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Cells have evolved a complex molecular network, collectively called the protein homeostasis
(proteostasis) network, to produce and maintain proteins in the appropriate conformation,
concentration and subcellular localization. Loss of proteostasis leads to a reduction in cell
viability, which occurs to some degree during healthy ageing, but is also the root cause of a
group of diverse human pathologies. The accumulation of proteins in aberrant conformations
and their aggregation into specific beta-rich assemblies are particularly detrimental to cell
viability and challenging to the protein homeostasis network. This is especially true for bacteria;
it can be argued that the need to adapt to their changing environments and their high protein
turnover rates render bacteria particularly vulnerable to the disruption of protein homeostasis in
general, as well as protein misfolding and aggregation. Targeting bacterial proteostasis could
therefore be an attractive strategy for the development of novel antibacterial therapeutics. This
review highlights advances with an antibacterial strategy that is based on deliberately inducing
aggregation of target proteins in bacterial cells aiming to induce a lethal collapse of protein
homeostasis. The approach exploits the intrinsic aggregation propensity of regions residing in
the hydrophobic core regions of the polypeptide sequence of proteins, which are genetically
conserved because of their essential role in protein folding and stability. Moreover, the
molecules were designed to target multiple proteins, to slow down the build-up of
resistance. Although more research is required, results thus far allow the hope that this
strategy may one day contribute to the arsenal to combat multidrug-resistant bacterial
infections.
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TARGETING MULTIPLE TARGETS YIELDS
MORE ROBUST ANTIBACTERIALS

Most currently used antibacterial approaches target an essential
protein or process (either directly or indirectly) in one of these
four categories: nucleic acids synthesis, proteins synthesis, the
synthesis or integrity of the bacterial cell wall or bacterial
membrane, and folic acid metabolism (Kapoor et al., 2017).
Antibiotics targeting one single protein have been favored in
the past because these single-target antibiotics can offer high
target specificity and induce fewer side effects. Having a single
target, however, sets up the rapid generation of resistance since
only one protein or pathway needs to be circumvented to develop
resistance to the antibiotic. Combination therapy has been a
useful approach to overcome bacterial resistance but it works
even better by combining multi-target antibiotics (Oldfield and
Feng, 2014). Resistance has been observed on average 2 years after
marketing an antibiotic (Clatworthy et al., 2007; Coates et al.,
2011) and the experience has been that target-related
spontaneous resistance develops more rapidly if the antibiotic
has a single target than if the antibiotic affects several targets in
parallel and/or those targets are encoded by multiple genes
(Brötz-Oesterhelt and Brunner, 2008; Gray and Wenzel, 2020).
In general, a single mutation in the target may be sufficient to
develop high-level target-related resistance against antibiotics
that have a single target encoded by one gene. At the same
time, multiple mutations or acquired resistance genes are
required to evolve a substantial level of resistance against
antibiotics that affect several targets in parallel and/or if the
targets are encoded by multiple genes. Vancomycin is a good
example of an antibiotic that requires the acquisition of multiple
genes for developing resistance. Vancomycin compromises cell
envelope integrity (Stogios and Savchenko, 2020) by binding to
the D-Ala-D-Ala moiety of un-crosslinked lipid II and inhibiting
autolytic enzymes by binding to free C-terminal D-Ala-D-Ala
residues in the mature cell wall (Sieradzki and Tomasz, 2006).
Although modifying lipid II to D-Ala-D-lac or D-Ala-D-Ser can
render bacteria vancomycin-resistant, it is rather difficult to
achieve these modifications. Indeed, bacteria that achieve a
high-level resistance to vancomycin do so by expressing
several (five or more) newly acquired genes (Okano et al.,
2017; Stogios and Savchenko, 2020). Due to the difficulty of
developing resistance against vancomycin, the first discovery of
resistant strains occurred almost 30 years after its initial
clinical use.

One strategy to create multi-target antibiotics has been
modifying existing antibiotics to increase the number of
targets and/or pathways affected, which subsequently
overcomes the existing resistance mechanisms and delays the
occurrence of novel resistance. For example, the second-
generation macrolide azithromycin exerts a more potent
antimicrobial activity by inducing membrane permeability in
addition to inhibiting protein synthesis (Gh et al., 2018). In
the case of vancomycin, target range broadening was achieved
with oritavancin, a derivative that not only binds D-Ala-D-Ala
containing lipid II but also D-Ala-D-lac lipid II precursors,
thereby addressing one of the resistance mechanisms to

vancomycin. (Stogios and Savchenko, 2020). In addition, it
also inhibits transpeptidation and may affect RNA synthesis,
as well (Zeng et al., 2016). Although we cannot predict if
oritavancin will have such a long career as vancomycin,
resistance to it has not been reported yet.

Other antibiotics affecting multiple targets/biological
pathways through a novel mode of action have also been
developed. Recent progress in this field includes teixobactin
(Ling et al., 2015), SCH-79797 (Martin et al., 2020),
corbomycin and complestatin (Culp et al., 2020). Discovered
in a screen of uncultured bacteria, teixobactin seems to have
evolved to minimize resistance development by target
microorganisms (Ling et al., 2015). This novel antibiotic
inhibits bacterial cell wall synthesis by capturing precursors
such as Lipid I, Lipid II, Lipid III, and undecaprenyl
pyrophosphate (Shukla et al., 2020) and its ability to interfere
with multiple targets is probably why resistance to it could not be
detected (Ling et al., 2015). Similarly, bacteria showed no sign of
resistance to the recently described SCH-79797 after passaging
them for 30 days at a concentration of SCH-79797 that is lower
than its minimal inhibitory concentration (MIC) (Martin et al.,
2020). SCH-79797 is bactericidal toward both Gram-negative and
Gram-positive bacteria by disrupting folate metabolism and the
integrity of the bacterial membrane (Martin et al., 2020).
Corbomycin and complestatin bind and subsequently block
the function of a broad range of structurally unrelated
autolysins, thereby inhibiting peptidoglycan remodeling of the
cell wall during growth (Culp et al., 2020). Corbomycin was also
shown to be able to inhibit fatty acid synthesis (Kwon et al., 2015).
Although a low level of resistance was reported for corbomycin
and complestatin (resistant mutants have mutations in autolysin
proteins), single-gene deletions changed susceptibility only 2-fold
or less (Culp et al., 2020).

Although multi-targeted antibiotics are not immune to
inactivating mechanisms that either block their uptake,
increase their efflux or promote their degradation, the studies
above suggest that the chance of a target-based high-level
endogenous resistance is lower for multi-target antibiotics,
which explains why they have been gaining increasingly more
attention (Tyers and Wright, 2019; Gray and Wenzel, 2020). The
case of vancomycin also showed that it is not only the number of
targets that matters but also the difficulty to modify that target.
Therefore, the optimal antibiotic strategy has multiple targets,
each of which is hard to be genetically deleted or altered by
random mutations under selective pressure. In what follows, we
explore the idea that perturbation of the protein homeostasis
network via inducing aggregation of bacterial proteins could
constitute such an attractive antibiotic strategy.

BACTERIAL PROTEOSTASIS FACES
PARTICULAR CHALLENGES

Protein homeostasis, also called proteostasis, is a term used to
describe all protein quality control activities of the (eukaryotic or
prokaryotic) cell including protein synthesis, folding,
translocation and degradation. Given that as good as all
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biological activity in a cell is mediated by proteins, proteostasis is
a fundamental component of cellular life, consuming about half
of the metabolic energy (Buttgereit and Brand, 1995). The cells
have evolved a complex and interconnected quality control
system, called the proteostasis network (PN), to support the
integrity and functionality of the proteome under physiological
conditions and to protect the proteome against acute stress
conditions. The PN consists of chaperones, proteases as well
as other specialized molecules (Mogk et al., 2011; Kampinga et al.,
2019). The importance of proteostasis for the health of the
organism (Balch et al., 2008) and the decline of proteostasis
during ageing (Ben-Zvi et al., 2009) have been recognized for over
a decade.

Even though the general principles of protein folding are
similar in all organisms, maintaining proteostasis is especially
challenging for bacteria due to their small volume, the lack of
membrane-separated compartments, and high protein turnover
rates. Additionally, bacteria are constantly subject to stress
conditions, including heat/cold shock, oxidative stress, osmotic
shock, heavy metal toxicity, changes in hydrostatic pressure, the
presence of drugs, as well as host organism mounted-stresses in
response to infections such as chemical stresses (e.g. reactive
oxygen and nitrogen species), the presence of antibiotics or the
elevated temperature from fever (Ehrt and Schnappinger, 2009;
Dahl et al., 2015; Harnagel et al., 2020). The exposure of bacteria
to these pressures as well as the complexity of metabolic changes
that arise in response to these pressures can cause significant
perturbations of bacterial proteostasis (Morano et al., 2012;
Gayán et al., 2017). Depletion of intracellular ATP can also
drive protein aggregation because maintaining proteostasis
consumes a lot of energy and ATP is a biological hydrotrope
that helps to keep hydrophobic proteins in solution (Patel et al.,
2017; Pu et al., 2019).

Both the short doubling times of bacteria (E. coli doubling time
is about 20 min) and adaptation to changing conditions require a
high protein turnover rate, and indeed the speed of protein
translation is at least five times faster in bacteria than in
eukaryotes (de Groot and Ventura, 2010). In a recent study
(Ramakrishnan et al., 2019), we have shown that protein
abundance and translation speed are strong determinants of
chaperone-dependence in E. coli and by extension, likely other
bacterial strains and species, as well. So, although certain complex
folded proteins intrinsically need assistance from chaperones
likes GroEL to fold, most fast-translated proteins require the
help of trigger factor and DnaK, regardless of whether they are
intrinsically capable of independent folding. Upon the genetic
deletion of these factors, proteins tend to end up in the insoluble
fraction, likely undergoing aggregation (Deuerling et al., 2003;
Chapman et al., 2006; Hartl et al., 2011).

A higher protein turnover rate implies more individual
polypeptide chains are in the course of translation or folding
at any given time. Since the chance of aggregation is the highest
during translation before the protein gains its native structure
(Willmund et al., 2013), it is, therefore, likely that a higher protein
turnover rate renders the proteostasis of bacteria more vulnerable
to perturbations (Beerten et al., 2012). The idea of targeting the
proteostasis of quickly dividing cells is also being exploited in

human cells in the forms of promising cancer treatments based
on pharmacologic inhibition of, for example, Hsp70 or Hsp90
(Hipp et al., 2014), where the difference in translation rate is one
element that helps create a therapeutic window between cancer
cells and their healthy counterparts.

However, in apparent contradiction with these ideas, bacteria
show remarkable resilience to aggregation, notably in the
expression of heterologous proteins, some of which end up in
massive inclusions bodies consisting of aggregated forms of the
protein and occupying a significant fraction of the cellular
volume. Although the production of such a recombinant
protein may impart such a metabolic burden on the
microorganism that can cause a considerable delay in
generation time (Rosano and Ceccarelli, 2014), it is often not
lethal. This suggests that the aggregation of a heterologous
protein is contained and does not lead to a proteostatic collapse.

To what extent inclusion body formation upon heterologous
expression can be related to protein translation rates is unclear
since many factors such as post-translational modifications and
co-evolution with chaperones may also play a role. But it could be
argued that as proteins got larger and more complex during
evolution (Netzer and Hartl, 1997; Balchin et al., 2016),
translation speed had to be reduced to give proteins more
time for co-translational folding and to prevent aggregation.
This seems to make perfect sense since expressing eukaryotic
proteins in bacteria at a slower speed reduces their aggregation
(Siller et al., 2010) and many experiments show that a higher
translation elongation speed results in more aggregation both in
bacteria and in eukaryotes. E.g., speeding up the translation of the
cystic fibrosis transmembrane conductance regulator in
eukaryotic cells resulted in a higher amount of aggregated
protein (Kim et al., 2015), and our lab has shown in bacteria
that increasing the translation rate of a transcript resulted in more
insoluble protein (Ramakrishnan et al., 2019). Cooling down the
cultures often resolves aggregation of heterologously expressed
proteins (Rosano and Ceccarelli, 2014). This also seems to
support the apparent detrimental effect of high translation
speed on protein folding, since culturing bacteria at a lower
temperature would certainly provide an overall reduction in
translation rates (although it may have many other effects, as
well).

However, most experiments increase the translation speed of a
transcript by codon optimization, i.e. eliminating rare codons by
replacing each codon with a faster-translating counterpart.
Codon-optimization not only speeds up translation but can
also perturb the rhythm of translation by eliminating the
pauses associated with rare codons. As it has become clear
recently, the rate of elongation is not uniform along the
mRNA and one of the factors influencing elongation speed is
codon usage (Liu, 2020; Samatova et al., 2021). Rare codons are
translated somewhat slower and an increasing number of studies
suggests that co-translational folding is a sequential event in
which the presence of rare codons establishes transcriptional
pauses that provide enough time for the nascent protein to
acquire the correct conformation (Sabate et al., 2010).
Moreover, although the high speed of bacterial translation
makes folding difficult for eukaryotic proteins, probably due to
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their multi-domain structure (Netzer and Hartl, 1997), slowing
down or speeding up translation seems to make no difference for
bacterial proteins (Siller et al., 2010). Therefore, it is changing the
rhythm of translation that increases misfolding and aggregation
and not the higher speed of translation (Liu, 2020; Samatova et al.,
2021). It seems that the high volume of protein turnover makes
the proteostasis of bacteria vulnerable and not the high speed of
translation itself.

BACTERIAL PROTEOSTASIS AS A TARGET
FOR ANTIMICROBIALS

The proteostasis network (PN) maintains cellular proteins in a
state that allows optimum biological activity while responding to
environmental stimuli, starting with the synthesis of new
polypeptide chains, through the folding of newly translated
proteins to the repair, disaggregation or degradation of
damaged proteins that unfold or aggregate, in particular under
stress conditions (Powers and Balch, 2013). Balch et al. proposed
the downregulation of bacterial proteostasis as an antibacterial
strategy in 2008 (Balch et al., 2008) but antibiotics that tamper
with proteostasis by targeting one of the principal components of
the PN, the ribosome, have been around for much longer.
Aminoglycosides, tetracyclines, macrolides, lincosamides, etc.
interfere with protein synthesis and cause a proteostasis
imbalance by disrupting translational fidelity, causing
premature termination of translation, preventing the binding
of t-RNAs to the ribosome or causing the premature
detachment of incomplete peptide chains from it (Ling et al.,
2012; Kapoor et al., 2017).

Many examples show that causing bacterial chaperone
deficiency may also be an effective way to limit bacterial
viability or can reduce antibiotic tolerance of pathogenic
species (Lee et al., 2016). Genetic deletion of chaperones
involved in protein folding, like GroEL, trigger factor or
DnaK, causes “an avalanche” of aggregation (Deuerling et al.,
2003; Chapman et al., 2006) that poses a heavy burden on the
bacteria and limits their resistance to stresses. The redundancy of
chaperones gives bacteria some resiliency against such attacks,
though. For example, DnaK/DnaJ and TF have overlapping sets
of substrates and one can compensate for the absence of the
other—but a combined deletion of both is lethal above 30°C
(Deuerling et al., 1999; Deuerling et al., 2003). Similarly, while the
individual loss of neither HtpG (an Hsp90-homologue) nor ClpB
(a disaggregase) is lethal to Mycobacterium tuberculosis, cells
lacking both these chaperones become hypersensitive to host-
like stresses and go into a nonreplicating state (Harnagel et al.,
2020). Tampering with the clearance of protein aggregates also
has severe consequences for bacteria. For example, cells lacking
the ClpB disaggregase become more sensitive to heat or oxidative
stress (Harnagel et al., 2020). Based on these observations,
inhibitors targeting the chaperone system such as DnaK
inhibitors (Czihal et al., 2012) and HSP60/10 chaperonin
system inhibitors (Stevens et al., 2019) have been put forth as
antibiotic strategies but it remains to be seen whether sufficient

specificity toward bacterial chaperones over mammalian
counterparts can be achieved.

It has also become apparent in recent years that antimicrobial
peptides (AMPs) that were initially considered only as agents that
disrupt bacterial membranes, also interact with intracellular
targets, including PN components (Nguyen et al., 2011; Lee
and Lee, 2015; Lazzaro et al., 2020). For example, the primary
target of the proline-rich AMP oncocin is thought to be the
ribosome exit channel (Roy et al., 2015; Seefeldt et al., 2015).
Oncocin also binds to and inhibits the bacterial Hsp70 homolog
DnaK (Knappe et al., 2011), one of the key chaperones in bacteria,
which will likely amplify the disruption of bacterial proteostasis
by this peptide. Interestingly, many AMPs form amyloid
structures spontaneously (Zhao et al., 2006; Mahalka and
Kinnunen, 2009; Torrent et al., 2011) and some AMPs co-
aggregate with bacterial proteins (Code et al., 2009).

All these targeted approaches that specifically interfere with
various components of the PN and meddle with the synthesis
or folding of proteins, or the clearance of protein aggregates
have a common feature: they all produce a large pool of
aggregated proteins. The accumulation of damaged,
misfolded or aggregated proteins as a sign of the decline of
proteostasis has been studied extensively in eukaryotes where
it contributes to ageing and senescence (Taylor and Dillin,
2011; Santra et al., 2019). Although it is controversial whether
bacteria undergo ageing due to the accumulation of aggregated
proteins (Rosano and Ceccarelli, 2014; Schramm et al., 2019),
the accumulation of protein aggregates can affect the growth
rate, stress resistance and virulence of bacteria, as well
(Schramm et al., 2019). Protein aggregation appears to play
a role in causing bacterial death in certain lethal conditions
such as heat and exposure to heavy metals, either through
massive protein aggregation leading to proteostasis collapse or
the depletion of certain essential factors (Ling et al., 2012;
Tamás et al., 2014; Bednarska et al., 2016; Khodaparast et al.,
2018; Katikaridis et al., 2019). On the flip side, the importance
of a highly competent proteostasis machinery for bacterial
virulence is underlined by the fact that a transmissible locus for
protein quality control (TLPQC-1) spreads by horizontal gene
transfer amongst pathogenic strains (Lee et al., 2016),
apparently conferring fitness benefits to the pathogens
during infection.

It seems, therefore, that despite the stress-adaptive
transcriptional programs bacteria can initiate to deal with
proteostasis imbalance (Schramm et al., 2019), targeting
bacterial proteostasis can indeed be an effective antibacterial
strategy, either as a standalone treatment or in conjunction
with existing antibiotics. Although the PN can increase its
capacity dramatically on-demand, it is possible to overwhelm
the cellular machinery that deals with damaged proteins, leading
to and causing proteostatic collapse. As we saw, such perturbation
of the bacterial proteostasis can be achieved either by interfering
with one or more specific components of the PN or by creating
such a large pool of aggregated proteins within the cell that its
clearance exceeds the capacity of the PN. In the next sections, we
will see how this latter can be achieved.
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FIGURE 1 | (A) The core of protein aggregates contains beta-strands forming beta-sheets held together by hydrogen bonds between the polypeptide backbones
and these beta-sheets can pack in layers via interdigitating amino acid sidechains. (B) The typical kinetics of amyloid-like protein aggregation (blue line): a rate-limiting
nucleation phase, a fast-growing elongation phase, and a final plateau phase. Seeding the reaction with substoichiometric amount of fibril fragments can eliminate the lag
phase (red line). (C) Pept-ins are designed based on detecting APRs in the translated bacterial genome. They seem to form small seeds (depicted as stacks of
Pept-ins in the Figure) that induce the fast co-translational aggregation of proteins and the formation of inclusion bodies.
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AMYLOID-LIKE AGGREGATION CAN BE
SEEDED IN A SEQUENCE-SPECIFIC
MANNER
Protein aggregation has been (and by some perhaps still is)
considered to be a non-specific process: a phase separation
driven by clusters of hydrophobic residues in misfolded
proteins. Our increasing structural understanding of protein
aggregates over the last two decades has demonstrated that,
both in vitro and in vivo, protein aggregates are much more
structured macromolecular assemblies (Morell et al., 2008) than
previously thought. The most predominant mechanism of
aggregation is amyloid-like aggregation, which is based on the
interactions of beta-strands from different polypeptides forming
intermolecular beta-sheets (Figure 1A). Intracellularly, protein
aggregates often accumulate into a range of inclusions, the
specifics of which differ between organisms and cell types, but
the aggregates they contain have been shown to share the basic
beta-sheet-rich structure.

In bacteria, the term inclusion body (IBs) is widely used to
indicate such aggregate-rich structures, formed, e.g. when the
bacterial cellular machinery is unable to fold an over-expressed
protein in its native conformation. It is now clear that these are
“not mere amorphous graveyards” (Otzen, 2010) but have
amyloid-like properties including high beta-sheet content
(Carrió et al., 2005; Ventura and Villaverde, 2006; Garcia-
Fruitos et al., 2011; Upadhyay et al., 2012; Khodaparast et al.,
2018). The structure of the most highly ordered protein
aggregates, amyloid fibres (Sawaya et al., 2007), has been
investigated in detail and showed that both amyloid aggregates
formed in vitro or those extracted ex-vivo have a generic cross-
beta backbone organization as revealed by X-ray diffraction data
(Serpell et al., 1995; Sunde et al., 1997; Nelson et al., 2005; Sawaya
et al., 2007) or more recently by reconstruction of cryo-electron
microscopy images of full-length fibrils (Lu et al., 2013;
Fitzpatrick et al., 2017; Gremer et al., 2017; Falcon et al., 2018;
Falcon et al., 2019).

In the core of amyloid fibers, identical sequences in a beta-
strand conformation are stapled together into beta-sheets
through hydrogen bonds between the polypeptide backbones,
as well as the lateral stacking of the side chains of consecutive
strands, and these beta-sheets can further pack laterally via tightly
interdigitated sidechains forming stable structures, known as
“steric zippers” (Figure 1A) (Nelson et al., 2005; Sawaya et al.,
2007; Rodriguez et al., 2015). An interesting recent exploitation of
the similarity between the structure of bacterial IBs and disease-
causing amyloids is using bacteria to screen for anti-amyloid
(beta-blocker) drugs for conformational diseases (Caballero et al.,
2019).

Amyloid-like protein aggregation follows a typical sigmoidal
curve, initiated with a rate-limiting nucleation phase, followed by
a fast-growing elongation phase and ending with a final plateau
phase (Figure 1B) (Knowles et al., 2009; Arosio et al., 2016; Lutter
et al., 2019). Although the amyloid aggregate state of many
proteins is thermodynamically more stable than the soluble
form under conditions found in vivo, there is a kinetic barrier
towards amyloid formation, partly because the conformational

freedom of the peptide backbone contributes to the entropy of the
system (Buell et al., 2014). During the slow and
thermodynamically unfavorable nucleation phase, stable seeds
are formed by rearranging misfolded protein structures into a
series of beta-strands.

When the concentration of seeds is high enough, the growth of
seeds becomes the dominant process and protein aggregation
proceeds to the elongation or extension phase (Figure 1B). This is
the fastest phase of the overall aggregation reaction, by several
orders of magnitude (Buell, 2019). In this phase, the fibrils grow in
a direction parallel to the fibril axis by adding monomeric
building blocks to the fibril end, during which the protein
monomers adopt the cross-beta structure of the seeds as a
template (Soto and Pritzkow, 2018; Lutter et al., 2019). In this
phase, new seeds are continually formed through fragmentation
of the growing aggregates and secondary nucleation, i.e. the
formation of new seeds on the surface of the aggregates, which
appear to act as catalysts. The most important intrinsic barrier to
protein aggregation can be circumvented by supplying pre-
formed seeds to a sample of fresh monomer (Figure 1B) and
this has been shown to work both in a test tube (O’Nuallain et al.,
2004; Saijo et al., 2017), in cells (Colby et al., 2007; Holmes et al.,
2014) and in mouse models in vivo (Hamaguchi et al., 2012;
Falcon et al., 2015; Narasimhan et al., 2017; Gomes et al., 2019).

There is a controversy over whether IB formation in bacteria is
an active, protective cellular process that deposits aggregates as
IBs at specific polar region(s) or IB formation depends only on the
physical interaction of the protein chains moving around purely
by Brownian motion and IBs end up at the cell pole because they
are crowded out from the middle of the cell by nucleic acids
(Tyedmers et al., 2010; Coquel et al., 2013; Rinas et al., 2017).
Whichever the case may be, IBs appear to be “built” in a selective
way and at least some of this selectivity can be contributed by a
diffusion-driven (not active) mechanism driven by the
polypeptide chains themselves. As it has been demonstrated
in vitro with many proteins, the polypeptide chains themselves
can produce aggregates of a homogeneous composition
(O’Nuallain et al., 2004; O’Nuallain et al., 2005; Wetzel, 2006),
and co-expression experiments also showed that non-
homologous aggregation-prone proteins initially deposit in
separate inclusion bodies both in bacteria (Morell et al., 2008)
and eukaryotic cells (Rajan et al., 2001). IBs contain
predominantly the over-expressed protein and their properties
depend on the protein being over-expressed (Upadhyay et al.,
2012)—although they do engulf other bystanders like small heat-
shock proteins IbpA and IbpB and the main chaperones DnaK
and GroEL (Ventura and Villaverde, 2006), which may also be
part of the machinery to build a well-ordered IB.

The tight packing of side chains at the core of amyloid fibrils
suggests that amyloid aggregates are not only structured but the
assembly of such structures is also selective and even sequence-
specific (O’Nuallain et al., 2004). The sequence specificity of
amyloid aggregation has been demonstrated using seeding
experiments, as well. In vitro seeding experiments suggest that
seeding between identical sequences is favored (O’Nuallain et al.,
2004; O’Nuallain et al., 2005; Wetzel, 2006), although there are
examples of cross-seeding between similar but non-homologous
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sequences, e.g. cross-seeding between amyloid beta peptide
(Abeta) and Islet Amyloid Polypeptide (IAPP, also called
amylin) (Oskarsson et al., 2015) or the Abeta peptide and
alpha-synuclein (Ono et al., 2012) or lysozyme and other
proteins (Krebs et al., 2004).

SHORT POLYPEPTIDE SEGMENTS
CONTROL AGGREGATION

The selectivity of protein aggregation and the tightly packed
structure of amyloid aggregates suggest that certain sequence
fragments within a polypeptide chain would be more suitable to
incorporate in such structures than others. Many groups have
developed bioinformatics algorithms to detect regions, called
aggregation-prone regions (APRs), in polypeptide sequences
that would be particularly suitable for forming aggregates
(Conchillo-Sole et al., 2007; Tsolis et al., 2013; Walsh et al.,
2014; Espargaró et al., 2015). Our laboratory has contributed with
TANGO (Fernandez-Escamilla et al., 2004), WALTZ (Maurer-
Stroh et al., 2010) and more recently Cordax (Louros et al., 2020).

We have used our aggregation prediction algorithms to show
that APRs are present in almost any protein in any given
proteome, whether prokaryotic or eukaryotic (<5% of protein
domains have no APRs) (Rousseau et al., 2006; Ganesan et al.,
2016). These findings have been confirmed by other labs using
different prediction algorithms (Monsellier et al., 2008;
Goldschmidt et al., 2010; Rawat et al., 2018). APRs are
generally short (5–15 residues long) sequences that have an
intrinsic propensity to self-associate by beta-strand interactions
(Rousseau et al., 2006; Goldschmidt et al., 2010) and their role in
inducing protein aggregation has been confirmed experimentally.
We know that the presence of APR(s) in a polypeptide chain is
both necessary and sufficient for inducing protein aggregation.
APRs are necessary for protein aggregation because introducing
point-mutations that abolish the aggregation propensity of an
APR reduce the aggregation propensity of the entire protein
(Ganesan et al., 2016). And APRs are sufficient for inducing
protein aggregation because grafting APRs of known amyloid-
associated proteins onto proteins that do not aggregate by
themselves render them aggregation-prone (Ventura et al.,
2004; Teng and Eisenberg, 2009). The mentioned cryo-EM
structures of amyloid fibrils extracted from patients show the
involvement of a much larger segment of the polypeptide chain in
the final amyloid fibril structure than just the APRs (Lu et al.,
2013; Fitzpatrick et al., 2017; Gremer et al., 2017; Falcon et al.,
2018; Falcon et al., 2019), but the APRs are still the focal points for
initiating aggregation. The beta-strands formed by the APRs are
part of the beta-sheets in the fibril core and they form the
“aggregation hot spots” that kinetically control amyloid
formation while the regions flanking APRs can either promote
or inhibit aggregation and modulate the structure of the fibers
(Sumner Makin and Serpell, 2004; Savastano et al., 2020; Ulamec
et al., 2020; Zhang et al., 2020).

Most proteins possess at least one APR, and they usually form
either part of the hydrophobic core of globular proteins or
interaction sites that become buried in e.g. through protein-

protein interactions. The few solvent-exposed APRs in native
proteins are generally APRs contributing to protein interaction
interfaces or catalytic sites (Ventura et al., 2002; Prabakaran et al.,
2017). Since most APRs are buried, they represent a danger for
aggregation only in situations where proteins are partially or
completely unfolded, such as during protein translation or
translocation, under situations of physiological stress or due to
mutations that destabilize the native conformation (Ganesan
et al., 2016; Langenberg et al., 2020). We have shown that
APRs are not just located in the hydrophobic core of proteins,
there is a deep entanglement between protein stability and
protein aggregation propensity that means that aggregation
propensity is as evolutionarily conserved as the structure itself
(Langenberg et al., 2020). As a consequence, APRs constitute
interesting targets for the development of antibiotics since these
regions are the least likely to accumulate mutations in the
short term.

TARGETED PROTEIN AGGREGATION

The aggregation of a wide range of proteins has been described to
follow the classic sigmoidal aggregation kinetics in many
organisms, including bacteria, fungi and mammals, forming
either pathogenic or functional amyloids (Platt et al., 2008;
Seuring et al., 2012; Van Gerven et al., 2015; Villar-Pique et al.,
2016), meaning that aggregation is controlled at the stage of seed
formation and then speeds up once enough seeds are available.

Analyzing the sequence similarity of peptide segments in
bacterial and eukaryotic proteomes, most peptide sequences are
unique from lengths of about 6–7 amino acids onwards,
independent of genome size. Interestingly, this is on the lower
length spectrum of linear antibody epitopes, which range from 6 to
25, approximately, suggesting that such short peptides already hold
sufficient information for discriminatory binding. In line with this,
the immune system uses for self/non-self-discrimination at the cell-
surface-bound multihistocompability complexes I and II display
peptides of 8–11 and 9–30 amino acids in length, respectively. We
noted that APRs, which typically range in length from 5–15 amino
acids, follow a similar pattern: APRs above the length of 6-7 amino
acids tend to be unique within their proteome, e.g. over 80% of 6-
amino acid-long APRs occur only once in the E. coli or S. cerevisiae
genome (Figure 2A) (Ganesan et al., 2015). This is consistent with
the previous findings that there is selective pressure to both
minimize the aggregation propensity of APRs (Rousseau et al.,
2006; Reumers et al., 2009; Ganesan et al., 2016) and avoid identical
APRs in repeat-domain proteins (Parrini et al., 2005; Wright et al.,
2005). Of course, this relationship is different when one or two
mismatches are taken into consideration, but it is at present not
possible to predict which mismatches would allow co-aggregation
and which ones would not.

A further proof of the selectivity of protein aggregation is that it
is possible to use the interaction of APRs with each other for
detecting proteins immobilized on amembrane, using the Pep-blot
method (Ganesan et al., 2015). Pept-blot is an adapted immunoblot
protocol in which the primary antibody is replaced with a biotin-
labelled synthetic amyloid peptide. The APR VIIWSLGN from the
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beta-galactosidase enzyme of E. coli is unique within its proteome
and there is only one similar APR if we allow 1 mismatch and also
one if we allow two mismatches (Figure 2B). Ganesan et al. used
the interaction of a biotin-labelled version of the VIIWSLGN
peptide to target the beta-galactosidase protein in bacterial
lysate immobilized on a membrane and subsequently detected
the labelled peptide using streptavidin-conjugated HRP, yielding a
single band at the same molecular weight as seen by antibody

staining (Figure 2C). The introduction of 2 mutations in the
peptide was sufficient to break the interaction. The same
approach was used to detect C-reactive protein in human
plasma samples and Prostate Specific Antigen in human
seminal samples (Ganesan et al., 2015), suggesting amyloid
interactions can convey high specificity, at least in these cases.

The combination that amyloid-like aggregation is sequence-
specific and most APRs are unique within their proteome makes

FIGURE 2 | (A) The fraction of APRs that are unique within the E. coli, S. cerevisiae, or H. sapiens proteome, plotted by length of the APR. (B) The number of
sequences in the E. coli proteome that match two peptides derived from β-galactosidase (allowing 0, 1, or 2 substitutions). (C) Detection of β-Galactosidase in bacterial
cell lysates with immunoblotting using specific antibody (lane 1) or with PepBlot using sequence-specific peptides (lanes 2–4) (A–C adapted from Ganesan et al., 2015).
(D) Arabidopsis plants expressing a Pept-In targeting the negative regulator of brassinosteroid signaling (left) grow larger than wild type plants (right). Adapted
from Betti et al., 2016. (E,F) Dose-dependent toxicity of vascin, its human counterpart (h vascin), and a proline mutant of vascin (pro vascin) or scrambled version as
controls (from 2.5 to 100 mm) by the CellTiter-Blue assay. (E) Vascin and h.vascin are toxic to HUVEC cells that depend on VEGFR signaling for survival but not to
HEK293 cells (F) (E,F adapted from Gallardo et al., 2016). (G) Dose-dependent effect of an antiviral peptide (12B) targeting an APR in the cap-binding domain of
polymerase basic protein 2 of the influenza A virus. Treating MDCK cells infected with influenza A led to a dose-dependent decrease of the area covered by viral plaques
(red curve, left axis) with an IC50 below 2 μm. Data are normalized to buffer-treated cells and themean ± SD of 4 independent experiments is shown. Peptide 12B did not
have significant hemolytic activity (blue curve, right axis). For toxic dose (TD50): data are normalized to buffer-treated (0% lysis) and 0.1% Triton-treated cells (100% lysis)
and the mean ±SD of 3 independent experiments is shown. (G Adapted from Michiels et al., 2020).
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targeted protein aggregation possible. The core of the Pept-in
targeted protein aggregation technology invented in our
laboratory is supplying short peptides (termed Pept-ins, from
peptide interferors) that contain amino acid sequences
homologous to the APR of the target protein. Unique APRs
can be used as “bar codes” for inducing the specific aggregation of
a protein in the proteome by amyloid-like beta-strand self-
interaction. In their most basic design, Pept-ins contain a
tandem repeat of a 5–7 amino acid long segment of the target
APR connected by a linker (Figure 1C). The tandem repeat
design of Pept-ins was intended to facilitate the nucleation of the
aggregation process and it was inspired by the primary structure
of functional amyloids (Shanmugam et al., 2019). Functional
amyloids often contain more than one imperfect copies of the
same APR, meaning that they contain one or two mismatches
between each repeat. For Pept-ins, however we used two perfect
copies of the same APR.

Pept-ins are prone to form oligomeric structures although the
exact structure of the species that enters the bacteria is not known.
To provide colloidal stability to these doubled APR arrangements,
each of the APRs in a Pept-in is flanked by charged residues
(lysine, arginine, glutamate or aspartate) functioning as
aggregation gatekeepers that slow aggregation kinetics
(Rousseau et al., 2006; Bednarska et al., 2016; Gallardo et al.,
2016). These ensure that while forming oligomers, the particle
size remains sufficiently small to form soluble aggregates. The fast
aggregation that occurs following Pept-ins treatment suggest that
they function as small pre-aggregated seeds for inducing protein
aggregation therefore the aggregation of the target protein can
skip the rate-limiting nucleation phase and go directly to the fast-
growing elongation phase (Figure 1B).

Our lab has generated transgenic Arabidopsis and maize plants
that, in contrast to a generalized toxicity that might have been
expected from aspecific aggregate-interactions, have desirable
properties such as increased plant size (Figure 2D) or increased
starch production due to the expression of Pept-ins that specifically
inactivate BIN2 (an inhibitor of the brassinosteroid growth
pathway) and GWD-1 (an inhibitor of the starch biosynthesis
pathway), respectively (Betti et al., 2016; Betti et al., 2018).

Subsequently, we designed an anti-tumoral peptide targeting
an APR located in the human vascular endothelial growth factor
receptor 2 (VEGFR2). This peptide induced the aggregation of
VEGFR2, thereby knocking down its function and reducing
VEGFR2-dependent growth of tumor allografts of the mouse
B16 melanoma line (Figure 2E) (Gallardo et al., 2016). As in the
plants, the phenotype in the mammalian cells appeared to agree
best with a specific loss-of-function and not a general toxicity: we
only observed toxicity of the peptide in cells that depend on
VEGFR2 for survival (Figure 2E) but not in cells that do not
express VEGFR2 or express VEGFR2 but do not depend on it for
their survival (Figure 2F and data not shown).

Most recently, our laboratory has demonstrated that targeting
viral proteins using virus-specific amyloids can attenuate the
replication of the influenza A and Zika viruses within
mammalian cells, by aggregating viral proteins within the
mammalian cells (Michiels et al., 2020). Again, the effect was
not due to general toxicity.Whereas the antiviral Pept-ins inhibited

plaque formation by the influenza A virus, they neither had
hemolytic activity (Figure 2G) nor affected the viability of the
viral host cells (data not shown).

The examples in plants andmammalian cells above showed that
synthetic amyloid peptides targeting a specific APR can be used to
selectively detect or inactivate proteins containing the sameAPR by
initiating self-assembly. Although most APRs are unique in their
proteome, there is a subset of redundant APRs, i.e. that occur in
multiple proteins, especially if 1 or 2 mismatches are allowed
(Ganesan et al., 2015; Khodaparast et al., 2018) (Figure 3A). We
reasoned that targeting these redundant APRs could potentially
induce the aggregation of several proteins at the same time,
possibly inducing a lethal loss of protein homeostasis. With this
in mind, we designed peptides targeting multiple proteins in the
Gram-positive S. aureus proteome, and identified several that
showed strong antibacterial activity, without any major toxicity
towards mammalian cells (Bednarska et al., 2016). Similarly, we
designed Pept-ins targeting multiple proteins in the proteome of
the Gram-negative E. coli. We identified several among these that
induced the rapid formation of amyloid-like aggregates containing
IBs in pathogenic Gram-negative bacteria (Figures 3B,C),
apparently ending in the collapse of proteostasis as it caused
rapid death of the bacteria, apparently due to loss of
proteostasis (Figure 3D) (Khodaparast et al., 2018). Of note,
these same peptides induced no aggregation and were not toxic
to the mammalian cells tested (Figure 3E).

To better understand the lethal events induced by the peptides,
we analyzed IBs isolated from bacteria over-expressing the
aggregation-prone C-terminal domain of human p53 (with no
major impact on cell viability) and IBs isolated from bacteria
treated with peptide P2 (associated to a loss of viability) using
SDS-PAGE (Figure 3F), showing that both types of IBs have a
complex composition, with major bands corresponding to
molecular chaperones. Mass spectrometry-based proteomics
comparisons of these same IBs, extracted at a single time
point when aggregation was quite advanced, confirmed that
the Pept-in induced IBs contained several hundred of bacterial
proteins, significantly more than observed in the case of
recombinant expression of p53DBD. Of interest, a number of
the proteins found in the P2-induced IBs indeed contained
similar APRs to the one present in the Pept-in. For example,
the Pept-in called P2 that encodes the APR sequence GLGLALV
which occurs in the Hcab protein, but also occurs in multiple
other proteins if we allow one mismatch. The presence of eight
such proteins was confirmed using mass spectrometry in IBs
extracted from P2-treated bacteria, suggesting that indeed a
multi-targeted induction of aggregation that ends up
overwhelming the protein homeostasis could explain the
antibacterial effect of P2 (Khodaparast et al., 2018). We have
found that there is a common set of over four hundred proteins in
the IBs induced by different Pept-ins. A number of these are
known to be involved in mediating and controlling IB formation
such as molecular chaperones, but others are thought to be
proteins that aggregate when the proteostasis machinery is
disturbed by the initial aggregation events.

The question remained why IBs induced by Pept-ins disturb
bacterial proteostasis so strongly that the bacteria lose viability,
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FIGURE 3 | (A) A small fraction of APRs are redundant: most APRs of seven amino acids occur in no more than five proteins in the E. coli proteome (red curve). The
number of homologous APRs in the proteome increases if we allow one mismatch (blue curve) or two mismatches (green). (B) Transmission electron microscopy of
cross-sections of resin-embedded E. coli O157:H7 treated with P2 peptide at MIC concentration for 2 h. The yellow arrows indicate inclusion bodies. (C) Wide-field
structured illumination microscopy image of E. coli O157:H7 treated with peptide P2 and stained with the amyloid-specific dye pFTAA (0.5 µM). (D) Time-killing
curve of selected peptides (P14, P2, and P5R) and ampicillin (Amp, dashed line) against E. coli strain O157:H7 treated at MIC concentration (average ±SD of three
replicates). (E)Neither P2 (black bars) nor its control variant containing two proline substitutions (P2Pro, grey) is toxic to humanHeLa cells asmeasured using the CellTiter
Blue assay. (F) Coomassie blue-stained SDS-PAGE of inclusion bodies from E. coli BL21-overexpressing the C-terminal domain of human p53 (p53CD, lane 1), mock-
transformed (lane 2), and E. coli O157:H7 treated with P2 (lane 4), P2Pro (lane 5), or DMSO (lane 6). Molecular weight markers are shown in lanes 3 and 7. (G) Growth
inhibition of cells treated with P2 with/without erythromycin (Erm, 100 μg/ml, average ±SD of three replicates). (A–G Adapted from Khodaparast et al., 2018). (H) The
number of genes in different gene ontologies expressed differentially in P2-resistant strains compared with ancestors. Blue indicates upregulation, orange indicates
downregulation. Apart from the gene ontologies Resistance to acid stress and L-ascorbic acid metabolic process, all other groups had a Bonferroni stepdown p value <
0.05. (I) Bright field (upper row) and wide-field structured illumination microscopy (lower row) images of bacteria treated with FITC-labelled P2 peptides for 2 h at
12.5 mg/ml. The Pept-in resistant bacteria (P2) contains much less FITC-P2. Scale bar: 10 µm. (H,I Adapted from Wu et al., 2020).
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whereas other conditions that promote IB formation, such as
heterologous expression (Figure 3F), do not appear to be
particularly lethal. Part of the answer may be found in the
sheer number of proteins found in toxic and non-toxic IBs,
which is higher in the toxic case. Importantly, among these
there are many more essential gene products in the IBs
associated with a loss of viability, suggesting the depletion of
critical cellular functions. The surplus proteins belong to various
gene ontologies and the deletion of many of them individually is
sufficient to impair the viability of the bacteria.

Thus, Pept-ins seem to exert their bactericidal effect by
inducing aggregation of a wide range of proteins involved in
various essential biological pathways and which ultimately
appears to lead to the proteostatic collapse (Khodaparast et al.,
2018). Most probably, a similar mechanism (a proteostasis
collapse sequestering several essential proteins) was at play
during our earlier experiments that demonstrated that
aggregation-inducing peptides were effective against
Staphylococcus epidermidis (Bednarska et al., 2016), although
we did not map out the full mechanism of action at that time.
The triggers of aggregation at the beginning are probably specific,
as evidenced by the presence of the proteins containing
homologous APRs in the aggregates. But, as aggregation
proceeds and the components of the PN may become less
available to chaperone newly made proteins, the aggregation
extends to other chaperone-dependent bystander proteins that
share no APR similarity with the original trigger.

Various studies have shown that proteins are primarily
susceptible for aggregation during translation/folding and proteins
that are translated at a higher translation rate tend to aggregate more
(Ibstedt et al., 2014; Weids et al., 2016; Hamdan et al., 2017; Liu,
2020). We have also observed that Pept-in-induced aggregation
events occur co-translationally. Adding the protein translation
inhibitor erythromycin to the Pept-in treatment rendered P2
ineffective (MIC increase from 12.5 to > 100 ug/ml) (Figure 3G)
and we observed no Pept-in-induced protein aggregation events in
the bacteria, either. Additionally, as mentioned earlier, IBs extracted
from Pept-in treated bacteria were strongly enriched in ribosomal
proteins, which appears to corroborate that protein aggregation
induced by Pept-in treatment occurs co-translationally.

No resistance development to Pept-ins was observed in our studies
of wild-type bacteria (Bednarska et al., 2016; Khodaparast et al., 2018)
therefore we used a mutator strain to develop strains resistant to Pept-
ins. Resistance development was slow and low-grade even in the
mutator strain after serial-passaging the bacteria in the presence of
sub-MIC concentration of P2 for 27 days (Wu et al., 2020). Comparing
the transcriptomic profiles of P2-resistant strains to their ancestors
showed that translation was the most affected gene ontology category
and translation-related genes were predominantly down-regulated in
P2-resistant strains (Figure 3H). This seems to confirm that Pept-ins
act co-translationally: reducing translation rates and thereby decreasing
the exposure of APRs could rendered bacteria somewhat resistant to
Pept-in treatment, but the extent of this potential mechanism is limited
since bacteria of course depend on translation for continued survival
(Wu et al., 2020). We expected a high translation rate to render
bacterial proteostasis more susceptible to perturbation, but confusingly
P2 induced a significantly higher amount of aggregation events in the

CH184 mutant strain that has a slower translation elongation rate
compared to wild-type E. coli. This was a surprising result and needs to
be further investigated, but seems to confirm that it is the high volume
of protein turnover (the high number of polypeptide chains that are in
the process of translation at any given time) thatmakes the proteostasis
of bacteria vulnerable and not the high speed of translation itself.
Currently, we think that the slower elongation rate in CH184 strain
gives P2 a longer time window to act on the unfolded proteins during
translation, rendering these proteins more prone to aggregation in the
presence of Pept-ins and thus making CH184 more susceptible
towards Pept-ins (Wu et al., 2020).

Since Pept-ins seem to disrupt bacterial homeostasis via
inducing widespread bacterial protein aggregation, modification
of the target proteins seems an obvious way to increase survival
during Pept-in treatment. However, this resistancemechanismwas
not observed in the resistant strains, indicating a) the clear benefits
of designing antibiotics targeting a large number of targets and b)
the difficulty of changing the targeted regions (the APRs that form
part of the hydrophobic core of the protein) because this usually
requires multiple mutations (Langenberg et al., 2020). Phenotypic,
lipidomic, transcriptomic, as well as genotypic changes of
laboratory-derived Pept-in-resistant E. coli mutator cells
revealed that preventing uptake was the main resistance
mechanism to Pept-ins (Wu et al., 2020) (Figure 3I).

CONCLUSION

Since the evolution of resistance to antibiotics seems inescapable, we
need tofind antimicrobials that can be developed at a high rate and for
which it takes a longer time for resistance to occur (McClure andDay,
2014). Pept-ins score high on both of these scales. Also, Pept-ins have
a novel mode of action and can target intracellular proteins, even in
Gram-negative strains where this is notoriously difficult. Upon
intravenous injection in preclinical models, Pept-ins were able to
reach an effective concentration in vivo at the infection site to
eliminate pathogens (Bednarska et al., 2013; Khodaparast et al.,
2018), suggesting that they may exhibit a more beneficial
biodistribution than might be expected from their peptidic nature.
The resistance frequency observedwith Pept-ins thus far appears to be
low, probably due to their multiple targets and the fact that changing
the targeted region in each target requires multiple mutations.

Because of all these properties, and their designability that allows
tuning of the degree of specificity and cross-reactivity, Pept-ins
represent a promising novel class of antibiotics and are excellent
candidates for evolving them into a drug development platform for
the rapid design and development of new antimicrobial peptides in
response to the emergence of pathogens. However, Pept-insmay face
similar challenges as other peptide drugs, most notably fast
metabolism and rapid elimination (Craik et al., 2013), which may
limit their in vivo effectiveness and the possibility of being orally
administrated as a systemic medication.

As we have seen above, the major steps towards bacterial death
during Pept-ins treatment are the aggregation of a large number
of proteins and the formation of IBs. This mechanism of action is
somewhat surprising because bacteria have very well developed
stress-responses to deal with protein aggregation (increasing both
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the levels of chaperones and the disaggregation machinery)
(Schramm et al., 2019) and IBs are generally regarded as not
toxic. The question remains: how does the aggregation of a large
number of proteins become lethal to the bacteria?

One possibility is that the widespread protein aggregation induced
by the Pept-in removes some protein(s) from the cytosol of the
bacteria that is/are essential for the survival of the organism. This is
certainly possible since we could identify essential proteins trapped in
the IBs whose individual deletion impairs the viability of the bacteria.
Another possibility is that the widespread protein aggregation caused
by Pept-ins ties down cellular resources in general, as put forth by the
chaperone competition hypothesis (Sinnige et al., 2020). According to
this hypothesis, when something shifts the balance of the PN towards
aggregation, the competition between misfolded proteins and
endogenous clients for the limited pool of available chaperones
will have consequences on protein functionality in general.
Although stress responses can increase the pool of available PN
components many-fold, there is evidence that the cellular resources
can wear too thin to maintain proteostasis. For example, very high-
level expression of so-called gratuitous gene products (proteins that
are not toxic but have no function for the cell) leads to the destruction
of the ribosomes and loss of translation capacity (Dong et al., 1995).
Also, it is known that in case the expression of a recombinant protein
induces IB formation, one of the troubleshooting steps to try is co-
express chaperones because this can help to keep the recombinant
protein in solution (Rosano and Ceccarelli, 2014), indicating again
that the expression of one single protein in large quantities can
exhaust the pool of available chaperones. Also, our earlier results
indicated that chaperone dependency of bacterial proteins correlated
most strongly with protein abundance (Ramakrishnan et al., 2019)
whichmeshes very well with our experience in the design of Pept-ins,
namely that targeting abundant proteins usually yields Pept-ins that
are more toxic to the bacteria.

Chaperone-client interactions are normally transient in nature
and a limited pool of chaperones can serve a large pool of client
proteins. During large-scale protein aggregation, the aggregated
proteins sequester chaperones and the transient chaperone-client
interactions become permanent ones, as evidenced by the presence of
chaperones within the aggregates. The loss of chaperone function
upon protein aggregation then leads to the misfolding of other
proteins exacerbating general cellular toxicity. An analogous process
was uncovered in worms where the decline of the proteostasis starts
already in early adulthood but it does not lead to problems for the
organism until only later on when the ability of the PN to respond
declines (Ben-Zvi et al., 2009).Moreover, the aggregates also interfere
with protein degradation by the proteasome and autophagy systems.
Aggregates that are originally the symptom of a proteostasis
imbalance then become the cause of it because the aggregates tie
up PN components, and interfere not only with the degradation of
other substrates and but with the folding of other proteins, as well, by
sequestering chaperones (Hipp et al., 2014)—setting in motion a
vicious cycle that ultimately triggers proteostasis collapse (Sinnige
et al., 2020).

As discussed earlier, once amyloid fibers are formed, they can
template the addition of further protein monomers (Soto and
Pritzkow, 2018; Lutter et al., 2019). This can lead to the gain of
toxic function of protein aggregates: other proteins can engage in

beta-strand interactions with the exposed active elongation sites,
leading to their deposition in the aggregates. This toxic function
may be completely unrelated to the original function of the aggregated
protein (Balchin et al., 2016).

Bacteria can usually deal with IBs very well: although there is an
inverse relationship between aggregate content of bacteria and their
viability (Maisonneuve et al., 2008), aggregates usually remain in the
old pole cell, leaving the young daughter cells fit and free of aggregates
(Sabate et al., 2010; Fay and Glickman, 2014; Vaubourgeix et al.,
2015). There is data showing that bacteria causing chronic infections
can survive for prolonged periods of host-imposed stresses in
combination with antibiotic treatment by using the mentioned
asymmetrical distribution of aggregates, giving the daughter cells
inheriting less of the damaged proteins a growth advantage
(Vaubourgeix et al., 2015). Why are Pept-in-induced IBs lethal, then?

As mentioned, the elongation phase of protein aggregation can
proceed very quickly once enough seeds are available. Pept-ins serve
as seeds for aggregation and the speed of aggregation may be a
deciding factor. Bactericidal Pept-ins seem to initiate very fast and
widespread protein aggregation that ripples through the proteome
quickly and causes the collapse of the proteostasis before bacteria
have time to jettison aggregated proteins by dividing and producing
new, aggregate-free daughter cells. Moreover, we observe inclusion
bodies in both cell poles in many cells, suggesting that symmetric
segregation of proteome damage to one daughter cell may not be
possible, and finally, the total number of proteins in the IBs induced
by Pept-ins is very high, suggesting a widespread loss of function
throughout the proteome.

In summary, what Pept-ins taught us about bacterial
proteostasis is, that, despite all the redundancy built in the PN
of bacteria, and its great capacity for expansion, it is possible to
overwhelm bacterial proteostasis and induce a proteostasis
collapse that leads to the death of bacteria, if 1) the number of
different proteins that aggregate is high enough and 2) the
aggregation happens fast enough so that the bacteria do not
have time to catch up with the backlog of aggregated proteins by
slowing down the translation rate or get rid of the mass of
aggregated proteins by asymmetrical division.

AUTHOR CONTRIBUTIONS

JS and FR: Concept, Design, Supervision, Literature research,
Writing, and Critical review. LK (1st author), LK (3rd author),
GW, and BS: Literature research and Writing.

FUNDING

The Switch Laboratory is supported by grants from the Flanders
institute for biotechnology (VIB, C0401), KU Leuven and its
Industrieel Onderzoeksfonds (C24/17/075 to FR), the Funds for
Scientific Research Flanders (FWO, Hercules equipment grant
AKUL/15/34 - G0H1716N, and research grants G045920N &
G0C2818N), and the Stichting Tegen Kanker (FAF-F/201//
1174). Ladan K. is funded by an FWO Senior Post-doctoral
Fellowship (1231021N).

Frontiers in Molecular Biosciences | www.frontiersin.org June 2021 | Volume 8 | Article 68185512

Khodaparast et al. Disrupting Bacterial Proteostasis

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


REFERENCES

Arosio, P., Michaels, T. C. T., Linse, S., Månsson, C., Emanuelsson, C., Presto, J.,
et al. (2016). Kinetic Analysis Reveals the Diversity of Microscopic Mechanisms
through Which Molecular Chaperones Suppress Amyloid Formation. Nat.
Commun. 7, 10948. doi:10.1038/ncomms10948

Balch, W. E., Morimoto, R. I., Dillin, A., and Kelly, J. W. (2008). Adapting
Proteostasis for Disease Intervention. Science 319 (5865), 916–919. doi:10.
1126/science.1141448

Balchin, D., Hayer-Hartl, M., and Hartl, F. U. (2016). In vivo aspects of Protein
Folding and Quality Control. Science 353 (6294), aac4354. doi:10.1126/science.
aac4354

Bednarska, N. G., Schymkowitz, J., Rousseau, F., and Van Eldere, J. (2013). Protein
Aggregation in Bacteria: the Thin Boundary between Functionality and
Toxicity. Microbiology 159 (Pt 9), 1795–1806. doi:10.1099/mic.0.069575-0

Bednarska, N. G., van Eldere, J., Gallardo, R., Ganesan, A., Ramakers, M., Vogel, I.,
et al. (2016). Protein Aggregation as an Antibiotic Design Strategy. Mol.
Microbiol. 99 (5), 849–865. doi:10.1111/mmi.13269

Beerten, J., Jonckheere, W., Rudyak, S., Xu, J., Wilkinson, H., De Smet, F., et al.
(2012). Aggregation Gatekeepers Modulate Protein Homeostasis of
Aggregating Sequences and Affect Bacterial Fitness. Protein Eng. Des.
Selection 25 (7), 357–366. doi:10.1093/protein/gzs031

Ben-Zvi, A., Miller, E. A., and Morimoto, R. I. (2009). Collapse of
Proteostasis Represents an Early Molecular Event in Caenorhabditis
elegans Aging. Proc. Natl. Acad. Sci. 106 (35), 14914–14919. doi:10.
1073/pnas.0902882106

Betti, C., Schymkowitz, J., Rousseau, F., and Russinova, E. (2018). “Selective
Knockdowns in Maize by Sequence-Specific Protein Aggregation,” in Maize:
Methods and Protocols. Editor L.M. Lagrimini (Totowa: Humana Press Inc),
109–127. doi:10.1007/978-1-4939-7315-6_6

Betti, C., Vanhoutte, I., Coutuer, S., De Rycke, R. M., Mishev, K., Vuylsteke,
M., et al. (2016). Sequence-Specific Protein Aggregation Generates Defined
Protein Knockdowns in Plants. Plant Physiol. 171 (2), 773–787. doi:10.
1104/pp.16.00335

Brötz-Oesterhelt, H., and Brunner, N. (2008). How Many Modes of Action Should
an Antibiotic Have? Curr. Opin. Pharmacol. 8 (5), 564–573. doi:10.1016/j.coph.
2008.06.008

Buell, A. K., Dobson, C. M., and Knowles, T. P. J. (2014). The Physical
Chemistry of the Amyloid Phenomenon: Thermodynamics and Kinetics
of Filamentous Protein Aggregation. Essays Biochem. 56, 11–39. doi:10.
1042/bse0560011

Buell, A. K. (2019). The Growth of Amyloid Fibrils: Rates and Mechanisms.
Biochem. J. 476 (19), 2677–2703. doi:10.1042/bcj20160868

Buttgereit, F., and Brand, M. D. (1995). A Hierarchy of ATP-Consuming
Processes in Mammalian Cells. Biochem. J. 312 (1), 163–167. doi:10.1042/
bj3120163

Caballero, A. B., Espargaró, A., Pont, C., Busquets, M. A., Estelrich, J., Muñoz-
Torrero, D., et al. (2019). Bacterial Inclusion Bodies for Anti-Amyloid Drug
Discovery: Current and Future Screening Methods. Curr. Protein Pept. Sci. 20
(6), 563–576. doi:10.2174/1389203720666190329120007

Carrió, M., González-Montalbán, N., Vera, A., Villaverde, A., and Ventura, S.
(2005). Amyloid-like Properties of Bacterial Inclusion Bodies. J. Mol. Biol. 347
(5), 1025–1037. doi:10.1016/j.jmb.2005.02.030

Chapman, E., Farr, G. W., Usaite, R., Furtak, K., Fenton, W. A., Chaudhuri, T. K.,
et al. (2006). Global Aggregation of Newly Translated Proteins in an Escherichia
coli Strain Deficient of the Chaperonin GroEL. Proc. Natl. Acad. Sci. 103 (43),
15800–15805. doi:10.1073/pnas.0607534103

Clatworthy, A. E., Pierson, E., and Hung, D. T. (2007). Targeting Virulence: a New
Paradigm for Antimicrobial Therapy. Nat. Chem. Biol. 3 (9), 541–548. doi:10.
1038/nchembio.2007.24

Coates, A. R., Halls, G., and Hu, Y. (2011). Novel Classes of Antibiotics or More of
the Same?. Br. J. Pharmacol. 163 (1), 184–194. doi:10.1111/j.1476-5381.2011.
01250.x

Code, C., Domanov, Y. A., Killian, J. A., and Kinnunen, P. K. J. (2009).
Activation of Phospholipase A2 by Temporin B: Formation of
Antimicrobial Peptide-Enzyme Amyloid-type Cofibrils. Biochim.

Biophys. Acta (BBA) - Biomembranes 1788 (5), 1064–1072. doi:10.
1016/j.bbamem.2009.03.002

Colby, D. W., Zhang, Q., Wang, S., Groth, D., Legname, G., Riesner, D., et al.
(2007). Prion Detection by an Amyloid Seeding Assay. Proc. Natl. Acad. Sci. 104
(52), 20914–20919. doi:10.1073/pnas.0710152105

Conchillo-Solé, O., de Groot, N. S., Avilés, F. X., Vendrell, J., Daura, X., and
Ventura, S. (2007). AGGRESCAN: a Server for the Prediction and Evaluation of
“hot Spots” of Aggregation in Polypeptides. Bmc Bioinformatics 8, 65. doi:10.
1186/1471-2105-8-65

Coquel, A.-S., Jacob, J.-P., Primet, M., Demarez, A., Dimiccoli, M., Julou, T.,
et al. (2013). Localization of Protein Aggregation in Escherichia coli Is
Governed by Diffusion and Nucleoid Macromolecular Crowding Effect.
PLoS Comput. Biol. 9 (4), e1003038. doi:10.1371/journal.pcbi.1003038

Craik, D. J., Fairlie, D. P., Liras, S., and Price, D. (2013). The Future of Peptide-
Based Drugs. Chem. Biol. Drug Des. 81 (1), 136–147. doi:10.1111/cbdd.12055

Culp, E. J., Waglechner, N., Wang,W., Fiebig-Comyn, A. A., Hsu, Y.-P., Koteva, K.,
et al. (2020). Evolution-guided Discovery of Antibiotics that Inhibit
Peptidoglycan Remodelling. Nature 578 (7796), 582–587. doi:10.1038/
s41586-020-1990-9

Czihal, P., Knappe, D., Fritsche, S., Zahn, M., Berthold, N., Piantavigna, S., et al.
(2012). Api88 Is a Novel Antibacterial Designer Peptide to Treat Systemic
Infections with Multidrug-Resistant Gram-Negative Pathogens. ACS Chem.
Biol. 7 (7), 1281–1291. doi:10.1021/cb300063v

Dahl, J.-U., Gray, M. J., and Jakob, U. (2015). Protein Quality Control under
Oxidative Stress Conditions. J. Mol. Biol. 427 (7), 1549–1563. doi:10.1016/j.
jmb.2015.02.014

de Groot, N. S., and Ventura, S. (2010). Protein Aggregation Profile of the Bacterial
Cytosol. PLoS One 5 (2), e9383. doi:10.1371/journal.pone.0009383

Deuerling, E., Patzelt, H., Vorderwülbecke, S., Rauch, T., Kramer, G., Schaffitzel, E.,
et al. (2003). Trigger Factor and DnaK Possess Overlapping Substrate Pools and
Binding Specificities. Mol. Microbiol. 47 (5), 1317–1328. doi:10.1046/j.1365-
2958.2003.03370.x

Deuerling, E., Schulze-Specking, A., Tomoyasu, T., Mogk, A., and Bukau, B. (1999).
Trigger factor and DnaK cooperate in folding of newly synthesized proteins.
Nature 400 (6745), 693–696. doi:10.1038/23301

Dong, H., Nilsson, L., and Kurland, C. G. (1995). Gratuitous Overexpression of
Genes in Escherichia coli Leads to Growth Inhibition and Ribosome
Destruction. J. Bacteriol. 177 (6), 1497–1504. doi:10.1128/jb.177.6.1497-
1504.1995

Ehrt, S., and Schnappinger, D. (2009). Mycobacterial Survival Strategies in the
Phagosome: Defence against Host Stresses. Cell Microbiol. 11 (8), 1170–1178.
doi:10.1111/j.1462-5822.2009.01335.x

Espargaró, A., Busquets, M. A., Estelrich, J., and Sabate, R. (2015). Predicting the
Aggregation Propensity of Prion Sequences. Virus. Res. 207, 127–135. doi:10.
1016/j.virusres.2015.03.001

Falcon, B., Cavallini, A., Angers, R., Glover, S., Murray, T. K., Barnham, L., et al.
(2015). Conformation Determines the Seeding Potencies of Native and
Recombinant Tau Aggregates. J. Biol. Chem. 290 (2), 1049–1065. doi:10.
1074/jbc.M114.589309

Falcon, B., Zhang, W., Murzin, A. G., Murshudov, G., Garringer, H. J., Vidal,
R., et al. (2018). Structures of Filaments from Pick’s Disease Reveal a
Novel Tau Protein Fold. Nature 561 (7721), 137–140. doi:10.1038/s41586-
018-0454-y

Falcon, B., Zivanov, J., Zhang, W., Murzin, A. G., Garringer, H. J., Vidal, R., et al.
(2019). Novel Tau Filament Fold in Chronic Traumatic Encephalopathy
Encloses Hydrophobic Molecules. Nature 568 (7752), 420–423. doi:10.1038/
s41586-019-1026-5

Fay, A., and Glickman, M. S. (2014). An Essential Nonredundant Role for
Mycobacterial DnaK in Native Protein Folding. PLoS Genet. 10 (7),
e1004516. doi:10.1371/journal.pgen.1004516

Fernandez-Escamilla, A.-M., Rousseau, F., Schymkowitz, J., and Serrano, L. (2004).
Prediction of Sequence-dependent and Mutational Effects on the Aggregation
of Peptides and Proteins. Nat. Biotechnol. 22 (10), 1302–1306. doi:10.1038/
nbt1012

Fitzpatrick, A. W. P., Falcon, B., He, S., Murzin, A. G., Murshudov, G., Garringer,
H. J., et al. (2017). Cryo-EM Structures of Tau Filaments from Alzheimer’s
Disease. Nature 547 (7662), 185–190. doi:10.1038/nature23002

Frontiers in Molecular Biosciences | www.frontiersin.org June 2021 | Volume 8 | Article 68185513

Khodaparast et al. Disrupting Bacterial Proteostasis

https://doi.org/10.1038/ncomms10948
https://doi.org/10.1126/science.1141448
https://doi.org/10.1126/science.1141448
https://doi.org/10.1126/science.aac4354
https://doi.org/10.1126/science.aac4354
https://doi.org/10.1099/mic.0.069575-0
https://doi.org/10.1111/mmi.13269
https://doi.org/10.1093/protein/gzs031
https://doi.org/10.1073/pnas.0902882106
https://doi.org/10.1073/pnas.0902882106
https://doi.org/10.1007/978-1-4939-7315-6_6
https://doi.org/10.1104/pp.16.00335
https://doi.org/10.1104/pp.16.00335
https://doi.org/10.1016/j.coph.2008.06.008
https://doi.org/10.1016/j.coph.2008.06.008
https://doi.org/10.1042/bse0560011
https://doi.org/10.1042/bse0560011
https://doi.org/10.1042/bcj20160868
https://doi.org/10.1042/bj3120163
https://doi.org/10.1042/bj3120163
https://doi.org/10.2174/1389203720666190329120007
https://doi.org/10.1016/j.jmb.2005.02.030
https://doi.org/10.1073/pnas.0607534103
https://doi.org/10.1038/nchembio.2007.24
https://doi.org/10.1038/nchembio.2007.24
https://doi.org/10.1111/j.1476-5381.2011.01250.x
https://doi.org/10.1111/j.1476-5381.2011.01250.x
https://doi.org/10.1016/j.bbamem.2009.03.002
https://doi.org/10.1016/j.bbamem.2009.03.002
https://doi.org/10.1073/pnas.0710152105
https://doi.org/10.1186/1471-2105-8-65
https://doi.org/10.1186/1471-2105-8-65
https://doi.org/10.1371/journal.pcbi.1003038
https://doi.org/10.1111/cbdd.12055
https://doi.org/10.1038/s41586-020-1990-9
https://doi.org/10.1038/s41586-020-1990-9
https://doi.org/10.1021/cb300063v
https://doi.org/10.1016/j.jmb.2015.02.014
https://doi.org/10.1016/j.jmb.2015.02.014
https://doi.org/10.1371/journal.pone.0009383
https://doi.org/10.1046/j.1365-2958.2003.03370.x
https://doi.org/10.1046/j.1365-2958.2003.03370.x
https://doi.org/10.1038/23301
https://doi.org/10.1128/jb.177.6.1497-1504.1995
https://doi.org/10.1128/jb.177.6.1497-1504.1995
https://doi.org/10.1111/j.1462-5822.2009.01335.x
https://doi.org/10.1016/j.virusres.2015.03.001
https://doi.org/10.1016/j.virusres.2015.03.001
https://doi.org/10.1074/jbc.M114.589309
https://doi.org/10.1074/jbc.M114.589309
https://doi.org/10.1038/s41586-018-0454-y
https://doi.org/10.1038/s41586-018-0454-y
https://doi.org/10.1038/s41586-019-1026-5
https://doi.org/10.1038/s41586-019-1026-5
https://doi.org/10.1371/journal.pgen.1004516
https://doi.org/10.1038/nbt1012
https://doi.org/10.1038/nbt1012
https://doi.org/10.1038/nature23002
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Gallardo, R., Ramakers, M., De Smet, F., Claes, F., Khodaparast, L., Khodaparast, L.,
et al. (2016). De Novo design of a Biologically Active Amyloid. Science 354
(6313), aah4949. doi:10.1126/science.aah4949

Ganesan, A., Debulpaep, M., Wilkinson, H., Van Durme, J., De Baets, G.,
Jonckheere, W., et al. (2015). Selectivity of Aggregation-Determining
Interactions. J. Mol. Biol. 427 (2), 236–247. doi:10.1016/j.jmb.2014.
09.027

Ganesan, A., Siekierska, A., Beerten, J., Brams, M., Van Durme, J., De Baets, G.,
et al. (2016). Structural Hot Spots for the Solubility of Globular Proteins. Nat.
Commun. 7, 10816. doi:10.1038/ncomms10816

García-Fruitós, E., Sabate, R., de Groot, N. S., Villaverde, A., and Ventura, S.
(2011). Biological Role of Bacterial Inclusion Bodies: a Model for Amyloid
Aggregation. Febs J. 278 (14), 2419–2427. doi:10.1111/j.1742-4658.2011.
08165.x

Gayán, E., Govers, S. K., and Aertsen, A. (2017). Impact of High Hydrostatic
Pressure on Bacterial Proteostasis. Biophysical Chem. 231, 3–9. doi:10.1016/j.
bpc.2017.03.005

Gh,M. S., Wilhelm, M. J., and Dai, H. L. (2018). Azithromycin-Induced Changes to
Bacterial Membrane Properties Monitored In Vitro by Second-Harmonic Light
Scattering. ACS Med. Chem. Lett. 9 (6), 569–574. doi:10.1021/acsmedchemlett.
7b00499

Goldschmidt, L., Teng, P. K., Riek, R., and Eisenberg, D. (2010). Identifying the
Amylome, Proteins Capable of Forming Amyloid-like Fibrils. Proc. Natl. Acad.
Sci. U.S.A 107 (8), 3487–3492. doi:10.1073/pnas.0915166107

Gomes, L. A., Hipp, S. A., Rijal Upadhaya, A., Balakrishnan, K., Ospitalieri, S.,
Koper, M. J., et al. (2019). Aβ-induced Acceleration of Alzheimer-Related
τ-pathology Spreading and its Association with Prion Protein. Acta
Neuropathol. 138 (6), 913–941. doi:10.1007/s00401-019-02053-5

Gray, D. A., and Wenzel, M. (2020). Multitarget Approaches against
Multiresistant Superbugs. ACS Infect. Dis. 6 (6), 1346–1365. doi:10.
1021/acsinfecdis.0c00001

Gremer, L., Schölzel, D., Schenk, C., Reinartz, E., Labahn, J., Ravelli, R. B. G., et al.
(2017). Fibril Structure of Amyloid-B(1-42) by Cryo-Electron Microscopy.
Science 358 (6359), 116–119. doi:10.1126/science.aao2825

Hamaguchi, T., Eisele, Y. S., Varvel, N. H., Lamb, B. T., Walker, L. C., and Jucker,
M. (2012). The Presence of Aβ Seeds, and Not Age Per Se, Is Critical to the
Initiation of Aβ Deposition in the Brain. Acta Neuropathol. 123 (1), 31–37.
doi:10.1007/s00401-011-0912-1

Hamdan, N., Kritsiligkou, P., and Grant, C. M. (2017). ER Stress Causes
Widespread Protein Aggregation and Prion Formation. J. Cell Biol. 216 (8),
2295–2304. doi:10.1083/jcb.201612165

Harnagel, A., Lopez Quezada, L., Park, S. W., Baranowski, C., Kieser, K., Jiang, X.,
et al. (2020). Nonredundant Functions of Mycobacterium tuberculosis
Chaperones Promote Survival under Stress. Mol. Microbiol. 115, 272–289.
doi:10.1111/mmi.14615

Hartl, F. U., Bracher, A., and Hayer-Hartl, M. (2011). Molecular Chaperones in
Protein Folding and Proteostasis. Nature 475 (7356), 324–332. doi:10.1038/
nature10317

Hipp, M. S., Park, S.-H., and Hartl, F. U. (2014). Proteostasis Impairment in
Protein-Misfolding and -aggregation Diseases. Trends Cell Biol. 24 (9),
506–514. doi:10.1016/j.tcb.2014.05.003

Holmes, B. B., Furman, J. L., Mahan, T. E., Yamasaki, T. R., Mirbaha, H., Eades,
W. C., et al. (2014). Proteopathic Tau Seeding Predicts Tauopathy In Vivo.
Proc. Natl. Acad. Sci. 111 (41), E4376–E4385. doi:10.1073/pnas.
1411649111

Ibstedt, S., Sideri, T. C., Grant, C. M., and Tamás, M. J. (2014). Global Analysis of
Protein Aggregation in Yeast during Physiological Conditions and Arsenite
Stress. Biol. Open 3 (10), 913–923. doi:10.1242/bio.20148938

Kampinga, H. H., Mayer, M. P., and Mogk, A. (2019). Protein Quality Control:
from Mechanism to Disease. Cell Stress and Chaperones 24 (6), 1013–1026.
doi:10.1007/s12192-019-01040-9

Kapoor, G., Saigal, S., and Elongavan, A. (2017). Action and Resistance
Mechanisms of Antibiotics: A Guide for Clinicians. J. Anaesthesiol Clin.
Pharmacol. 33 (3), 300–305. doi:10.4103/joacp.JOACP_349_15

Katikaridis, P., Meins, L., Kamal, S. M., Römling, U., and Mogk, A. (2019). ClpG
Provides Increased Heat Resistance by Acting as Superior Disaggregase.
Biomolecules 9 (12), 815. doi:10.3390/biom9120815

Khodaparast, L., Khodaparast, L., Gallardo, R., Louros, N. N., Michiels, E.,
Ramakrishnan, R., et al. (2018). Aggregating Sequences that Occur in Many
Proteins Constitute Weak Spots of Bacterial Proteostasis. Nat. Commun. 9 (1),
866. doi:10.1038/s41467-018-03131-0

Kim, S. J., Yoon, J. S., Shishido, H., Yang, Z., Rooney, L. A., Barral, J. M., et al.
(2015). Translational Tuning Optimizes Nascent Protein Folding in Cells.
Science 348 (6233), 444–448. doi:10.1126/science.aaa3974

Knappe, D., Zahn, M., Sauer, U., Schiffer, G., Sträter, N., and Hoffmann, R. (2011).
Rational Design of Oncocin Derivatives with Superior Protease Stabilities and
Antibacterial Activities Based on the High-Resolution Structure of the Oncocin-
DnaK Complex. Chembiochem 12 (6), 874–876. doi:10.1002/cbic.201000792

Knowles, T. P. J., Waudby, C. A., Devlin, G. L., Cohen, S. I. A., Aguzzi, A.,
Vendruscolo, M., et al. (2009). An Analytical Solution to the Kinetics of
Breakable Filament Assembly. Science 326 (5959), 1533–1537. doi:10.1126/
science.1178250

Krebs, M. R. H., Morozova-Roche, L. A., Daniel, K., Robinson, C. V., and Dobson,
C. M. (2004). Observation of Sequence Specificity in the Seeding of Protein
Amyloid Fibrils. Protein Sci. 13 (7), 1933–1938. doi:10.1110/ps.04707004

Kwon, Y.-J., Kim, H.-J., and Kim, W.-G. (2015). Complestatin Exerts Antibacterial
Activity by the Inhibition of Fatty Acid Synthesis. Biol. Pharm. Bull. 38 (5),
715–721. doi:10.1248/bpb.b14-00824

Langenberg, T., Gallardo, R., van der Kant, R., Louros, N., Michiels, E., Duran-
Romaña, R., et al. (2020). Thermodynamic and Evolutionary Coupling between
the Native and Amyloid State of Globular Proteins. Cell Rep. 31 (2), 107512.
doi:10.1016/j.celrep.2020.03.076

Lazzaro, B. P., Zasloff, M., and Rolff, J. (2020). Antimicrobial Peptides: Application
Informed by Evolution. Science 368 (6490), eaau5480. doi:10.1126/science.
aau5480

Lee, C., Wigren, E., Lünsdorf, H., and Römling, U. (2016). Protein Homeostasis -
More Than Resisting a Hot Bath. Curr. Opin. Microbiol. 30, 147–154. doi:10.
1016/j.mib.2016.02.006

Lee, J., and Lee, D. G. (2015). Antimicrobial Peptides (AMPs) with Dual
Mechanisms: Membrane Disruption and Apoptosis. J. Microbiol. Biotechnol.
25 (6), 759–764. doi:10.4014/jmb.1411.11058

Ling, J., Cho, C., Guo, L.-T., Aerni, H. R., Rinehart, J., and Söll, D. (2012).
Protein Aggregation Caused by Aminoglycoside Action Is Prevented by a
Hydrogen Peroxide Scavenger. Mol. Cel. 48 (5), 713–722. doi:10.1016/j.
molcel.2012.10.001

Ling, L. L., Schneider, T., Peoples, A. J., Spoering, A. L., Engels, I., Conlon, B. P.,
et al. (2015). A New Antibiotic Kills Pathogens without Detectable Resistance.
Nature 517 (7535), 455–459. doi:10.1038/nature14098

Liu, Y. (2020). A Code within the Genetic Code: Codon Usage Regulates Co-
translational Protein Folding. Cell Commun Signal 18 (1), 145. doi:10.1186/
s12964-020-00642-6

Louros, N., Orlando, G., De Vleeschouwer, M., Rousseau, F., and Schymkowitz, J.
(2020). Structure-based Machine-Guided Mapping of Amyloid Sequence Space
Reveals Uncharted Sequence Clusters with Higher Solubilities. Nat. Commun.
11 (1), 3314. doi:10.1038/s41467-020-17207-3

Lu, J.-X., Qiang, W., Yau, W.-M., Schwieters, C. D., Meredith, S. C., and Tycko, R.
(2013). Molecular Structure of β-Amyloid Fibrils in Alzheimer’s Disease Brain
Tissue. Cell 154 (6), 1257–1268. doi:10.1016/j.cell.2013.08.035

Lutter, L., Serpell, C. J., Tuite, M. F., and Xue, W.-F. (2019). The Molecular
Lifecycle of Amyloid - Mechanism of Assembly, Mesoscopic Organisation,
Polymorphism, Suprastructures, and Biological Consequences. Biochim.
Biophys. Acta (BBA) - Proteins Proteomics 1867 (11), 140257. doi:10.1016/j.
bbapap.2019.07.010

Mahalka, A. K., and Kinnunen, P. K. J. (2009). Binding of Amphipathic α-helical
Antimicrobial Peptides to Lipid Membranes: Lessons from Temporins B and L.
Biochim. Biophys. Acta (BBA) - Biomembranes 1788 (8), 1600–1609. doi:10.
1016/j.bbamem.2009.04.012

Maisonneuve, E., Ezraty, B., and Dukan, S. (2008). Protein Aggregates: an Aging
Factor Involved in Cell Death. J. Bacteriol. 190 (18), 6070–6075. doi:10.1128/jb.
00736-08

Martin, J. K., 2nd, Sheehan, J. P., Bratton, B. P., Moore, G. M., Mateus, A., Li, S. H.-
J., et al. (2020). A Dual-Mechanism Antibiotic Kills Gram-Negative Bacteria
and Avoids Drug Resistance. Cell 181 (7), 1518–1532. doi:10.1016/j.cell.2020.
05.005

Frontiers in Molecular Biosciences | www.frontiersin.org June 2021 | Volume 8 | Article 68185514

Khodaparast et al. Disrupting Bacterial Proteostasis

https://doi.org/10.1126/science.aah4949
https://doi.org/10.1016/j.jmb.2014.09.027
https://doi.org/10.1016/j.jmb.2014.09.027
https://doi.org/10.1038/ncomms10816
https://doi.org/10.1111/j.1742-4658.2011.08165.x
https://doi.org/10.1111/j.1742-4658.2011.08165.x
https://doi.org/10.1016/j.bpc.2017.03.005
https://doi.org/10.1016/j.bpc.2017.03.005
https://doi.org/10.1021/acsmedchemlett.7b00499
https://doi.org/10.1021/acsmedchemlett.7b00499
https://doi.org/10.1073/pnas.0915166107
https://doi.org/10.1007/s00401-019-02053-5
https://doi.org/10.1021/acsinfecdis.0c00001
https://doi.org/10.1021/acsinfecdis.0c00001
https://doi.org/10.1126/science.aao2825
https://doi.org/10.1007/s00401-011-0912-1
https://doi.org/10.1083/jcb.201612165
https://doi.org/10.1111/mmi.14615
https://doi.org/10.1038/nature10317
https://doi.org/10.1038/nature10317
https://doi.org/10.1016/j.tcb.2014.05.003
https://doi.org/10.1073/pnas.1411649111
https://doi.org/10.1073/pnas.1411649111
https://doi.org/10.1242/bio.20148938
https://doi.org/10.1007/s12192-019-01040-9
https://doi.org/10.4103/joacp.JOACP_349_15
https://doi.org/10.3390/biom9120815
https://doi.org/10.1038/s41467-018-03131-0
https://doi.org/10.1126/science.aaa3974
https://doi.org/10.1002/cbic.201000792
https://doi.org/10.1126/science.1178250
https://doi.org/10.1126/science.1178250
https://doi.org/10.1110/ps.04707004
https://doi.org/10.1248/bpb.b14-00824
https://doi.org/10.1016/j.celrep.2020.03.076
https://doi.org/10.1126/science.aau5480
https://doi.org/10.1126/science.aau5480
https://doi.org/10.1016/j.mib.2016.02.006
https://doi.org/10.1016/j.mib.2016.02.006
https://doi.org/10.4014/jmb.1411.11058
https://doi.org/10.1016/j.molcel.2012.10.001
https://doi.org/10.1016/j.molcel.2012.10.001
https://doi.org/10.1038/nature14098
https://doi.org/10.1186/s12964-020-00642-6
https://doi.org/10.1186/s12964-020-00642-6
https://doi.org/10.1038/s41467-020-17207-3
https://doi.org/10.1016/j.cell.2013.08.035
https://doi.org/10.1016/j.bbapap.2019.07.010
https://doi.org/10.1016/j.bbapap.2019.07.010
https://doi.org/10.1016/j.bbamem.2009.04.012
https://doi.org/10.1016/j.bbamem.2009.04.012
https://doi.org/10.1128/jb.00736-08
https://doi.org/10.1128/jb.00736-08
https://doi.org/10.1016/j.cell.2020.05.005
https://doi.org/10.1016/j.cell.2020.05.005
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Maurer-Stroh, S., Debulpaep, M., Kuemmerer, N., de la Paz, M. L., Martins, I. C.,
Reumers, J., et al. (2010). Exploring the Sequence Determinants of Amyloid
Structure Using Position-specific Scoring Matrices. Nat. Methods 7 (3),
237–242. doi:10.1038/Nmeth.1432

McClure, N. S., and Day, T. (2014). A Theoretical Examination of the Relative
Importance of Evolution Management and Drug Development for Managing
Resistance. Proc. R. Soc. B. 281 (1797), 20141861. doi:10.1098/rspb.2014.1861

Michiels, E., Roose, K., Gallardo, R., Khodaparast, L., Khodaparast, L., van der
Kant, R., et al. (2020). Reverse Engineering Synthetic Antiviral Amyloids. Nat.
Commun. 11 (1), 2832. doi:10.1038/s41467-020-16721-8

Mogk, A., Huber, D., and Bukau, B. (2011). Integrating Protein Homeostasis
Strategies in Prokaryotes. Cold Spring Harbor Perspect. Biol. 3 (4), a004366.
doi:10.1101/cshperspect.a004366

Monsellier, E., Ramazzotti, M., Taddei, N., and Chiti, F. (2008). Aggregation
Propensity of the Human Proteome. PLoS Comput. Biol. 4 (10), e1000199.
doi:10.1371/journal.pcbi.1000199

Morano, K. A., Grant, C. M., and Moye-Rowley, W. S. (2012). The Response to
Heat Shock and Oxidative Stress in Saccharomyces cerevisiae. Genetics 190 (4),
1157–1195. doi:10.1534/genetics.111.128033

Morell, M., Bravo, R., Espargaró, A., Sisquella, X., Avilés, F. X., Fernàndez-
Busquets, X., et al. (2008). Inclusion Bodies: Specificity in Their Aggregation
Process and Amyloid-like Structure. Biochim. Biophys. Acta (BBA) - Mol. Cell
Res. 1783 (10), 1815–1825. doi:10.1016/j.bbamcr.2008.06.007

Narasimhan, S., Guo, J. L., Changolkar, L., Stieber, A., McBride, J. D., Silva, L. V.,
et al. (2017). Pathological Tau Strains from Human Brains Recapitulate the
Diversity of Tauopathies in Nontransgenic Mouse Brain. J. Neurosci. 37 (47),
11406–11423. doi:10.1523/JNEUROSCI.1230-17.2017

Nelson, R., Sawaya, M. R., Balbirnie, M., Madsen, A. Ø., Riekel, C., Grothe, R., et al.
(2005). Structure of the Cross-β Spine of Amyloid-like Fibrils. Nature 435
(7043), 773–778. doi:10.1038/nature03680

Netzer, W. J., and Hartl, F. U. (1997). Recombination of Protein Domains
Facilitated by Co-translational Folding in Eukaryotes. Nature 388 (6640),
343–349. doi:10.1038/41024

Nguyen, L. T., Haney, E. F., and Vogel, H. J. (2011). The Expanding Scope of
Antimicrobial Peptide Structures and Their Modes of Action. Trends
Biotechnol. 29 (9), 464–472. doi:10.1016/j.tibtech.2011.05.001

O’Nuallain, B., Shivaprasad, S., Kheterpal, I., and Wetzel, R. (2005).
Thermodynamics of Aβ(1−40) Amyloid Fibril Elongation. Biochemistry 44
(38), 12709–12718. doi:10.1021/bi050927h

O’Nuallain, B., Williams, A. D., Westermark, P., and Wetzel, R. (2004). Seeding
Specificity in Amyloid Growth Induced by Heterologous Fibrils. J. Biol. Chem.
279 (17), 17490–17499. doi:10.1074/jbc.m311300200

Okano, A., Isley, N. A., and Boger, D. L. (2017). Peripheral Modifications of
[Ψ[CH2NH]Tpg4]vancomycin with Added Synergistic Mechanisms of Action
Provide Durable and Potent Antibiotics. Proc. Natl. Acad. Sci. U.S.A 114
(26),E5052–E5061. doi:10.1073/pnas.1704125114

Oldfield, E., and Feng, X. (2014). Resistance-resistant Antibiotics. Trends
Pharmacol. Sci. 35 (12), 664–674. doi:10.1016/j.tips.2014.10.007

Ono, K., Takahashi, R., Ikeda, T., and Yamada, M. (2012). Cross-seeding Effects of
Amyloid β-protein and α-synuclein. J. Neurochem. 122 (5), 883–890. doi:10.
1111/j.1471-4159.2012.07847.x

Oskarsson, M. E., Paulsson, J. F., Schultz, S. W., Ingelsson, M., Westermark, P., and
Westermark, G. T. (2015). In Vivo Seeding and Cross-Seeding of Localized
Amyloidosis. Am. J. Pathol. 185 (3), 834–846. doi:10.1016/j.ajpath.2014.11.016

Otzen, D. (2010). Functional Amyloid. Prion 4 (4), 256–264. doi:10.4161/pri.4.4.
13676

Parrini, C., Taddei, N., Ramazzotti, M., Degl’Innocenti, D., Ramponi, G., Dobson,
C. M., et al. (2005). Glycine Residues Appear to Be Evolutionarily Conserved for
Their Ability to Inhibit Aggregation. Structure 13 (8), 1143–1151. doi:10.1016/j.
str.2005.04.022

Patel, A., Malinovska, L., Saha, S., Wang, J., Alberti, S., Krishnan, Y., et al. (2017).
ATP as a Biological Hydrotrope. Science 356 (6339), 753–756. doi:10.1126/
science.aaf6846

Platt, G. W., Routledge, K. E., Homans, S. W., and Radford, S. E. (2008). Fibril
Growth Kinetics Reveal a Region of β2-microglobulin Important for Nucleation
and Elongation of Aggregation. J. Mol. Biol. 378 (1), 251–263. doi:10.1016/j.
jmb.2008.01.092

Powers, E. T., and Balch, W. E. (2013). Diversity in the Origins of Proteostasis
Networks - a Driver for Protein Function in Evolution. Nat. Rev. Mol. Cell Biol
14 (4), 237–248. doi:10.1038/nrm3542

Prabakaran, R., Goel, D., Kumar, S., and Gromiha, M. M. (2017). Aggregation
Prone Regions in Human Proteome: Insights from Large-Scale Data Analyses.
Proteins 85(6), 1099–1118. doi:10.1002/prot.25276

Pu, Y., Li, Y., Jin, X., Tian, T., Ma, Q., Zhao, Z., et al. (2019). ATP-Dependent
Dynamic Protein Aggregation Regulates Bacterial Dormancy Depth Critical for
Antibiotic Tolerance. Mol. Cell 73 (1), 143–156. doi:10.1016/j.molcel.2018.
10.022

Rajan, R. S., Illing, M. E., Bence, N. F., and Kopito, R. R. (2001). Specificity in
Intracellular Protein Aggregation and Inclusion Body Formation. Proc. Natl.
Acad. Sci. 98 (23), 13060–13065. doi:10.1073/pnas.181479798

Ramakrishnan, R., Houben, B., Rousseau, F., and Schymkowitz, J. (2019).
Differential Proteostatic Regulation of Insoluble and Abundant Proteins.
Bioinformatics 35 (20), 4098–4107. doi:10.1093/bioinformatics/btz214

Rawat, P., Kumar, S., and Michael Gromiha, M. (2018). An In-Silico Method for
Identifying Aggregation Rate Enhancer and Mitigator Mutations in Proteins.
Int. J. Biol. Macromolecules 118, 1157–1167. doi:10.1016/j.ijbiomac.2018.06.102

Reumers, J., Maurer-Stroh, S., Schymkowitz, J., and Rousseau, F. d. (2009). Protein
Sequences Encode Safeguards against Aggregation. Hum. Mutat. 30 (3),
431–437. doi:10.1002/humu.20905

Rinas, U., Garcia-Fruitós, E., Corchero, J. L., Vázquez, E., Seras-Franzoso, J., and
Villaverde, A. (2017). Bacterial Inclusion Bodies: Discovering Their Better Half.
Trends Biochem. Sci. 42 (9), 726–737. doi:10.1016/j.tibs.2017.01.005

Rodriguez, J. A., Ivanova, M. I., Sawaya, M. R., Cascio, D., Reyes, F. E., Shi, D., et al.
(2015). Structure of the Toxic Core of α-synuclein from Invisible Crystals.
Nature 525 (7570), 486–490. doi:10.1038/nature15368

Rosano, G. n. L., and Ceccarelli, E. A. (2014). Recombinant Protein Expression in
Escherichia coli: Advances and Challenges. Front. Microbiol. 5 (172). doi:10.
3389/fmicb.2014.00172

Rousseau, F., Serrano, L., and Schymkowitz, J. W. H. (2006). How Evolutionary
Pressure against Protein Aggregation Shaped Chaperone Specificity. J. Mol.
Biol. 355 (5), 1037–1047. doi:10.1016/j.jmb.2005.11.035

Roy, R. N., Lomakin, I. B., Gagnon, M. G., and Steitz, T. A. (2015). The Mechanism
of Inhibition of Protein Synthesis by the Proline-Rich Peptide Oncocin. Nat.
Struct. Mol. Biol. 22 (6), 466–469. doi:10.1038/nsmb.3031

Sabate, R., de Groot, N. S., and Ventura, S. (2010). Protein Folding and Aggregation
in Bacteria. Cell. Mol. Life Sci. 67 (16), 2695–2715. doi:10.1007/s00018-010-
0344-4

Saijo, E., Ghetti, B., Zanusso, G., Oblak, A., Furman, J. L., Diamond, M. I., et al.
(2017). Ultrasensitive and Selective Detection of 3-repeat Tau Seeding Activity
in Pick Disease Brain and Cerebrospinal Fluid. Acta Neuropathol. 133 (5),
751–765. doi:10.1007/s00401-017-1692-z

Santra, M., Dill, K. A., and de Graff, A. M. R. (2019). Proteostasis collapse is a driver
of cell aging and death. PNAS 116 (44), 22173–22178. doi:10.1073/pnas.
1906592116

Samatova, E., Daberger, J., Liutkute, M., and Rodnina, M. V. (2021). Translational
Control by Ribosome Pausing in Bacteria: How a Non-uniform Pace of
Translation Affects Protein Production and Folding. Front. Microbiol. 11
(3428). doi:10.3389/fmicb.2020.619430

Savastano, A., Jaipuria, G., Andreas, L., Mandelkow, E., and Zweckstetter, M.
(2020). Solid-state NMR Investigation of the Involvement of the P2 Region in
Tau Amyloid Fibrils. Sci. Rep. 10 (1), 21210. doi:10.1038/s41598-020-78161-0

Sawaya, M. R., Sambashivan, S., Nelson, R., Ivanova, M. I., Sievers, S. A., Apostol,
M. I., et al. (2007). Atomic Structures of Amyloid Cross-β Spines Reveal Varied
Steric Zippers. Nature 447 (7143), 453–457. doi:10.1038/nature05695

Schramm, F. D., Schroeder, K., and Jonas, K. (2019). Protein Aggregation in
Bacteria. FEMS Microbiol. Rev. 44 (1), 54–72. doi:10.1093/femsre/fuz026

Seefeldt, A. C., Nguyen, F., Antunes, S., Pérébaskine, N., Graf, M., Arenz, S., et al.
(2015). The Proline-Rich Antimicrobial Peptide Onc112 Inhibits Translation
by Blocking and Destabilizing the Initiation Complex. Nat. Struct. Mol. Biol. 22
(6), 470–475. doi:10.1038/nsmb.3034

Serpell, L. C., Sunde, M., Fraser, P. E., Luther, P. K., Morris, E. P., Sangren, O., et al.
(1995). Examination of the Structure of the Transthyretin Amyloid Fibril by
Image Reconstruction from Electron Micrographs. J. Mol. Biol. 254 (2),
113–118. doi:10.1006/jmbi.1995.0604

Frontiers in Molecular Biosciences | www.frontiersin.org June 2021 | Volume 8 | Article 68185515

Khodaparast et al. Disrupting Bacterial Proteostasis

https://doi.org/10.1038/Nmeth.1432
https://doi.org/10.1098/rspb.2014.1861
https://doi.org/10.1038/s41467-020-16721-8
https://doi.org/10.1101/cshperspect.a004366
https://doi.org/10.1371/journal.pcbi.1000199
https://doi.org/10.1534/genetics.111.128033
https://doi.org/10.1016/j.bbamcr.2008.06.007
https://doi.org/10.1523/JNEUROSCI.1230-17.2017
https://doi.org/10.1038/nature03680
https://doi.org/10.1038/41024
https://doi.org/10.1016/j.tibtech.2011.05.001
https://doi.org/10.1021/bi050927h
https://doi.org/10.1074/jbc.m311300200
https://doi.org/10.1073/pnas.1704125114
https://doi.org/10.1016/j.tips.2014.10.007
https://doi.org/10.1111/j.1471-4159.2012.07847.x
https://doi.org/10.1111/j.1471-4159.2012.07847.x
https://doi.org/10.1016/j.ajpath.2014.11.016
https://doi.org/10.4161/pri.4.4.13676
https://doi.org/10.4161/pri.4.4.13676
https://doi.org/10.1016/j.str.2005.04.022
https://doi.org/10.1016/j.str.2005.04.022
https://doi.org/10.1126/science.aaf6846
https://doi.org/10.1126/science.aaf6846
https://doi.org/10.1016/j.jmb.2008.01.092
https://doi.org/10.1016/j.jmb.2008.01.092
https://doi.org/10.1038/nrm3542
https://doi.org/10.1002/prot.25276
https://doi.org/10.1016/j.molcel.2018.10.022
https://doi.org/10.1016/j.molcel.2018.10.022
https://doi.org/10.1073/pnas.181479798
https://doi.org/10.1093/bioinformatics/btz214
https://doi.org/10.1016/j.ijbiomac.2018.06.102
https://doi.org/10.1002/humu.20905
https://doi.org/10.1016/j.tibs.2017.01.005
https://doi.org/10.1038/nature15368
https://doi.org/10.3389/fmicb.2014.00172
https://doi.org/10.3389/fmicb.2014.00172
https://doi.org/10.1016/j.jmb.2005.11.035
https://doi.org/10.1038/nsmb.3031
https://doi.org/10.1007/s00018-010-0344-4
https://doi.org/10.1007/s00018-010-0344-4
https://doi.org/10.1007/s00401-017-1692-z
https://doi.org/10.1073/pnas.1906592116
https://doi.org/10.1073/pnas.1906592116
https://doi.org/10.3389/fmicb.2020.619430
https://doi.org/10.1038/s41598-020-78161-0
https://doi.org/10.1038/nature05695
https://doi.org/10.1093/femsre/fuz026
https://doi.org/10.1038/nsmb.3034
https://doi.org/10.1006/jmbi.1995.0604
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Seuring, C., Greenwald, J., Wasmer, C., Wepf, R., Saupe, S. J., Meier, B. H., et al.
(2012). The Mechanism of Toxicity in HET-S/HET-s Prion Incompatibility.
PLoS Biol. 10 (12), e1001451. doi:10.1371/journal.pbio.1001451

Shanmugam, N., Baker, M.O. D. G., Ball, S. R., Steain, M., Pham, C. L. L., and
Sunde, M. (2019). Microbial functional amyloids serve diverse purposes for
structure, adhesion and defence. Biophys. Rev. 11 (3), 287–302. doi:10.1007/
s12551-019-00526-1

Shukla, R., Medeiros-Silva, J., Parmar, A., Vermeulen, B. J. A., Das, S., Paioni, A. L.,
et al. (2020). Mode of Action of Teixobactins in Cellular Membranes. Nat.
Commun. 11 (1), 2848. doi:10.1038/s41467-020-16600-2

Sieradzki, K., and Tomasz, A. (2006). Inhibition of the Autolytic System by
Vancomycin Causes Mimicry of Vancomycin-Intermediate Staphylococcus
Aureus-type Resistance, Cell Concentration Dependence of the MIC, and
Antibiotic Tolerance in Vancomycin-Susceptible S. aureus. Antimicrob.
Agents Chemother. 50 (2), 527–533. doi:10.1128/AAC.50.2.527-533.2006

Siller, E., DeZwaan, D. C., Anderson, J. F., Freeman, B. C., and Barral, J. M.
(2010). Slowing Bacterial Translation Speed Enhances Eukaryotic Protein
Folding Efficiency. J. Mol. Biol. 396 (5), 1310–1318. doi:10.1016/j.jmb.
2009.12.042

Sinnige, T., Yu, A., and Morimoto, R. I. (2020). “Challenging Proteostasis: Role of
the Chaperone Network to Control Aggregation-Prone Proteins in Human
Disease,” in HSF1 and Molecular Chaperones in Biology and Cancer. Editors
M.L. Mendillo, D. Pincus, and R. Scherz-Shouval (Cham: Springer
International Publishing)), 53–68. doi:10.1007/978-3-030-40204-4_4

Soto, C., and Pritzkow, S. (2018). Protein Misfolding, Aggregation, and
Conformational Strains in Neurodegenerative Diseases. Nat. Neurosci. 21
(10), 1332–1340. doi:10.1038/s41593-018-0235-9

Stevens, M., Abdeen, S., Salim, N., Ray, A.-M., Washburn, A., Chitre, S., et al.
(2019). HSP60/10 Chaperonin Systems Are Inhibited by a Variety of Approved
Drugs, Natural Products, and Known Bioactive Molecules. Bioorg. Med. Chem.
Lett. 29 (9), 1106–1112. doi:10.1016/j.bmcl.2019.02.028

Stogios, P. J., and Savchenko, A. (2020). Molecular Mechanisms of Vancomycin
Resistance. Protein Sci. 29 (3), 654–669. doi:10.1002/pro.3819

Sumner Makin, O., and Serpell, L. C. (2004). Structural Characterisation of Islet
Amyloid Polypeptide Fibrils. J. Mol. Biol. 335 (5), 1279–1288. doi:10.1016/j.
jmb.2003.11.048

Sunde, M., Serpell, L. C., Bartlam, M., Fraser, P. E., Pepys, M. B., and Blake, C. C. F.
(1997). Common Core Structure of Amyloid Fibrils by Synchrotron X-Ray
Diffraction 1 1Edited by F. E. Cohen. J. Mol. Biol. 273 (3), 729–739. doi:10.1006/
jmbi.1997.1348

Tamás, M., Sharma, S., Ibstedt, S., Jacobson, T., and Christen, P. (2014). Heavy
Metals and Metalloids As a Cause for Protein Misfolding and Aggregation.
Biomolecules 4 (1), 252–267. doi:10.3390/biom4010252

Taylor, R. C., and Dillin, A. (2011). Aging as an event of proteostasis collapse. Cold
Spring Harb. Perspect. Biol. 3 (5), a004440. doi:10.1101/cshperspect.a004440

Teng, P. K., and Eisenberg, D. (2009). Short Protein Segments Can Drive a Non-
fibrillizing Protein into the Amyloid State. Protein Eng. Des. Selection 22 (8),
531–536. doi:10.1093/protein/gzp037

Torrent, M., Valle, J., Nogués, M. V., Boix, E., and Andreu, D. (2011). The
Generation of Antimicrobial Peptide Activity: a Trade-Off between Charge
and Aggregation?. Angew. Chem. Int. Ed. 50 (45), 10686–10689. doi:10.1002/
anie.201103589

Tsolis, A. C., Papandreou, N. C., Iconomidou, V. A., and Hamodrakas, S. J. (2013).
A Consensus Method for the Prediction of ’Aggregation-Prone’ Peptides in
Globular Proteins. PLOS ONE 8 (1), e54175. doi:10.1371/journal.pone.0054175

Tyedmers, J., Mogk, A., and Bukau, B. (2010). Cellular Strategies for Controlling
Protein Aggregation. Nat. Rev. Mol. Cell Biol 11 (11), 777–788. doi:10.1038/
nrm2993

Tyers, M., and Wright, G. D. (2019). Drug Combinations: a Strategy to Extend the
Life of Antibiotics in the 21st Century. Nat. Rev. Microbiol. 17 (3), 141–155.
doi:10.1038/s41579-018-0141-x

Ulamec, S. M., Brockwell, D. J., and Radford, S. E. (2020). Looking Beyond the
Core: The Role of Flanking Regions in the Aggregation of Amyloidogenic
Peptides and Proteins. Front. Neurosci. 14, 611285. doi:10.3389/fnins.2020.
611285

Upadhyay, A. K., Murmu, A., Singh, A., and Panda, A. K. (2012). Kinetics of
Inclusion Body Formation and Its Correlation with the Characteristics of

Protein Aggregates in Escherichia coli. PLOS ONE 7 (3), e33951. doi:10.
1371/journal.pone.0033951

Van Gerven, N., Klein, R. D., Hultgren, S. J., and Remaut, H. (2015). Bacterial
Amyloid Formation: Structural Insights into Curli Biogensis. Trends Microbiol.
23 (11), 693–706. doi:10.1016/j.tim.2015.07.010

Vaubourgeix, J., Lin, G., Dhar, N., Chenouard, N., Jiang, X., Botella, H., et al.
(2015). Stressed Mycobacteria Use the Chaperone ClpB to Sequester
Irreversibly Oxidized Proteins Asymmetrically within and between Cells.
Cell Host & Microbe 17 (2), 178–190. doi:10.1016/j.chom.2014.12.008

Ventura, S., Lacroix, E., and Serrano, L. (2002). Insights into the Origin of the
Tendency of the PI3-SH3 Domain to FormAmyloid Fibrils. J. Mol. Biol. 322 (5),
1147–1158. doi:10.1016/s0022-2836(02)00783-0

Ventura, S., and Villaverde, A. (2006). Protein Quality in Bacterial Inclusion
Bodies. Trends Biotechnol. 24 (4), 179–185. doi:10.1016/j.tibtech.2006.02.007

Ventura, S., Zurdo, J., Narayanan, S., Parreno, M., Mangues, R., Reif, B., et al.
(2004). Short Amino Acid Stretches Can Mediate Amyloid Formation in
Globular Proteins: the Src Homology 3 (SH3) Case. Proc. Natl. Acad. Sci.
101 (19), 7258–7263. doi:10.1073/pnas.0308249101

Villar-Piqué, A., Espargaró, A., Ventura, S., and Sabate, R. (2016). In vivo amyloid
Aggregation Kinetics Tracked by Time-Lapse Confocal Microscopy in Real-
Time. Biotechnol. J. 11 (1), 172–177. doi:10.1002/biot.201500252

Walsh, I., Seno, F., Tosatto, S. C. E., and Trovato, A. (2014). PASTA 2.0: an
Improved Server for Protein Aggregation Prediction. Nucleic Acids Res. 42
(W1), W301–W307. doi:10.1093/nar/gku399

Weids, A. J., Ibstedt, S., Tamás, M. J., and Grant, C. M. (2016). Distinct Stress
Conditions Result in Aggregation of Proteins with Similar Properties. Sci. Rep. 6
(1), 24554. doi:10.1038/srep24554

Wetzel, R. (2006). Kinetics and Thermodynamics of Amyloid Fibril Assembly. Acc.
Chem. Res. 39 (9), 671–679. doi:10.1021/ar050069h

Willmund, F., del Alamo, M., Pechmann, S., Chen, T., Albanèse, V., Dammer, E. B.,
et al. (2013). The Cotranslational Function of Ribosome-Associated Hsp70 in
Eukaryotic Protein Homeostasis. Cell 152 (1-2), 196–209. doi:10.1016/j.cell.
2012.12.001

Wright, C. F., Teichmann, S. A., Clarke, J., and Dobson, C. M. (2005). The
Importance of Sequence Diversity in the Aggregation and Evolution of Proteins.
Nature 438 (7069), 878–881. doi:10.1038/nature04195

Wu, G., Khodaparast, L., Khodaparast, L., De Vleeschouwer, M., Housmans, J.,
Houben, B., et al. (2021). Investigating the Mechanism of Action of
Aggregation-Inducing Antimicrobial Pept-Ins. Cell Chem. Biol. 28, 524–536.
doi:10.1016/j.chembiol.2020.12.008

Zeng, D., Debabov, D., Hartsell, T. L., Cano, R. J., Adams, S., Schuyler, J. A., et al.
(2016). Approved Glycopeptide Antibacterial Drugs: Mechanism of Action and
Resistance. Cold Spring Harb Perspect. Med. 6 (12), a026989. doi:10.1101/
cshperspect.a026989

Zhang, W., Tarutani, A., Newell, K. L., Murzin, A. G., Matsubara, T., Falcon, B.,
et al. (2020). Novel Tau Filament Fold in Corticobasal Degeneration. Nature
580 (7802), 283–287. doi:10.1038/s41586-020-2043-0

Zhao, H., Sood, R., Jutila, A., Bose, S., Fimland, G., Nissen-Meyer, J., et al. (2006).
Interaction of the Antimicrobial Peptide Pheromone Plantaricin A with Model
Membranes: Implications for a Novel Mechanism of Action. Biochim. Biophys. Acta
(BBA) - Biomembranes 1758 (9), 1461–1474. doi:10.1016/j.bbamem.2006.03.037

Conflict of Interest: FR and JS are listed as inventors of patents held by VIB,
covering the peptides described in this manuscript. FR and JS are scientific
founders of Aelin Therapeutics and members of its scientific advisory board.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Khodaparast, Wu, Khodaparast, Schmidt, Rousseau and
Schymkowitz. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org June 2021 | Volume 8 | Article 68185516

Khodaparast et al. Disrupting Bacterial Proteostasis

https://doi.org/10.1371/journal.pbio.1001451
https://doi.org/10.1007/s12551-019-00526-1
https://doi.org/10.1007/s12551-019-00526-1
https://doi.org/10.1038/s41467-020-16600-2
https://doi.org/10.1128/AAC.50.2.527-533.2006
https://doi.org/10.1016/j.jmb.2009.12.042
https://doi.org/10.1016/j.jmb.2009.12.042
https://doi.org/10.1007/978-3-030-40204-4_4
https://doi.org/10.1038/s41593-018-0235-9
https://doi.org/10.1016/j.bmcl.2019.02.028
https://doi.org/10.1002/pro.3819
https://doi.org/10.1016/j.jmb.2003.11.048
https://doi.org/10.1016/j.jmb.2003.11.048
https://doi.org/10.1006/jmbi.1997.1348
https://doi.org/10.1006/jmbi.1997.1348
https://doi.org/10.3390/biom4010252
https://doi.org/10.1101/cshperspect.a004440
https://doi.org/10.1093/protein/gzp037
https://doi.org/10.1002/anie.201103589
https://doi.org/10.1002/anie.201103589
https://doi.org/10.1371/journal.pone.0054175
https://doi.org/10.1038/nrm2993
https://doi.org/10.1038/nrm2993
https://doi.org/10.1038/s41579-018-0141-x
https://doi.org/10.3389/fnins.2020.611285
https://doi.org/10.3389/fnins.2020.611285
https://doi.org/10.1371/journal.pone.0033951
https://doi.org/10.1371/journal.pone.0033951
https://doi.org/10.1016/j.tim.2015.07.010
https://doi.org/10.1016/j.chom.2014.12.008
https://doi.org/10.1016/s0022-2836(02)00783-0
https://doi.org/10.1016/j.tibtech.2006.02.007
https://doi.org/10.1073/pnas.0308249101
https://doi.org/10.1002/biot.201500252
https://doi.org/10.1093/nar/gku399
https://doi.org/10.1038/srep24554
https://doi.org/10.1021/ar050069h
https://doi.org/10.1016/j.cell.2012.12.001
https://doi.org/10.1016/j.cell.2012.12.001
https://doi.org/10.1038/nature04195
https://doi.org/10.1016/j.chembiol.2020.12.008
https://doi.org/10.1101/cshperspect.a026989
https://doi.org/10.1101/cshperspect.a026989
https://doi.org/10.1038/s41586-020-2043-0
https://doi.org/10.1016/j.bbamem.2006.03.037
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	Bacterial Protein Homeostasis Disruption as a Therapeutic Intervention
	Targeting Multiple Targets Yields More Robust Antibacterials
	Bacterial Proteostasis Faces Particular Challenges
	Bacterial Proteostasis as a Target for Antimicrobials
	Amyloid-like Aggregation can be Seeded in a Sequence-Specific Manner
	Short Polypeptide Segments Control Aggregation
	Targeted Protein Aggregation
	Conclusion
	Author Contributions
	Funding
	References


