp and GTP with
similar affinities, but IF2-ppGpp has a significantly lower
ribosome affinity, which leads to reduced translation initiation
during stringent response (53, 95) (Fig. 2). However, the af-
finity of IF2 for GTP and therefore the possible competitive
inhibition by (p)ppGpp is also influenced by the particular
mRNA to be translated (18). It was shown that the presence of
two consecutive hairpin loops close to the translation initiation
region within mRNAs, termed structured enhancer of trans-
lation initiation (SETI), can confer (p)ppGpp tolerance and
allow for IF2-dependent translation initiation even in the
presence of (p)ppGpp (18). The presence of SETI in mRNAs
encoding for stress-induced proteins might explain their se-
lective synthesis upon stress-induced (p)ppGpp synthesis (96).

SASBMB

(p)ppGpp can also bind to the elongation factors EF-G and EF-
Tu, but their affinities for (p)ppGpp are significantly lower
compared with that of IF2 (41), and inhibition of IF2 is most
likely the main mechanism of translation inhibition by (p)
ppGpp.

The cellular ATP levels also directly influence the elonga-
tion cycle of the ribosome during protein synthesis. The E. coli
translation factor EttA (energy-dependent translational throttle
A) (Table 1) and its paralogs YheS, YbiT, and Uup are mem-
bers of the large family of the ABC-F proteins (ATP-binding
cassette protein F) (97). They contain two ATP-binding sites
(98), and many bacterial ABC-F proteins are involved in
ribosome protection against antibiotics (97). EttA interacts
with the P-site of the ribosome and inhibits translation elon-
gation (99). The EttA-ribosome interaction is stabilized at
high ADP:ATP ratios found in energy-depleted cells, but EttA
dissociates from the ribosome at high ATP levels (99). This
enables E. coli cells to adjust protein synthesis according to the
cellular energy status. A very recent cryo-EM study has
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revealed that the ABC-F proteins regulate the elongation cycle
in E. coli ribosomes by controlling the geometry of the P-site
(100).

Stress-induced modification of ribosomes and tRNAs

Stress-induced modification of ribosomes results in a
certain ribosome heterogeneity, i.e., the presence of different
ribosomal subpopulations within a single cell (101, 102). One
prominent example for stress-induced modifications is the
ribosomal stalk complex, which consists of the ribosomal
protein uL10 and two bL7/L12 dimers. The ribosomal stalk is
largely responsible for translation factor binding and is highly
dynamic (103). Originally described as two distinct proteins, it
was later demonstrated that bL7 is an N-terminally acetylated
variant of bL12 (Table 2). Acetylation of bL12 and hence the
bL7 concentration increases during stationary phase, which
stabilizes the ribosomal stalk (104). bL7/L12 dimers are also
monomethylated at residue K81, and methylation increases
during cold stress (105), which could further contribute to
temperature-dependent stalk stabilization. Increasing the
overall stability of the ribosome during stress conditions pre-
vents ribosomal damage but potentially also reduces the pep-
tidyltransferase activity (106). Many modifications of
ribosomal proteins have been described (Table 2), such as
methylation (106), acetylation (105, 107), methylthiolation, or
phosphorylation (108—110). However, in most cases it is un-
known whether these modifications are dependent on growth
conditions and if they influence the ribosomal activity.

Another source of ribosome heterogeneity is the presence of
ribosomal protein paralogs (111). Examples are the nones-
sential ribosomal proteins bL31 and bL36, which both have
one paralog, termed bL31B and bL36B. Both paralogs are
upregulated when cells enter stationary phase during which
they partially replace the original variants (112). One differ-
ence between bL31/bL36 and its paralogs is the absence of
cysteine motifs in the latter, which potentially increases their
resistance toward oxidative damage.

Stress-induced modifications of tRNAs and translation
factors are another strategy to adjust protein synthesis. This
has mainly been studied upon oxidative stress, because reactive
oxygen species are produced by phagocytes as a defense
against bacterial infections (113). Translational fidelity is
reduced upon oxidative stress due to impaired editing func-
tions of aminoacyl-tRNA synthetases (114). However, protein
mistranslation can provide a survival strategy under stress
conditions, e.g., when the cognate amino acid is depleted in

stationary phase (115). Mistranslation has also been shown to
increase the levels of RpoS (116) and thus to induce the gen-
eral stress response pathway, providing further protection
against stressful conditions. Under nonstress conditions, the
RpoS levels are low due to its degradation by the ClpXP pro-
tease (43). However, the accumulation of aggregated and
misfolded proteins during stress conditions or when trans-
lational fidelity is reduced, titrates ClpXP away from RpoS and
the RpoS levels increase (114). Another oxidation-sensitive
factor is EF-G, which is inactivated by the formation of an
intramolecular disulfide bond (117). It was proposed that
oxidation of EF-G is used as a regulatory mechanism for
reversible translation inhibition under oxidative stress condi-
tions (117, 118).

Stress-induced ribosome hibernation

Ribosomes are prone to damage when cells enter stationary
phase, are exposed to stressful conditions, or are attacked by
toxins (9, 119, 120). In particular, an increase in reactive ox-
ygen species can damage the surface-exposed rRNA by
inducing chemical modifications of the base or sugar moieties
or by generating abasic sites and strand breaks (121). Ribo-
somal proteins are also sensitive to environmental factors, and
their damage is associated with reduced translational fidelity,
ribosomal stalling, and protein misfolding (113, 122). Although
ribosomes can be repaired, e.g, by replacing damaged ribo-
somal proteins with functional ones (123) or, as recently
shown, by a specific rRNA repair (124), most damaged ribo-
somes face degradation (125). This, however, would waste all
the cellular energy that was initially invested in their biogen-
esis, and therefore ribosome hibernation is engaged as an
additional strategy to protect ribosomes (Fig. 44). Ribosome
hibernation was shown to protect ribosomes against RNase-
dependent degradation in different bacterial species, such as
Staphylococcus aureus (126) or E. coli (127). Ribosome hiber-
nation also adjusts the pace of protein synthesis to different
environmental conditions (9, 11-14, 20, 127-130).

The ability to silence ribosomes is present in all domains of
life, and both irreversible and reversible mechanisms for
ribosome hibernation are employed (14). Irreversible ribosome
inactivation can be induced by RNA N-glycosidases, which
depurinate adenine residues within the highly conserved
sarcin—ricin rRNA loop of both eukaryotic and prokaryotic
ribosomes (131). Examples are the plant toxin ricin, produced
by Ricinus communis; the bacterial Shiga toxin, produced by
Shigella dysenteriae; or the Shiga-like toxin, produced by

Table 2
Modifications of ribosomal proteins in E. coli

Modification® 30S ribosomal protein(s) 50S ribosomal protein(s) Detection method Reference
Methylation uS11 uL3; ul.11; bL7/L12; uL16; bL33 14C-methyl labeling (105, 106)
Acetylation uS5; bS18 bL7 a-Acetyl lysine antibody (106, 107)
Phosphorylation uS3; uS4; uS7; uS1l1; uS1z; uL2; uL3; ul5; uL6; bL7/L12; uL13; uL14; uL16; Phosphoproteomics (108, 110)

uS13; bS18; bS21 uL18; bL19; bL21; ul22; bL28; bL31

Methylthiolation uS12 Mass spectrometry (109, 348)

“ Although modifications of ribosomal proteins are well documented, it is in most cases still largely unknown whether these modifications are part of the bacterial stress response

and whether they influence the ribosomal activity.
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Figure 4. Ribosome silencing as stress response and defense strategy. A, RNA glycosidases, such as Ricin or Shiga toxin irreversibly inactivate ribosomes
by cleaving the essential sarcin-ricin loop in 23S or 28S rRNA. Antimicrobial peptides (AMPs) such as Bac7 or apidaecins are secreted by eukaryotic cells and
insert into the ribosomal peptide tunnel, leading to ribosome inactivation. Ribosome inactivation by AMPs or Ricin-like enzymes mainly serves as defense
mechanism against pathogens and predators. Reversible ribosome inactivation is achieved by multiple proteins, which are expressed in response to stress
or starvation conditions. Ribosomes are inactivated by dimerization via the coordinated activity of the ribosome modulation factor (RMF) and the hiber-
nation promoting factor (HPF). The activity of RMF is potentially supported by the stationary phase-induced ribosome-associated protein (Sra). RaiA
corresponds to a HPF homologue that binds to the P-site of the peptidyl-transferase domain and prevents the access of tRNAs. Yet another mechanism is
employed by RsfS, which acts as an anti-association factor and prevents the 50S subunit from joining the 30S subunit. Finally, the three paralogs YqjD, ElaB,
and YgaM are so far the only known membrane-bound proteins that have been implicated in ribosome hibernation. However, their mode of action is so far
unknown. B, cryo-EM structure of the hibernating 100S ribosome dimer (PDB 6H58). The 30S and 50S subunits are colored in light gray and dark gray,
respectively. The binding positions of RMF (magenta), HPF (green), and the tRNA (red) in the E-site of the peptidyltransferase domain are indicated. The
localization of the 30S ribosomal proteins, which are involved in the ribosomal contacts, is indicated (bS1 [blue], uS2 [yellow], uS3 [bright orange], and uS4
[deep teal)).

pathogenic E. coli strains (132-134) (Fig. 4A). These toxins are
classified as type II ribosome-inactivating proteins (RIPs),
because they consist of two peptide chains: an enzymatically
active A-chain that is linked via a disulfide bridge to the B-
chain. In case of ricin, the B-chain is a galactose-specific lectin
that promotes endocytosis of ricin and its subsequent activa-
tion via disulfide isomerases (131). In general, the irreversible
inactivation of ribosomes primarily serves as a defense
mechanism against predators or pathogens and is also actively
employed by bacterial pathogens (131). Combatting pathogens
can also be achieved by proline-rich antimicrobial peptides
(AMPs), which are secreted by many eukaryotic cells (120,
135). AMPs, such as Bac7 or apidaecins, target the bacterial
ribosome and inhibit translation by inserting into the
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ribosomal polypeptide tunnel (120, 135) (Fig. 4A4). In general,
ribosome inactivation by type II RIPs and AMPs appears to be
less important as a strategy for stress adaptation, although
some stress-responsive proteins show similarity to type II RIPs
(136).

Reversible ribosome inactivation during stress conditions

Reversible ribosome inactivation is frequently induced by
stress- or growth phase—dependent production of RIPs (12, 14,
19). One of the best-studied examples of reversible RIPs in
bacteria is the ribosome modulation factor (RMF) (137-140)
(Table 1 and Fig. 4). Together with the hibernation promoting
factor (HPF), RMF induces the formation of translationally
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silent 100S ribosome dimers in y-proteobacteria (14, 129). In
the first step, RMF dimerizes the 70S ribosomes to an
unstable 90S dimer (137, 141), which is then converted to the
more stable 100S dimer by HPF (12, 14, 142, 143). Structural
analyses revealed that HPF interacts with the anticodon stem
loop of the tRNA in the E-site of the ribosome and that it
blocks the mRNA-binding site and access of tRNAs to the A-
and P-sites within the peptidyltransferase domain (129, 144).
RMEF on the other hand, binds to the back of the 30S ribosomal
subunit and together with the ribosomal protein bS1 captures
the anti-Shine-Dalgarno sequence of the 16S rRNA. In trans-
lationally silent 100S ribosomes, HPF and RMF promote
contacts between bS1/uS2 of one 30S subunit and uS4/uS3 of
the other 30S subunit, thereby aiding stable dimerization as a
result of induced conformational changes within the 30S
subunits (144) (Fig. 4B). Both RMF and HPF are rather small
(RMF 55 amino acids, HPF 95 amino acids) and positively
charged proteins, which are produced when cells enter sta-
tionary phase (127). The expression of rmf is positively regu-
lated by (p)ppGpp (137, 145) and by cAMP-CRP, which senses
carbon availability (146). The levels of RMF also increase when
the SRP receptor FtsY is depleted (35), demonstrating that
cells respond to impaired protein targeting by reducing protein
synthesis. The expression of hpf in E. coli is additionally
controlled by RpoE (¢**), which responds to heat shock and
membrane stress and by the autoinducer-2 quorum sensing
pheromone (147). E. coli also contains a paralog of HPF,
termed RaiA (ribosome-associated inhibitor A, also called pY
or YfiA) (148, 149). Expression of raiA is induced (p)ppGpp
dependently during stationary phase and under cold stress but
repressed by FNR in the absence of oxygen (148, 150). A
primary role for FNR is to coordinate carbon and energy
metabolism during growth under anaerobic conditions (151)
and the repression of raiA under anaerobic conditions in-
dicates that RaiA is particularly involved in ribosome hiber-
nation during aerobic conditions. RaiA consists of 113 amino
acids and binds to 70S ribosomes where it occupies the P-site
of the 30S subunit. This prevents access of the tRNA to both
the P- and A-sites and thus blocks translation initiation (152)
(Fig. 4A). Importantly, while HPF promotes RMF-dependent
100S formation, RaiA prevents it (153). The extended C-ter-
minal tail of RaiA presumably blocks binding of RMF and
thereby also RMF-induced ribosome dimer formation (129).

A longer form of HPF (185 amino acids) is also commonly
found in gram-positive bacteria and induces 100S ribosome
formation in the absence of RMF (142). Structural analyses
demonstrate that 100S ribosome dimers in S. aureus are
formed via the dimerization of the C-terminal extensions of
the ribosome-bound long HPF (154).

In E. coli, 40 to 80% of all ribosomes are assumed to be
converted to 100S ribosomes during stationary phase (141,
155). Persister cells, which are highly resistant to antimicrobial
drugs and environmental stress, also contain high levels of
RMF (156). When conditions improve, hibernating 100S ri-
bosomes are converted into translationally competent 70S ri-
bosomes within minutes (157). However, the molecular
mechanisms that lead to 100S dissociation in E. coli are still
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largely unknown, although the involvement of initiation fac-
tors IF3 and HfIX have been suggested (12, 158).

E. coli contains additional stationary phase—induced
ribosome-interacting proteins, but their interactions with ri-
bosomes and their physiological functions are still largely
unknown (Table 1) (Fig. 4A):

Sra (stationary phase—induced ribosome associated; also
termed protein D) is a small (45 amino acids) and basic protein
that was identified as a ribosome-associated protein in E. coli
by two-dimensional PAGE (159). It binds tightly to the 30S
subunit and was initially considered to be a ribosomal protein
(therefore initially termed S22, rpsV) (159). The expression of
sra is predicted to be controlled by (p)ppGpp and RpoS (159,
160), and the copy number increases when cells enter sta-
tionary phase, and also in persister cells (161). The exact
function of Sra is unknown, but it was suggested to support the
function of RMF (162). A Asra strain was originally reported to
have no phenotype, but a recent study points to increased
antibiotic sensitivity when the toxin HipA is expressed in this
strain (161). Sra might therefore be important for maintaining
persistence.

RsfS (ribosome silencing factor S, also termed RsfA) in
E. coli is composed of 105 amino acids and binds to the
uL14 protein of the 50S subunit where it likely acts as an
anti-association factor that prevents the formation of the
translationally active 70S ribosome (163, 164). RsfS has also
been suggested to support the GTPase ObgE during ribo-
some biogenesis and was found to be present in ObgE-
containing pre-50S precursors in a recent cryo-EM study
(165). The main function of RsfS is likely to prevent the
formation of a translationally competent 70S ribosome un-
der nonfavorable conditions, which has also been proposed
for the RsfS homologues in S. aureus (166) and Mycobac-
terium tuberculosis (164). A ArsfS strain of E. coli is impaired
in adapting to stationary phase and is more sensitive to
antibiotics (163).

YqgjD and its paralogs ElaB and YgaM belong to the small
number of C-tail anchored inner membrane proteins in E. coli
(167) and are predicted to be involved in ribosome hibernation
(12, 155). YqjD was shown to associate via its N terminus with
the 30S subunit in 70S and 100S ribosomes during stationary
phase (155). In vivo, Y@jD is preferentially localized to the cell
pole, and it was recently proposed that polar localization is
determined by the phosphatidic acid content of the inner
membrane (168). Expression of ygjiD, elaB, and ygaM is
regulated by RpoS (12, 155), and elaB expression is addition-
ally controlled by (p)ppGpp and by the transcription factor
OxyR, which responds to oxidative stress (169). Proteome
analyses indicate that YgaM is significantly less abundant than
YqjD or ElaB (Table 1). YgjD and its paralogs are so far the
only known E. coli membrane proteins that have been asso-
ciated with ribosome hibernation, but the importance of
having both membrane-anchored and soluble RIPs is still
unknown.

The importance of protecting ribosomes and adjusting
translation during stationary phase or when cells encounter
stress conditions is immediately obvious (14), but what is less
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obvious is why E. coli and many other bacteria use so many
different proteins to reach this goal (Table 1). Considering the
number of ribosomes and the number of (putative) RIPs in
E. coli cells, it appears that RIPs are much more abundant than
ribosomes during stationary phase (Table 1) and that there is a
large “overkill.” Why cells invest so much effort in shutting
down protein synthesis is not entirely clear. It could be related
to the observation that reducing the number of actively
translating ribosomes is important for maintaining a constant
elongation rate when nutrients are scarce (170). In addition, as
recent data indicate that RMF binds to ribosomes only at early
stationary phase and is rapidly degraded later during stationary
phase (171), it is possible that the different RIPs act at different
stages of stationary phase. It is also still unknown whether the
different RIPs compete with each other or whether they target
different ribosomal subpopulations. Despite the excess of RIPs
during stationary phase, many proteins associated with stress
tolerance are efficiently produced during stationary phase.
This includes not only RIPs as described above but also many
additional proteins of the RpoS regulon, such as Dps, which
protects DNA and sequesters iron and is one of the most
abundant proteins during stationary phase (74, 172). This is
also in line with the observation that the translational activity
drastically drops when cells enter stationary phase, but is then
maintained at a basal level (171).

Hibernation not only is required for protecting ribosomes
during stress conditions but is also important for cell differ-
entiation. In zebrafish, it was recently shown that ribosomes
transition from a dormant state to an active state within the
first hours of embryogenesis (173). The dormant state is
induced by four proteins (elF5a, eEF2, Habp4, and Daplb),
which simultaneously associate with ribosomes in zebrafish
eggs and early embryos but are absent on later-stage ribosomes
(173). Daplb is particularly interesting, because it is enriched
in basic amino acids and was found to reside inside of the
ribosomal peptide tunnel (173). Daplb could act as a plug that
inhibits the peptidyltransferase activity of the ribosome, similar
to what has been suggested for the AMP Bac7 (135) or for
macrolide antibiotics (174). To which extent ribosome hiber-
nation is also important for cell cycle control in bacteria is
currently unknown.

General concept of protein trafficking in bacteria: the
Sec system

Protein trafficking from the bacterial cytosol to the cyto-
plasmic membrane, the periplasmic space, the outer mem-
brane, or the extracellular environment is an essential part of
the proteostasis network, and many secreted proteins are
critically important for sensing and balancing stress condi-
tions. One example is the outer membrane lipoprotein RcsF,
which senses outer membrane damage and transmits this in-
formation to the Rcs signal transduction system (175). Other
examples are the periplasmic chaperone/protease DegP, which
is associated with thermal, osmotic, and oxidative stress
tolerance (176—178), or the phage-shock proteins, which
monitor the integrity of the inner membrane (179).
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The majority of proteins that exit the cytosol to reside in the
inner membrane, the periplasm, or the outer membrane are
recognized either by the GTPase SRP or the ATPase SecA (38,
180-184) (Fig. 5). Both SecA and SRP target their substrates to
the universally conserved SecYEG translocon in the cyto-
plasmic membrane (5, 38, 185). The SecYEG translocon in
E. coli consists of three core subunits: the channel-forming
SecY subunit, the SecY-stabilizing SecE subunit, and the
dual-topology SecG subunit. In addition, the SecYEG trans-
locon interacts with multiple accessory proteins, which are
involved in different steps of transport, such as substrate
recognition, substrate release, or folding (5, 38, 186). The
general concept of membrane protein insertion via the
SecYEG translocon predicts that substrates first enter the
aqueous SecY channel before they are released into the lipid
bilayer via the lateral gate of SecY (181, 185, 187, 188). Un-
expectedly, however, it was recently shown that, in mammalian
cells, some multispanning membrane proteins insert into the
membrane without complete prior passing through the ho-
mologous Sec61 channel. Instead, after the initial insertion via
the Sec61 channel, these proteins recruit a membrane-bound
protein complex, called MPT (Multipass Translocon), which
associates with the Sec61 channel (189, 190). Although MPT-
like complexes appear to be absent in bacteria, it remains to be
analyzed whether indeed all transmembrane domains of a
bacterial membrane protein pass through the SecY channel.

SRP can also target some membrane proteins to the YidC
insertase, which acts as an additional integration site for
membrane proteins in bacteria (191-193), and also cooperates
with the SecYEG translocon during membrane protein inser-
tion (191, 194-199) (Fig. 5). YidC is a member of the Oxal
superfamily of proteins (200-203) and is able to insert small
membrane proteins or membrane proteins lacking large peri-
plasmic loops into the bacterial membrane (24, 192). The
necessity for a second integration site for membrane proteins
in addition to SecYEG translocon is likely explained by the low
abundance of the SecYEG translocon (approximately 300
copies per E. coli cell (6)) and the rather long occupancy of the
SecYEG translocon by the translating ribosome during
cotranslational protein transport (180).

Protein targeting by the SRP pathway

The E. coli SRP is composed of the P-loop GTPase subunit
Fth and the 4.5S RNA (180) (Fig. 6A). The SRP pathway pre-
dominantly targets inner membrane proteins cotranslationally
to either the SecYEG translocon or the YidC insertase (6, 192).
For cotranslational substrate recognition, SRP binds to the
ribosome in close proximity to the ribosomal peptide tunnel
exit and scans the ribosomal tunnel for potential substrates
(204-207). After substrate recognition, SRP targets the trans-
lating ribosome (ribosome-associated nascent chain, RNC) to
the SRP receptor FtsY (208-210). The GTPase FtsY is exclu-
sively membrane localized in bacteria (211-214) and has a
high affinity for SecY and YidC (191, 215, 216). Binding of the
SRP-RNC complex to FtsY aligns the ribosomal peptide
tunnel with the SecY channel (215, 217), which then provides a
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Figure 5. Protein targeting to the SecYEG translocon and the YidC insertase in E. coli. SRP predominantly recognizes its membrane protein substrates
cotranslationally via the exposed signal anchor sequence (blue thick line) and targets the ribosome-associated nascent chain to the SRP receptor FtsY, which
is bound to either SecY or YidC. After docking of the translating ribosome onto SecY or YidC, ongoing translation and lipid partitioning favor membrane
insertion of the nascent membrane protein and GTP hydrolysis leads to the dissociation of the SRP-FtsY targeting complex (not shown). SRP can target
some membrane proteins also posttranslationally, i.e., after their release from the ribosome. The posttranslational mode is executed for small membrane
proteins (<50 amino acids) and is likely also used by C-tail-anchored membrane proteins. SecA primarily targets secretory proteins, ie., proteins of the
periplasm and the outer membrane. These proteins contain cleavable signal sequences (thick red line), which are cleaved during protein translocation by
signal peptidase (not shown). The majority of SecA is bound to the SecYEG translocon where it serves as substrate receptor and binds substrates post-
translationally. Some substrates are maintained in a transport-competent conformation by chaperones, such as the tetrameric SecB complex. Repetitive
ATP-hydrolysis cycles by SecA are required for translocating substrates into the periplasm, where they are further processed by chaperones (not shown) and
eventually targeted to the Bam complex for outer membrane insertion. SecA can also interact with the ribosome and recognize some substrates
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continuous conduit for membrane protein insertion. The
subsequent GTP hydrolysis by both Fth and FtsY leads to the
dissociation of the SRP-FtsY targeting complex and allows
another targeting cycle (208).

Cotranslational targeting by SRP is limited to substrates of
more than 45 to 50 amino acids (218-221), because only then
a sufficient part of the nascent protein is exposed to the
outside of the ribosomal tunnel for SRP binding. This excludes
the rapidly growing class of small membrane proteins from
cotranslational recognition by SRP (120). The production of
many of these small membrane proteins is highly upregulated
during stress conditions or when cells enter stationary phase
(120, 222); YshB, for example, was predicted to be present in
more than 11,000 copies in a stationary E. coli cell (45). For the
27-amino-acid-long membrane protein YohP and the
33-amino-acid-long membrane protein YkgR, it was recently
shown that their insertion still requires the SRP pathway and
that SRP targets them posttranslationally to either the SecYEG
translocon or the YidC insertase (223) (Fig. 5). This is the first
example for a posttranslational function of SRP in bacteria,
which is likely also required for the insertion of C-tail
anchored membrane proteins in E. coli. E. coli contains only a
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small number of proteins that are membrane anchored via a
C-terminal transmembrane domain (167), but proteins such as
the type VI secretion protein TssL (SciP) (224, 225) or the
putative RIPs YqjD, ElaB, and YgaM are important for cell
survival under stress conditions (225-227).

Protein targeting by the SecA pathway

SecA-dependent protein targeting acts primarily on proteins
that are delivered to the periplasmic space or to the outer
membrane (6, 228). These proteins contain a cleavable N-
terminal signal sequence and are mainly recognized by SecA
posttranslationally (229) (Fig. 5). In some cases, SecA-
dependent substrates are bound by chaperones, such as
SecB, after they have been released from the ribosome (230,
231). Like FtsY, SecA is preferentially membrane bound (212,
232), which is due to its affinity for anionic phospholipids and
the cytosolic loops of SecY (216, 233-235). Thus, both SecA
and FtsY act as SecYEG-associated substrate receptors for
their respective client proteins. However, in contrast to FtsY,
SecA does not appear to make contact with YidC (191). Pro-
tein translocation across the SecYEG channel depends on

SASBMB



JBC REVIEWS: Protein synthesis and transport under stress conditions

SRP-FtsY
PDB 2XXA

A Fth-ppGpp
PDB 709G

FtsY+ppGpp

PDB 709H 4.5S RNA

Signal recognition

particle (SRP) GTP analog

(GMPPCP)

FtsY
(SRP receptor)

Stationary phase,
stress conditions

Membrane insertion
via SRP-independent

Inhibition of the SRP
pathway and stimulation

Membrane insertion
via SRP-dependent

protein targeting l of the o® response mRNA targeting
o°o l Ch
3 aperones, : mMRBRNA ,
5. / (P)PPGpP o Q proteases e~————_-3
SRP
32
Ribosome SRP /
, hibernation
5 5 3
/\ o32
B SecYEG 5’ 3
FtsY bQQD Q FtsY translocon
UAMANEVAVIv
Inner FtsH
membrane

Periplasm

Quter membrane

COOOOCC 2OCOOOOOOOOOOOOOCC POOOOOOOOC IOOOOOOOOOOOOOOOOOOOCOOOCOOCC

BRI

Figure 6. SRP-dependent and SRP-independent membrane protein insertion in E. coli. A, structures of the ppGpp-bound Ffh (orange) and the pppGpp-
bound SRP receptor FtsY (olive). (p)ppGpp (magenta) binding to Ffh and FtsY prevents the formation of the SRP-FtsY targeting complex (right panel), which
is essential for both co- and posttranslational protein targeting by SRP. The targeting complex consists of the signal recognition particle (Ffh + 4.5S RNA)
and its receptor FtsY and is shown in the presence of the GTP analogue GMPPCP (red). Structures were retrieved from the protein database (PDB) with the
following IDs: 709G (Ffh in complex with ppGpp), 709H (FtsY in complex with pppGpp), 2XXA (Signal Recognition Particle [SRP] in complex with its receptor
FtsY), and are depicted using Pymol. B, schematic representation of SRP-dependent and SRP-independent membrane protein insertion via mRNA targeting
in E. coli. During stationary phase or when cells encounter stress conditions, the (p)ppGpp levels increase, which inhibits the SRP pathway, induces ribosome
hibernation, and prevents the SRP-dependent membrane targeting of 62 This reduces 6> degradation by FtsH and stimulates the o>>-dependent pro-
duction of chaperones and proteases. As a consequence of the inhibition of the SRP pathway, some stress-responsive membrane proteins, such as YohP,
engage a translation-independent mRNA targeting pathway, which targets mRNAs directly to the SecYEG translocon or YidC, where they are translated by
ribosomes and membrane inserted independently of the SRP pathway.

pathway is only present in bacteria and chloroplasts but
lacking in eukaryotes and archaea (5, 242).

repetitive ATP hydrolysis cycles by SecA, and the mechanistic
details of this process have been recently described in detail
(236-238). In addition to its posttranslational substrate
recognition, SecA can also bind to ribosomes (205-207, 239)
(Fig. 5), which is likely important for the translocation of large
periplasmic loops within membrane proteins that are other-

Protein trafficking under stress conditions: the
inhibition of protein targeting by alarmones

wise targeted by the SRP pathway (239-241). In contrast to the
SRP pathway, which is universally conserved, the SecA
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The nucleotide dependence of SecA, SRP, and FtsY makes
them prime candidates for a (p)ppGpp- and (p)ppApp-
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dependent regulation. Both Ffh and FtsY were identified as
potential (p)ppGpp targets in an affinity-based screen (243),
which was confirmed in a recent study that demonstrated that
ppGpp or pppGpp inhibits both co- and posttranslational
targeting by SRP in a concentration-dependent manner (46).
Further biochemical and structural studies revealed that (p)
ppGpp and GTP bind with similar affinities to the GTPase
domains of both Fth and FtsY (Fig. 6A4). However, in the
ppGpp-bound form of Ffh/FtsY, the 8- and e-phosphate
groups at the 3'-OH group of the ribose prevent the formation
of a functional SRP—FtsY targeting complex (46) (Fig. 6A4). The
formation of the SRP—FtsY targeting complex is essential for
substrate delivery to the SecYEG translocon or the YidC
insertase (215, 244-246). This suggests that, during stress
conditions, when the (p)ppGpp levels increase, protein tar-
geting via the SRP pathway is diminished (Fig. 6B). The in-
hibition of the SRP pathway when (p)ppGpp increase during
stationary phase or when cells encounter stress conditions is
reasonable to adjust the protein transport machinery to the
overall reduced protein synthesis rate. However, it potentially
also prevents membrane insertion of stress response proteins,
which are required under those conditions. This includes the
stationary phase—induced small membrane proteins YohP or
YkgR; the membrane-bound RIPs ElaB, YqjD, or YgaM; the
multidrug-resistant protein MdtF (247); or the cell division
protein FtsQ (248, 249). The latter is frequently used as a
model substrate for SRP-dependent insertion (221).

The SRP pathway could still be sufficiently active for the
insertion of these stress-responsive proteins during stationary
phase, because (p)ppGpp do not act as a simple on—off switch
of metabolic processes (53). Instead, cells rather execute a
priority program of a (p)ppGpp-mediated shutdown, which is
determined by the different (p)ppGpp affinities of target en-
zymes and by the (p)ppGpp/GTP ratios (41, 243). Many pro-
teins involved in amino acid metabolism or translation are
inhibited already at submicromolar concentrations (e.g., EF-
Tu, IF2, Ldcl), while others, such as the DNA primase
DnaG, require low millimolar (p)ppGpp levels for inhibition.
The Kp values of Ffh and FtsY for ppGpp (8-30 uM) and
pppGpp (14-70 pM) are in the same Kp range as observed for
the ribosome assembly factor BipA or enzymes involved in
nucleotide metabolism and transcription (41, 46). Thus, inhi-
bition of the SRP pathway apparently occurs already when cells
transition from basal (p)ppGpp levels (53) to (p)ppGpp levels
that lead to an adaptational program but do not yet shut down
metabolism completely (57). Still, the local concentrations of
(p)ppGpp in the immediate vicinity of the RelA-ribosome
complex are probably high enough to inhibit the ribosome-
bound SRP. In addition, due to its low abundance (<300
copies in an E coli cell; (6)), SRP is likely an early target of (p)
ppGpp-mediated inhibition iz vivo. This then indeed raises the
question of how stress-responsive membrane proteins are
membrane inserted when the SRP pathway is inhibited by (p)
ppGpp-

The consequences of SRP or FtsY depletion have been
analyzed in multiple studies, which collectively show a
reduction of the membrane proteome, ultimately leading to
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cell death (36, 250-252). Still, the data also indicate that
depletion of the SRP pathway does not affect the insertion of
all membrane proteins equally, pointing to alternative path-
ways that can be engaged by some SRP substrates. The
depletion of SRP in E. coli induces the 6>* response, which is
linked to an increase of chaperones and proteases, such as
Dnak, GroEL, ClpB, and FtsH (27, 36) (Fig. 6B). DnaK is
involved in the insertion of C-tail anchored membrane pro-
teins (226) and promotes the translocation of secretory pro-
teins when SecA is impaired (28), but DnaK is not able to
compensate for a lack of SRP/FtsY during insertion of mem-
brane proteins, as recently shown for YohP insertion (223).
Alternatively, some stress-responsive membrane proteins
might use SecA, which is upregulated when protein transport
via the SecYEG translocon is impaired (253, 254). SecA can
insert the type II single spanning membrane protein RodZ
(255, 256) or single-spanning variants of YidC (240) into the
E. coli membrane but is unable to insert highly hydrophobic
proteins, which include most of the stress-responsive mem-
brane proteins (239). This is also supported by in vitro studies
using purified inner membrane vesicles or reconstituted
SecYEG proteoliposomes, which demonstrate that SecA is
unable to promote the insertion of most single or multi-
spanning membrane proteins (211, 223, 252, 257).

Bacteria can potentially cope with a (p)ppGpp-dependent
shutdown of the SRP pathway by engaging a translation-
independent mRNA targeting pathway (258-260) (Fig. 6B).
This is supported by the recent observation that the insertion
of the small membrane protein YohP occurs independent of
the SRP pathway when YohP is produced from already
membrane-bound mRNAs (261). Although details on potential
targeting factors that route mRNAs to the membrane are still
largely missing, recent data indicate that the SecYEG trans-
locon and the YidC insertase can bind mRNAs (261). This is in
agreement with data showing that the homologous Sec61
complex in eukaryotes binds mRNA (262, 263) and also sup-
ported by the intrinsic ability of the SecYEG translocon to bind
ribosomes primarily via the rRNA (264-266). Thus, the
available data indicate that when SecYEG- or YidC-bound
mRNAs are translated, the translation product can be inser-
ted into the membrane without the need for SRP and its re-
ceptor FtsY (261). Importantly, membrane insertion of YohP is
drastically impaired in vivo when the stringent response is
induced and membrane targeting of the yohP mRNA is
simultaneously reduced by changing the nucleotide composi-
tion of the mRNA (261). This suggests that SRP-dependent
targeting and mRNA targeting act in parallel and that
mRNA targeting can compensate for impaired SRP-dependent
targeting. However, it is currently unknown whether mRNA
targeting can also sustain SRP-independent insertion of larger
membrane proteins.

The inhibition of the SRP pathway by (p)ppGpp is intriguing
in light of the 6> response that is induced in Ffh- or FtsY-
depleted E. coli cells (38). 6> can compete with the house-
keeping ¢’ for RNAP binding only at elevated (p)ppGpp
levels (40), which implies that the (p)ppGpp levels are
increased in Ffh- or FtsY-depleted E. coli cells. Although this
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needs to be experimentally verified, it would explain why FtsY-
depleted cells show increased levels of RMF (35), which is
transcriptionally controlled by the ppGpp levels (267). An in-
crease of (p)ppGpp upon impaired protein transport would
reduce the global protein synthesis rate as described above and
prevent the cytosolic accumulation of SRP substrates. A
reduced translation rate can indeed compensate for a loss of
SRP-dependent targeting and delay cell death (268, 269). The
depletion of SRP also leads to an upregulation of poly-
phosphate kinase (36), which synthesizes the chemical chap-
erone polyphosphate as additional means for stress protection
(270).

In addition to (p)ppGpp, bacteria can also produce (p)
ppApp, although generally less is known about their synthesis.
In Pseudomonas aeruginosa, (p)ppApp were recently shown to
be produced by the type VI secretion toxin Tasl. Tasl is
secreted into a bacterial target cell where it produces large
amounts of (p)ppApp at the expense of ATP (271). The
depletion of the cellular ATP pool diminishes cell growth of
the target cell and gives P. aeruginosa a competitive advantage.
In E. coli, (p)ppApp were shown to bind to RNAP in vitro and
to activate transcription of the rRNA promoter (272), which
potentially implies that (p)ppGpp and (p)ppApp have opposing
effects on the transcription of at least some promoters.
However, it is still under debate to which extent (p)ppApp are
produced in E. coli cells; a two-dimensional thin-layer chro-
matography approach has identified (p)ppApp in wildtype
E. coli cells but not in ArelAAspoT cells (273). A ppApp-based
affinity pull-down in E. coli identified only six potential targets
in the soluble fraction (274); among them is the serine protein
kinase YeaG, which is implicated in adaptation to nitrogen
starvation (275). So far there are no studies exploring the effect
of (p)ppApp on the activity of SecA in the targeting and
translocation of secretory proteins. However, it appears un-
likely that a potential (p)ppApp-induced inhibition of the SecA
pathway can be compensated for by mRNA targeting, as
observed for the inhibition of the SRP pathway. This is because
SecA is not only required for targeting secretory proteins to
the SecYEG translocon but also provides the energy for
translocation via ATP hydrolysis (237). This is different for the
SRP pathway, where GTP hydrolysis is required for the
dissociation of the SRP-FtsY targeting complex at the end of
the targeting reaction, while the energy for the actual mem-
brane insertion comes from the translational activity of the
ribosome during cotranslational insertion and lipid partition-
ing during co- and posttranslational insertion (276, 277).

Modulation of protein translocases and insertases by
stress conditions

The SecYEG translocon and the YidC insertase are
responsible for transporting the majority of proteins into or
across the inner membrane (183, 184). Additional membrane-
bound transport systems include the twin-arginine transport
(Tat) system, which in E. coli consists of TatA, TatB, and TatC
(6, 278). The Tat system is responsible for transporting folded
and cofactor-containing proteins, such as multicopper
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oxidases, which provide the first line of defense against peri-
plasmic copper (Cu) toxicity (279, 280). Once proteins enter
the periplasm, they are further processed by periplasmic
chaperones, such as SurA, Skp, or DegP, and proteins desig-
nated for the outer membrane are eventually inserted by the
Bam complex (281-283) (Figs. 1 and 5). The SecYEG trans-
locon, the YidC insertase, or the TatABC complex lack
nucleotide-binding sites and therefore (p)ppGpp or (p)ppApp
cannot directly influence their activity. Likewise, due to the
absence of nucleotides in the bacterial periplasm, the peri-
plasmic chaperones and the Bam complex can also not be
directly targeted by alarmones.

Still, because the specificity and activity of RNAP is deter-
mined by the (p)ppGpp levels, alarmones could potentially
regulate the production of protein translocases and insertases
at the transcriptional level. SecY is encoded in the spc operon,
which encodes for ribosomal proteins and which is negatively
regulated by (p)ppGpp and the transcriptional regulator DksA
(284). In addition, the spc operon is regulated by a translational
feedback loop that involves the ribosomal protein uS8, which
is part of the spc operon (285). However, uS8 does not seem to
regulate the production of SecY or bL36, which are encoded by
the last two genes of the spc operon. There is also no reported
effect of (p)ppGpp on secY expression, but the deletion of
rpm], encoding bL36, decreases secY expression and impairs
protein transport (286). RpmJ expression is reduced during
stationary phase and bL36 is at least partially replaced by its
paralog bL36B, which is encoded outside of the spc operon
(112). Thus, the downregulation of rpmJ during stationary
phase might reduce secY expression. However, transcriptome
data of E. coli cells grown to stationary phase in the absence or
presence of the stress-responsive o-factor RpoS, or of cells
treated with serine hydroxamate, for inducing the stringent
response (55), do not show strong changes in the abundance of
the secY mRNA (Fig. 7). It is likely that an additional promoter
within the spc operon allows the production of secY inde-
pendently of the other spc genes. There is also no strong effect
on secE expression, which is encoded in one operon together
with the transcription termination factor NusG (287). SecG is
encoded together with leull (tRNA™) in one transcription
unit (288) and tRNA levels can strongly decline upon stress
conditions (289, 290), which potentially explains the slight
decrease of the secG mRNA when cells are grown to stationary
phase (Fig. 7). In general, it appears that the expression of secY,
secE, and secG mainly follows the expression of house-keeping
genes, without large variations in their steady-state amounts
during different growth phases or when exposed to stress
conditions (291, 292).

Interestingly, the yidC mRNA levels significantly decrease
when the stringent response is induced or when cells enter
stationary phase in wildtype cells (Fig. 7). This is not observed
in the ArpoS strain, which suggests that yidC expression is
negatively regulated by RpoS. YidC in E. coli is encoded in a
conserved gene cluster that contains rpmH, rnpA, yidD, yidC,
and trmE (293). RpmH encodes for the ribosomal protein 134,
and three upstream promoters control its expression, one of
which is sensitive to ppGpp (294, 295). Thus, in contrast to the
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Figure 7. Transcriptional regulation of genes encoding for protein
translocase or insertases in E. coli. Data were retrieved from Gene
Expression Omnibus databank (https://www.ncbi.nlm.nih.gov/) with the
accession numbers GSE7885 (wildtype versus ArpoS), GSE 19742 (+SHX), and
GSE15534 (logarithmic versus stationary phase). Transcriptome data were
analyzed by the GEO2R software platform (https://www.ncbi.nlm.nih.gov/
geo/geo2r/). SHX refers to serine hydroxamate, an amino acid derivative
that is used for inducing stringent response (344). RpIN encodes for the
ribosomal protein uL14 and is encoded in the spc operon, where also secY is
encoded.

SecYEG translocon, the YidC insertase is downregulated upon
starvation. The requirement for YidC during stationary phase
is likely reduced, because many YidC-dependent membrane
proteins are involved in energy metabolism, such as the F;Fy-
ATPase (296, 297) or the cytochrome o oxidase (298), and
their abundance is strictly regulated by substrate availability
(299, 300).

The tatABC operon is under the control of the ¢’° pro-
moter, which is the main promoter for exponentially growing
cells. Genes with promoters that are only recognized by ¢”°
and not by other o-factors are downregulated during station-
ary phase or nutrient limitation (301), which explains the
decrease of tatA mRNA during stationary phase (Fig. 7).
Finally, bamA transcription is controlled by the heat-
responsive RpoE/c>* (302) but does not respond to the strin-
gent response or to stationary phase.

There is also not much known on how the (p)ppGpp levels
respond to impaired protein transport, with the exception of
the 6° response that is induced upon Ffh or SecE depletion
(23, 36) and that depends on (p)ppGpp accumulation (40).
However, the depletion of either SecY or BamA does not seem
to increase the (p)ppGpp levels, as analyzed by using an rpoS-
mCherry reporter construct (68). (p)ppGpp act as a positive
transcriptional regulator of rpoS, and RpoS levels can serve as
an indirect indicator of (p)ppGpp levels (43). In contrast, the
depletion of LpxA or LptA, which are required for lipopoly-
saccharide transport to the outer membrane (282, 303), caused
a strong increase of the rpoS-mCherry fluorescent signal (68).
However, considering that LptA is a periplasmic protein that
requires the SecYEG translocon for crossing the inner mem-
brane, additional studies are required for analyzing how
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defects in outer membrane biogenesis influence the (p)ppGpp
levels.

Starvation or stress conditions can influence membrane-
bound protein translocases and insertases not only directly
via transcriptional and posttranscriptional mechanisms but
also indirectly by changing the lipid composition of the
membrane. The phospholipid composition strongly influences
the activities of the SecYEG translocon (234, 304-307), the
YidC insertase (308—310), or the Tat system (311-313). This is
explained by the affinity of the protein targeting factors FtsY
and SecA for negatively charged phospholipids (234, 314),
which are enriched in close proximity to the SecYEG trans-
locon (306, 307, 315). The length and the saturation of phos-
pholipids are additional factors that influence protein
transport. Unsaturated fatty acids have been shown to improve
SecA-SecYEG-mediated protein translocation (316), and a
hydrophobic mismatch between the short transmembrane
domains of TatA or YidC and the phospholipid membrane is
critical for protein transport (309, 311, 313). Variations of the
phospholipid composition are frequently observed upon tem-
perature changes, e.g, the amount of unsaturated phospho-
lipids strongly increases when cells grow at low temperatures
(317, 318). Cells entering stationary phase show an increased
proportion of saturated fatty acids, whereas unsaturated fatty
acids are almost completely converted to cyclopropane de-
rivatives (319). Both processes have been shown to depend on
(p)ppGpp (320) and RpoS (321). The stationary phase is also
associated with a global remodeling of the lipid acyl chain
structure and with an increase in cardiolipin (319, 322).
Whether the increase of cardiolipin compensates for the lack
of SecYEG stimulation that is caused by the decline of un-
saturated phospholipids is currently unknown. In general,
causes and consequences of altered phospholipid composi-
tions are difficult to dissect, because phospholipid alterations
can in turn activate multiple stress response pathways and
increase the (p)ppGpp levels (317, 323).

The importance of protein transport for sensing stress

Coordinating the protein synthesis and protein transport
machineries saves cellular resources and prevents damage of
proteins in a potentially hostile extracytosolic compartment.
Still, protein transport is not only required for maintaining the
function of the inner and outer membranes as diffusion bar-
riers but is also important for sensing changing environmental
conditions (324, 325). A variety of periplasmic proteins func-
tion in nonenzymatic sensing of small molecules, in chemo-
taxis, quorum sensing, or signaling systems (326-328). One
particular sensing mechanism is used by secreted proteins that
contain a ribosomal stalling sequence. This was first shown for
SecM, which monitors the translocation activity of the SecYEG
translocon (253). SecM is a secreted protein that contains a C-
terminal ribosomal stalling sequence that causes a transient
elongation arrest (329). However, the translocation activity of
the SecYEG translocon is sufficient to relieve the elongation
arrest and SecM is secreted into the periplasm, where it is
degraded by C-terminal-tail-specific protease Prc (329). In
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contrast, when SecYEG-dependent translocation is impaired,
ribosomal stalling persists and the helicase activity of the
ribosome unfolds a stem-loop sequence that shields the
ribosome-binding site of the downstream-encoded secA (254).
This boosts SecA production, which in turn stimulates
SecYEG-dependent translocation. A similar system is used to
control the production of the SecYEG-associated SecDF
complex in response to sodium concentrations in Vibrio
cholerae (330, 331). For DUF2946-like proteins, which are
widely distributed in bacteria, it was recently shown that they
function as secreted sensor proteins that monitor the peri-
plasmic concentrations of Cu and potentially other toxic heavy
metals (332, 333). The DUF2946-like protein CutF was shown
to be cotranslationally targeted to the SecYEG translocon by
SRP. In the presence of Cu, the C-terminal stalling sequence
induces an elongation arrest that allows the unfolding of a
downstream-located mRNA stem-loop. This makes the
ribosome-binding site of the downstream-encoded multi-
copper oxidase CutO available and CutO levels increase, which
in turn leads to the conversion of Cu(I) to the less toxic Cu(II)
(280, 332, 334). Considering the abundance of DUF2946-like
proteins in bacteria, translational control by an upstream-
encoded and exported sensor protein is likely commonly
executed in bacteria.

Conclusion and outlook

The bacterial stress adaptation is a highly orchestrated
response that essentially effects every cellular process.
Although multiple systems that sense different intra- and
extracellular cues have been identified and characterized, novel
mechanisms such as the DUF2946-like heavy metal sensors
continue to emerge (332) and demonstrate the genuine
complexity of stress response mechanisms. There is a signifi-
cant redundancy between different stress response pathways,
and some targets are regulated by different stress response
pathways. This is best exemplified by the protein synthesis
machinery, which is targeted by the oxidative stress response,
the heat shock response, the stringent response, and alterna-
tive o-factors. This redundancy highlights that adjusting the
rate of protein synthesis is of crucial importance for stress
adaptation. On the other hand, some pathways appear to be
exclusively targeted by only one stress response pathway; e.g.,
the essential SRP-dependent targeting pathway appears to be
exclusively inhibited by the stringent response pathway.
However, the SRP pathway has also been implicated in tar-
geting 6°> to the membrane for degradation by FtsH (335)
(Fig. 6B). The accumulation of (p)ppGpp therefore boosts the
0% response, because it reduces the degradation of o> and
favors its competition with ¢’° for binding to the core RNAP
(40). The % response is potentially further stimulated,
because depletion of SRP increases the concentration of pol-
yphosphate kinase, which synthesizes the chemical chaperone
polyphosphate (36). Increased polyphosphate levels stimulate
the protease Lon, which degrades Ffh, the protein component
of SRP (336). Some reports also indicate that (p)ppGpp inhibit
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exopolyphosphatase, which degrades polyphosphate (270,
337), although (p)ppGpp might not act directly on exopoly-
phosphatase (338). Nevertheless, this emphasizes the enor-
mous cooperativity between the different stress response
pathways, which needs to be further explored.

Nucleotides exist in different forms and act at the center of
metabolic regulation, but besides (p)ppGpp, their roles in
regulating protein synthesis or protein targeting have barely
been touched. This applies to (p)ppApp, and also to the
ubiquitous dinucleoside polyphosphates (Np,Ns; where N can
correspond to adenine, uridine, or cytosine and n represents
the number of phosphates) (42). The diadenosine tetraphos-
phate (Ap4A) levels strongly increase when cells are exposed to
oxidative stress or to aminoglycoside antibiotics (339), and it
was shown that Ap,A attached to the 5'-end of mRNAs in-
creases their stabilities (340). Whether this also has a direct
influence on their translation by the ribosome or whether
dedicated ribosomes translate these capped mRNAs requires
further analyses.

Finally, the diversity of sensing and response systems pro-
vides a major evolutionary advantage and enables bacteria to
survive astonishingly harsh conditions and to potentially
escape antimicrobial treatments. The bacterial stress response
is therefore an attractive target for antimicrobial compounds
(341). One example is relacin, a 2'-deoxyguanosine-based
analogue of ppGpp, which inhibits (p)ppGpp synthesis and
leads to cell death (342). Some peptides (343, 344) or the
compound X9, identified in a high-throughput screen for
potent M. tuberculosis Rel inhibitors (345), also targets the
stringent response and prevents (p)ppGpp accumulation.
Further studies on compounds that inhibit individual stress
response pathways will ultimately help to reveal the enormous
plasticity of these pathways and will potentially identify novel
avenues for antimicrobial therapies.
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