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Abstract Proteins might experience many conforma-

tional changes and interactions during their lifetimes, from

their synthesis at ribosomes to their controlled degradation.

Because, in most cases, only folded proteins are functional,

protein folding in bacteria is tightly controlled genetically,

transcriptionally, and at the protein sequence level. In

addition, important cellular machinery assists the folding of

polypeptides to avoid misfolding and ensure the attainment

of functional structures. When these redundant protective

strategies are overcome, misfolded polypeptides are

recruited into insoluble inclusion bodies. The protein

embedded in these intracellular deposits might display

different conformations including functional and b-sheet-

rich structures. The latter assemblies are similar to the

amyloid fibrils characteristic of several human neurode-

generative diseases. Interestingly, bacteria exploit the same

structural principles for functional properties such as

adhesion or cytotoxicity. Overall, this review illustrates

how prokaryotic organisms might provide the bedrock on

which to understand the complexity of protein folding and

aggregation in the cell.
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Introduction

Proteins are comprised of repetitive amino acid units that

differ in the chemical nature of their side chains. After

synthesis at the ribosome in the highly crowded cellular

environment, the polypeptide side chains are exposed to

manifold non-specific interactions; nevertheless, the pro-

teins usually manage to selectively form the restricted set

of intramolecular contacts that funnel the folding of the

protein towards the unique, thermodynamically stable

and functional native structure [1]. At times, however,

partially folded intermediates accumulate during the

folding reaction or already folded proteins lose some of

their functional intramolecular contacts. Both of these

cases result in a population of non-native protein con-

formations [2]. Under these particular conditions, folding

reactions are efficiently competed by anomalous inter-

molecular self-assembly of polypeptide chains, ultimately

leading to the formation of macromolecular aggregated

structures. Interestingly, the interactions leading to the

formation of such aberrant protein conformations also

involve specific recognitions between amino acid side

chains [2].

Protein misfolding and aggregation are becoming

central issues in biology, medicine, and biotechnology.

On the one hand, the formation of insoluble protein

deposits in human tissues triggers the onset of dozens of

devastating human diseases like Alzheimer’s or Parkin-

son’s [2]. These protein aggregates are formed by fibrillar

structures known as amyloids and have a common cross-b
supramolecular conformation [2]. Since Rudolf Virchow

was looking for cellulose-like substances in the human

body using iodine staining [3, 4] the term ‘‘amyloid’’ has

been increasingly used. Nevertheless, the ‘‘amyloid’’

designation refers to different concepts, depending on the

R. Sabate and N. S. de Groot contributed equally to this work.

R. Sabate � N. S. de Groot � S. Ventura (&)

Departament de Bioquı́mica i Biologia Molecular,

Institut de Biotecnologia i de Biomedicina, Universitat
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research area. By definition, amyloid deposits are in vivo

formed intracellular or extracellular deposits that contain

the main protein fibrils and usually other components like

glycosaminoglycans, apolipoprotein E, and serum amyloid

P-component [5]. These deposits could be distinguished

from non-amyloid aggregates by histological staining

assays, principally the binding of Congo Red dye that

results in green birefringence. They also present a fibrillar

appearance under electron microscopy and a characteristic

X-ray diffraction pattern with reflections at 4.7 and 10 Å

[5, 6]. This definition excludes the fibrils formed in vitro

by synthetic proteins and peptides despite that they posses

many of the above-described hallmarks [5, 7]. Neverthe-

less, the study of synthetic fibrils formed by proteins

linked or even unrelated to human disease has provided

the benchmark to understand protein aggregation in vivo.

They have been suggested to be termed as amylogs

(amyloid homologs) [8].

Protein misfolding and aggregation into insoluble

inclusion bodies (IBs) are commonly observed during

recombinant expression in prokaryotic systems, thus

limiting the application of microbial cell factories for the

industrial production of protein-based drugs [9]. Studies

on bacteria have provided the basis on which to under-

stand the molecular machinery and the mechanism of

protein synthesis [10] and protein folding [11] in higher

organisms. However, protein aggregation in prokaryotes

has long been seen as a non-specific process unrelated to

amyloid formation in eukaryotes, and little interest has

been expressed regarding this process in prokaryotes,

except perhaps regarding a potential role in protein pro-

duction. However, an increasing body of evidence

suggests that the formation and structure of bacterial

aggregates share a number of common features with the

highly ordered and pathogenic amyloid fibrils linked to

human diseases [12, 13]. This similarity is especially

important because it appears that although proteins have

co-evolved with their cellular environments to fold

accurately and resist aggregation, they have little margin

of safety to respond to genetic and environmental factors

that decrease their folding ability or increase their

aggregation propensity [14]. Because the genetic, bio-

chemical, and environmental manipulation of bacteria is

straightforward, bacteria can provide a valuable physio-

logically relevant benchmark to understand the generic

pathways that a polypeptide follows inside the cell after

its synthesis. The mechanisms employed by bacterial cells

to deal with protein misfolding and aggregation, the

structural and functional properties of prokaryotic aggre-

gates, and the use of the information gained in bacterial

systems to understand and tackle disease-linked protein

deposition are the focus of this review.

Protein folding in bacterial cells

Protein folding control during transcription

and translation

Protein synthesis at the ribosome

The ribosome is the factory for cellular proteins. The

bacterial 70S ribosome is composed of three RNA mole-

cules (that represent about two-thirds of the ribosome

mass) and more than 50 usually highly conserved proteins

[15, 16]. The ribosome comprises two subunits: a large 50S

subunit and a small 30S subunit. The 30S subunit consists

of a 16S rRNA (ribosomal RNA) plus 20 proteins. The 50S

subunit contains a 23S and a 5S rRNA and over 30 proteins

[17]. The rRNA molecules fold into defined spatial con-

formations, e.g., the 23S rRNA contains six secondary

structural domains (I–VI) formed by over 130 RNA helices

[17]. In recent years, we have witnessed the deciphering of

the mechanism by which this highly complex molecular

machine performs protein synthesis and assists protein-

folding reactions [15].

Translation initiation is the rate-limiting step in protein

synthesis. This process involves a series of sequential and

finely regulated events. In bacteria, the correct mRNA

translation start site is selected upon recognition of the

initiation codon at the peptidyl site of the 30S ribosomal

subunit by the fMet-tRNA anticodon. This precise

matching is assisted by several initiation factors, resulting

in the formation of the 30S initiation complex. Subse-

quently, this complex joins the 50S ribosomal subunit and

releases the initiation factors, rendering the 70S initiation

complex [18, 19]. The high-resolution crystal X-ray

structure of the two subunits of the large ribosome has

revealed how it executes the crucial peptidyl transferase

reaction, which consists of the successive joining of

amino acids through amide linkages. This reaction

requires specific selection of the amino acids to be added

to the growing polypeptide chain by reading successive

mRNA codons [15, 20]. This remarkable task involves

wrapping about 30 mRNA nucleotides in the groove that

encircles the neck of the 30S subunit where about eight of

these nucleotides are exposed almost exclusively to 16S

rRNA and centered on the junction between the amino-

acyl-tRNA and peptidyl-tRNA binding sites for their

translation [21]. At this interface region, the peptidyl

transferase center of the large subunit initiates the for-

mation of the new peptide bonds [17]. Importantly, rRNA

molecules are not inert framework organizing catalytic

proteins, but are the structural units that help to organize

key ribozyme (catalytic RNA) elements in forming a

specific and active structure [20, 22, 23].
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Newly synthesized proteins emerge from the ribosome

in an environment crowded with a highly diverse collection

of molecules and polypeptides. In these conditions, nascent

proteins are especially vulnerable to misfolding and

aggregation, which are two side-reactions that impede the

acquisition of a correct native conformation in approxi-

mately 30% of new proteins [24]. Protein aggregation has

harmful consequences for the cell, such as reduction of

amino acid recycling, recruitment and blockage of molec-

ular chaperones and proteases, non-specific kidnapping of

unrelated functional proteins, formation of toxic polypep-

tide species or simply the loss of function of the misfolded

protein [25–28]. Accordingly, nature has evolved a battery

of strategies aimed at preventing the anomalous self-

assembly of newly synthesized polypeptide chains. As we

will see in the following sections, the cell controls protein

misfolding and self-assembly before the protein can even

fold by regulating the level of protein expression or the rate

of protein translation or providing the ribosome with

folding assistance activity.

Correlation between protein solubility and gene

expression levels

The number of mRNAs in the bacterial cytosol encoding

for a given protein might vary from 1 to 106 copies. Despite

variable turnover at the protein and mRNA levels, gene

expression levels tend to be proportional, on average, to

protein abundance. This fact implies that the cell needs to

cope with the misfolding of proteins that are present in a

large dynamic range of protein concentrations. Protein

aggregation usually follows a nucleation–polymerization

mechanism, in which the build up of the initial self-

assembled nuclei constitutes the rate-limiting step of the

reaction. Nucleation is a second-order reaction and, there-

fore, the rate of protein aggregation is strongly dependent

on the initial protein concentration. This correlation

implies that, in principle, avoiding the self-assembly of

highly translated sequences would be more challenging for

the cell than controlling the solubility of low copy proteins.

In support of this view, it has been recently shown that both

in bacteria and in higher organisms, mRNA expression

levels are highly correlated with the solubility of the

encoded proteins [14, 29]. Highly translated proteins tend

to be more soluble than proteins with low expression rates.

This decreased aggregation propensity would work to

prevent their wrong misassembly even if they become

concentrated at specific subcytosolic locations, as might

occur immediately after protein synthesis. In addition,

because of the abundance of proteins with high rates of

translation, their high solubility would make important

contributions to an overall decrease in cell aggregation

propensity [195]. The correlation between protein

expression levels and protein solubility in bacteria is such

that one can use the expression levels of a bacterial protein

to predict its solubility with good accuracy or, conversely,

derive its maximal mRNA expression levels from its

intrinsic aggregation propensity [29]. This tight relation-

ship suggests an evolutionary control of protein expression

aimed at ensuring protein levels that suffice to execute

properly the biological functions but that also guarantee

solubility, at least in normal physiological environments. It

follows that, as suggested by Tartaglia and co-workers

[14], in terms of their solubility, proteins are maintained at

the edge of aggregation. This situation explains why

deregulation of protein homeostasis usually results in the

formation of toxic protein aggregates.

The rate of protein translation

As we will see in the next chapter, protein folding might

start before the end of protein translation [30–32]. Indeed,

because protein folding and aggregation compete kineti-

cally inside the cell, a fast-folding reaction constitutes

perhaps the best strategy to prevent protein aggregation.

Co-translational folding is modulated by the mRNA

translation rate that defines, at each particular instant, both

the size of the nascent protein and the time that a poly-

peptide stretch resides inside the ribosome [33, 34]. The 20

proteinogenic amino acids are encoded by 61 sense codons,

with usually more than one synonymous codon encoding

one amino acid. The protein elongation rate depends on the

codons encoding each particular amino acid in the

sequence and the availability of the corresponding tRNAs,

an availability that defines the frequency of codon usage

[35–37]. Accordingly, the presence of the most frequently

used codons results in faster translation rates. The avail-

ability of frequently used codons is especially important in

the case of highly expressed genes [36, 37].

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 to the nascent protein to acquire a

correct conformation [31, 36, 38, 39]. This view is sup-

ported by the preferential location of rare codons resulting

in slow-translating regions down-stream of domain

boundaries [39, 40] and by the observation that rare codon

clusters define the limits of polypeptide chain regions with

identical secondary structures [38]. The presence of con-

tinuous regions rich in rare codons is not a common feature

of mRNAs since the presence of these regions might lead

to frameshifts [41] or premature termination of translation

[40, 42, 43]. Therefore, the conservation of these regions

suggests that they play a specific function. This idea leads

to the provocative hypothesis that codon usage might be a

general tool used to increase the fidelity of co-translational
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folding and to contain structural information for the

encoded polypeptide [31].

The elongation of nascent chains is, generally, a faster

reaction than their folding. Therefore, it is not strange that

the presence of infrequently used codons has been found to

be associated with the formation of large structural units

[40]. The presence of slowly translated sequence stretches

would slow down the elongation reaction, allowing for

synchronization with the usually slow speed of folding of

large protein subunits. In this way, the fidelity of co-

translational folding would be increased.

The exchange of natural codons for codons with higher

usage frequency does not impede the acquisition of a

correct protein conformation. As recurrently observed

during the expression of heterologous codon-optimized

proteins in bacteria, however, this exchange results in an

uncoupling of the natural folding and translation rates and

usually increases the amount of misfolded and aggregated

protein in the cell, suggesting a co-evolution of the relative

velocities of both processes [44].

The ribosome-borne protein-folding activity

The folding of a polypeptide might start before the chain

completely leaves the ribosomal interior, suggesting that

the ribosome itself might assist the folding process. In fact,

the presence of ribosomes of different organisms in in vitro

refolding mixtures has been shown to improve and accel-

erate the attainment of a native conformation for different,

unrelated and initially denatured proteins [45–47]. This

result suggests that the ribosome-borne protein-folding

activity might represent a universal folding strategy to help

proteins in the attainment of their functional states [45–48].

Initially, this activity was attributed to different chaperones

able to associate with the ribosome; however, experiments

in chaperone-deficient cellular backgrounds indicate that

the ribosome itself has the capability to assist protein

folding [46, 47].

The ribosome inner channel from the peptide synthesis

site to the exit aperture is about 100 Å long and 20 Å wide

[49]. Several studies indicate that the size of the cavity is

compatible with the presence of protein secondary struc-

ture elements [49–51]. Using a fluorescence-resonance

energy-transfer approach, it has been observed that the

energy transfer efficiency measured when a transmembrane

sequence is located in the ribosome exit tunnel is similar to

that exhibited by the polypeptide in a lipid bilayer, indi-

cating that the nascent transmembrane sequence assembles

inside the ribosome cavity into an a-helix structure analo-

gous to that it adopts when is incorporated into the

membrane [51].

The folding capability of the different ribosomal sub-

units has been analyzed separately to determine which

particular ribosomal component assists this reaction. It has

been found that the activity is mainly located in the large

ribosomal subunit and specifically in the domain V of

E. coli 23S rRNA where the peptidyl transferase activity is

also situated [52]. In agreement with these data, it has been

observed that antibiotics able to bind the peptidyl trans-

ferase center and stop translation are also able to inhibit

protein folding in vitro [17, 46]. Overall, these results

suggest that the ribosome peptidyl transferase center

performs the dual role of protein synthesis and folding

[46, 53, 54].

Protein folding control in the bacterial cytosol

A generic genetic response against misfolded proteins

Despite the described fine regulation of protein levels, the

ribosomal protection of the nascent polypeptide chains

and the synchronization of translation and folding rates, in

many cases misfolding and aggregation of new synthe-

sized polypeptides cannot be completely avoided [24]. On

these occasions, a general genetic transcriptional response

against protein misfolding is triggered in bacterial cells

[55, 56]. This response involves an increase in the levels

of heat-shock proteins and chaperones as well as changes

in the levels of ribosome-associated proteins, suggesting a

translational and post-translational regulation [56]. The

heat-shock sigma factor r32, which regulates the expres-

sion of many proteins with chaperoning activity like

ClpB, DnaJ, DnaK, GroEL, GroES, GrpE, IbpA, and

IbpB [57], appears to be the central component that

controls the cellular response against protein misfolding

[56]. The synthesis, stability and activity of r32 are

modulated by the balance between the amount of chap-

erones and unfolded proteins present in the cellular

cytoplasm [56]. In this way, the multi-chaperone DnaK/

DnaJ/GrpE complex binds r32 and impedes its transla-

tional activity in a negative feedback loop [58, 59].

Misfolded proteins block these chaperones and compete

with their binding to r32, providing the precise r32 tran-

scriptional activity required for the concentration of

misfolded proteins present at each instant [56].

Because r32 controls the expression levels of the series

of genes up-regulated in the presence of insoluble proteins,

it is an attractive target in strategies aimed at preventing

protein aggregation in bacteria, a topic of special interest in

biotechnology. In addition, because these genes act as

effective reporters of the levels of misfolded protein in the

cell at any point in time, their promoters can be fused to

easily detectable gene reporters, like b-galactosidase, and

subsequently the activity of the reporter can be used to

monitor and optimize protein solubility at the different

stages of the protein production process [55].
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Chaperone activity in the bacterial cytosol

The molecular chaperone machinery comprises a specific

cellular mechanism for preventing misfolding and aggre-

gation of newly synthesized proteins. The chaperones are

proteins with the capacity to recognize non-native states of

other proteins and assist their folding and/or prevent their

aggregation by controlled binding and release mechanisms.

The best-characterized type of chaperone proteins are the

so-called ‘‘heat-shock proteins’’ (Hsps). As described

above, their expression is induced under unfavorable cel-

lular conditions resulting in an increase of misfolded

proteins. However, various families of Hsps are also

involved in diverse processes under normal physiological

conditions such as the folding of newly synthesized poly-

peptides [11]. In the bacterial cytosol, the folding of new

proteins is assisted by three major molecular chaperone

complexes: (1) Trigger factor (TF), (2) DnaK–DnaJ–GrpE

and (3) GroEL–GroES (ELS) complexes [60, 61].

The first chaperone to interact with nascent polypeptide

chains coming from the bacterial ribosome is a 48-kDa

protein named trigger factor (TF) [11]. TF folds into an

elongated structure comprising three domains: an N-ter-

minal ribosome-binding domain (RBD), a central domain

with peptidyl-prolyl cis/trans isomerase activity (PPIase),

and a C-terminal domain that forms two arms between RBD

and PPIase domains, for which no function has been clearly

defined yet [11, 60, 62]. The activity of PPIase domain is

modulated by the presence of the two other domains, indi-

cating cooperativity [60]. TF combines its PPIase activity

with a chaperone-like function [60, 63]. TF binds to the

ribosome as a monomer near the nascent peptide exit tunnel.

In contrast, the high cytosolic concentration of TF favors its

dimerization in solution [60, 62, 63]. All three domains are

implicated in the interaction with nascent polypeptide

chains at the ribosome during the translation process while

also being involved in the dimer interaction surface of free

TF, suggesting a possible competition between both pro-

cesses [62]. The N- and C-ends of TF seem to be the main

regions involved in the binding of the substrate and/or

modulating its accessibility to the binding pocket [60]. TF

polypeptide affinity is low in comparison with the vast

majority of chaperones and is ATP independent, which

results in a fast binding and release cycle that can be

essential for its folding capacity, a quality that is coupled to

the elongation of polypeptide chains [64]. Interestingly, as

happens with most chaperone systems, there is redundancy

in the activity exerted by the TF, and this action partially

overlaps with that of the DnaK–DnaJ–GrpE chaperone

complex. Accordingly, the deletion of the gene encoding for

TF increases significantly the binding of DnaK to nascent

polypeptides. This result is consistent with the observation

that TF and DnaK can cooperate in nascent polypeptide

folding [60, 65, 66]. Deletion of TF alone does not result in

any observable growth disadvantage, while the TF/DnaK

double knockout exhibits synthetic lethality, indicating that

the presence of at least one of these folding activities is

essential in normal physiological conditions. However, this

requirement can be overcome under specific controlled-

growth conditions in which major folding defects accu-

mulate, but the presence of additional, yet unidentified,

chaperones might assist the folding of newly synthesized

proteins and allow cell survival [60].

The DnaK–DnaJ–GrpE and ELS complexes are the best

characterized molecular chaperone systems in the cyto-

plasm of E. coli. Additional proteins such as Clps (i.e.,

ClpA, ClpB), HtpG and IbpA/B, act as molecular chaper-

ones in vitro while their function in cellular protein folding

remains unclear [67].

The DnaK–DnaJ–GrpE complex forms a cellular chap-

erone system capable of repairing protein damage [68].

DnaK binds to solvent-exposed hydrophobic regions in

unfolded polypeptide chains, assisting the folding and

preventing misfolding and/or aggregation in an ATP-driven

process that is regulated by the co-chaperone DnaJ and the

nucleotide-release cofactor GrpE (see Fig. 1) [69]. DnaK is

composed of two main domains: a 44-kDa N-terminal

nucleotide-binding domain (NBD) that contains the ATP-

ase activity, and a 25-kDa substrate-binding domain (SBD)

that harbors the substrate-binding site. Both protein moie-

ties are linked by a flexible region that can rotate *35�,

favoring allosteric communication between the domains

[70, 71]. When DnaK is not complexed with other chap-

erones and/or substrate proteins, it is mostly found in an

ATP-bound state that displays low substrate affinity. The

Fig. 1 Vectorial-assisted folding of a newly synthesized polypeptide

involving the three major chaperone systems in the bacterial cytosol.

ELS complex reproduced with permission from Ref. [89]
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binding and release of the initially misfolded polypeptide

by DnaK has been described as an ATP hydrolysis-

dependent cycle that involves four steps: (1) the unfolded

polypeptide initially binds to DnaJ; (2) substrate-bound

DnaJ interacts with DnaK, activating its ATP hydrolytic

activity and stabilizing an ADP state that has a high

binding affinity for the substrate; (3) GrpE releases ADP

from DnaK; and (4) ATP binding to DnaK stabilizes the

low affinity state and triggers the release of substrate pro-

tein, thus completing the reaction cycle [69]. DnaK

assistance might involve consecutive binding-release

cycles until the folding processes have been successfully

completed [11] or the released polypeptide chain is trans-

ferred to the ELS complex where the protein can be

accommodated in its central cavity in an ATP-dependent

process [72, 73]. DnaK can interact with two other chap-

erones, namely CbpA (an analogue of DnaJ with an overall

amino acid sequence identity of 39% [74]) and DjlA, a

30-kDa type III membrane protein with a cytosolic putative

J-domain in the C-terminal extreme that is fully compatible

with J-domain of DnaJ [60, 75]. The physiological role of

such interactions is still poorly understood.

GroEL is a homotetradecameric complex that consists of

14 identical 57-kDa subunits arranged in two heptameric

rings stacked back to back [76, 77]. Each single subunit is

composed of three domains: (1) a flexible apical domain,

responsible for binding both substrate as well as the co-

chaperone GroES; (2) an equatorial domain, responsible

for most of the intra-ring and all of the inter-ring contacts,

wherein polypeptide possesses its own ATP-binding site

that works in a cooperative manner following a concerted

mechanism within the same ring [78, 79] and in a negative

manner between the rings [80]; and (3) an intermediate

domain that acts as a hinge and connects the other two

domains covalently [81]. The folding activity of GroEL

requires the cooperation of the co-chaperone GroES to

form the ELS complex in the presence of ATP (see

Fig. 2a–c) [81, 82]. GroES is a disk-shaped heptamer

composed of seven identical 10-kDa units with a GroEL-

binding loop per unit that form a dome-shaped structure on

top of the GroEL rings [81]. The region of substrate and

GroES binding at the apical domain of GroEL largely

overlaps, but the mechanism by which GroES competes

with the substrate in the GroEL-substrate complex is still

unclear. Recent studies suggest the existence of an inter-

mediate GroEL–substrate–GroES complex in which the

substrate and GroES bind to GroEL by sharing seven

common binding sites [83].

Although many bacterial proteins, ranging from small-

single domains to large multi-domains, need assistance

from the ELS complex during their lifetimes, this process

is not completely understood and the precise mechanism of

folding by ELS is still under debate. However, diverse

studies have recently clarified crucial points of the process,

suggesting possible mechanisms of action [81]. ELS can

assist the protein folding by two different pathways: (1) a

cis folding action, initially considered the unique ELS

mechanism until the work of Inbar and Horovitz [84] or (2)

a trans folding mechanism [81, 85]. Independently of the

mechanism, for many proteins, multiple binding-release

cycles are necessary in order to obtain correct folding [81].

The cis-folding mechanism is usually used to assist the

folding of small proteins (\70 kDa). In this case, the

misfolded polypeptide chain rests encapsulated in the cis-

ring of GroEL, in contact with GroES (see Fig. 2d) [81,

86]. In the free GroEL complex, the two rings of the

chaperone are identical. The formation of GroEL–sub-

strate–GroES complex causes large asymmetric

conformational changes in one of the rings [82]; the con-

formational changes in the cis-ring (the GroEL ring in

contact with GroES) create a large hydrophilic cavity,

named ‘‘cis-cavity’’ inside the complex. On one hand, the

cavity can play a passive role as an ‘‘Anfinsen cage’’ [87]

by simply removing misfolded species and encapsulating

the substrate, protecting it from the external media and so it

can be correctly folded without aggregation. [82, 88, 89].

In addition, the entropic penalty upon folding is reduced in

a confined environment, thermodynamically favoring the

reaction. On the other hand, the cavity might play an active

role in removing energy traps by rearranging the bonds,

unfolding the protein to some extent or some other direct

action. It is possible that the substrate protein itself influ-

ences the GroEL structure and reaction cycle [81, 90–92].

The cis cycle is governed by an allosteric communication

process that can be summarized in three steps

(T ? R ? R00): (1) in the T state, the allosteric cycle starts

with a high substrate affinity caused by the binding of ATP

in the cis-ring subunits of GroEL that induces a cooperative

aperture in the apical domains of all subunits of the ring,

allowing capture of the substrate in the cylindrical cavity

by structural changes at the binding site; (2) in the R state,

GroES binds to the GroEL–substrate complex which after

ATP hydrolysis assists the substrate unfolding-refolding

reactions, propagating the conformational changes from the

substrate-binding site to other distal zones of the structure

by a cooperative effect; and (3) in the R00 state, the positive

initial cooperative process is finished upon release of ADP

from cis-ring and binding of ATP to the trans-ring (the

GroEL ring distal to GroES), promoting the release of

GroES and the substrate in a negatively cooperative pro-

cess. A new functional state is then attained that is

stabilized by a redistribution of intra- or/and inter-molec-

ular interactions as a result of the collective conformational

rearrangement [93–96].

The trans folding mechanism is used to assist the fold-

ing of large polypeptides ([70 kDa) or is used in the
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degradation pathway of damaged proteins that cannot

achieve the native conformation. The polypeptide and

GroES bind to the opposite rings of GroEL since the

substrate is too large to be encapsulated by GroES. The

apical domains of the ring occupied with substrate remain

in a state similar to the free GroEL conformation (see

Fig. 2e) [81, 85, 86, 97]. In the trans mechanism, binding

of GroES and ATP in the trans ring is mandatory for the

release of GroEL-bound substrates. In this case, the chap-

erone promotes a passive kinetic partitioning in which the

newly synthesized polypeptides, which are susceptible to

misfolding, may avoid aggregation through non-covalent

association with GroEL, increasing the molecular flux

through productive folding pathways [98]. Once the

aggregation phenomenon has been avoided, the released

polypeptides might reach the folded state by themselves.

Like in the cis mechanism, the folding of substrates in

trans might require multiple rounds of binding and release.

Finally, GroEL has been shown to associate with the

ribosome translation complex. In this configuration, GroEL

holds the nascent polypeptide chain on the ribosome in a

length-dependent manner and the protein is post-transla-

tionally encapsulated by the binding of the GroES cap to

initiate the above-described chaperonin-assisted folding

process [99], a process that again links protein synthesis to

protein folding.

Fig. 2 Structure and function of the GroEL–GroES (ELS) complex.

a Top view of the complex looking down from the GroES-binding

(cis) side. b Side view, trans GroEL ring is shown in red, cis GroEL

ring in green and GroES in gold. c Each subunit in each GroEL ring is

composed of three domains: the apical, equatorial, and intermediate

domains. Misfolded polypeptides bind to the apical domain (in red),

the equatorial domain (in blue) binds and hydrolyzes ATP and the

intermediate domain (in green) acts as connector. GroES binding to

GroEL-ATP causes the apical domain to move upward and rotate

120�. This large conformational change increases the size of central

cavity where the polypeptide resides. Accordingly, the cis and trans
rings display different volumes [81]. d cis mechanism of ELS

complex. (I) The GroEL apical domains in the open the ring capture

misfolded polypeptides. (II) Formation the GroEL-ATP-GroES

complex promotes conformational changes in the apical domain

resulting in substrate release inside the cis cavity. (III) Folding

continues until ATP hydrolysis results in debilitation of the

GroEL–GroES interaction. (IV) ATP binding to the trans-ring favors

the release of substrate from the cis-ring. Consecutive cycles can be

necessary until a correct protein structure is attained. (V) Binding of

GroES to GroEL allows the rings to alternate between binding-active

and folding-active states. e trans mechanism of ELS. (I) The apical

domains in the open ring of GroEL–GroES-ADP complex can capture

misfolded polypeptides. (II) Binding occurs through hydrophobic

interactions. (III) Binding of ATP to the cis-equatorial domain of

GroEL promotes the release of GroES and ADP from the trans ring.

(IV) ATP and GroES rebind to the trans GroEL ring, promoting a

conformational change on the cis GroEL ring and liberating the

polypeptide into the solution. The committed form of the polypeptide

is not perfectly folded but will become fully active as it reaches the

solution. Protein conformers unable to attain the native state can

rebind to GroEL and go through subsequent cycles. a–c adapted with

permission from Ref. [89]; d adapted with permission from Ref. [81];

and e adapted with permission from Ref. [97]
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Protein aggregation in bacterial cells

Inclusion bodies formation and processing

Misfolded proteins aggregate in bacteria into inclusion

bodies

The large number of usually redundant mechanisms and

the large amount of energy the cell employs to assist proper

protein folding reflects how important it is to prevent

misfolding and aggregation in the cellular background. At

any given time, the concentration of a protein in its native

state results from a balance between the rate of protein

synthesis, the rate of de novo folding, and the stability of

the protein conformation. Situations of stress that affect

this equilibrium, for example decreasing the stability of the

native fold, would increase the number of misfolded mol-

ecules in the cell and promote aggregation. Heat shock has

traditionally been the most studied stress factor, but

recombinant protein expression can also dramatically

modify the cell balance. Recombinant proteins are usually

expressed in bacteria under the control of heterologous

strong gene promoters. This results in a continuous and

high translation rate, so that as much as 50% of the cellular

proteins can correspond to recombinant polypeptide, usu-

ally saturating and/or de-coordinating the mechanisms to

assist protein folding described in the previous chapter,

which ultimately leads to the aggregation of the polypep-

tide of interest into inclusion bodies (IBs) [100]. These

intracellular aggregates are dense, porous, hydrated,

apparently amorphous, and refractile particles of nearly

1 lm in diameter and are commonly localized at the cell

poles [101, 102]. IBs can be formed both in the cytoplasm

and periplasm, although the aggregates formed in these

compartments exhibit morphological, compositional, and

conformational differences [9, 103]. During its existence, a

bacterium could contain one or two of these aggregates, the

composition of which varies along the cell life span [102,

104]. At early stages of aggregation, host polypeptides

could represent up to 50% of the proteins in IBs. However,

mature IBs usually contain little cellular protein; many

times, the heterologous chains represent more than 90% of

the protein in the aggregate [102, 105–107] while the rest

of the components in purified IBs are proteolytic fragments

of the recombinant protein, ribosomal components, traces

of membrane proteins, phospholipids and nucleic acids

[108]. Whether these cellular elements are integral com-

ponents of IBs or they are co-purified with the aggregate

after cell lysis is not known. Importantly, it has been dis-

covered that several elements of the cellular protein quality

control, like small heat-shock proteins (IbpA and IbpB) or

chaperones (DnaK and GroEL) [109], are systematically

associated to IBs. This result reveals a relationship between

the folding machinery and the formation of proteinaceous

deposits and suggests remodeling of IBs as an alternative

cellular strategy to refolding or eliminating aggregated

protein [110].

Asymmetric segregation of inclusion bodies

The formation of protein deposits in E. coli has been

recently associated with a reduction in growth rate, a

decrease in reproductive ability, and an increase in the

chance of death, all phenotypes typically associated with

aging [27]. These results suggest that bacteria could be an

excellent model organism to study the effect of protein

aggregation on life span. The formation of large protein

deposits at one or both poles of the cell has been shown to

be an energy-dependent process that comprises two

sequential steps: the first stage is the formation of multiple

small aggregates with a random cellular distribution and

their further transport and concentration to the poles, where

they remain immobilized as IBs (see Fig. 3). This process

suggests that as in the case of the eukaryotic aggresome,

IBs could in fact be aggregates of aggregates [26]. The

second stage is dependent on two energy sources: the

proton motive force and ATP. ATP is required for the

activity of DnaK, which together with DnaJ is specifically

needed for the formation of polar aggregates, justifying the

association of these chaperones with bacterial aggregates.

The maintenance of the cellular rod-shape is also an

essential feature needed to concentrate the IBs specifically

at the poles. Despite their apparent simplicity and reduced

size, bacteria manage to maintain a spatial asymmetric

distribution of their structural components, like those

involved in cell division or chemotaxis, which are essential

for correct cell function. This distribution could also be the

case of insoluble aggregates.

E. coli reproduction consists of a symmetric division

and an asymmetric segregation of the intracellular content,

allowing a differential distribution of aged and young

components between parent and offspring [25–27]. The old

pole cell corresponds to the aging parent and the new one

to the progeny. As a consequence of this asymmetry, any

component localized preferentially at the poles, like

aggregated protein in IBs, will remain longer in the old cell

pole than in the young one [25, 26, 111, 112]. Because the

presence of IBs diminishes the fitness of bacterial cells, the

segregation of these deposits could have evolved as an

effective strategy to avoid damage in the progeny and

ensure the perpetuation of the population [25, 26]. More-

over, this process makes possible the concentration of

misfolded protein species in a concrete space, facilitating

subsequent action of the disaggregating machinery [26].

Only some of the daughter cells are designated for pro-

cessing of the aggregates, whereas the rest of the
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population becomes free of IBs. These observations sug-

gest that the cell controls the protein quality through multi-

step processes, controlled both spatially and temporally, in

which initially misfolded proteins can be refolded or

aggregated. In this latter case, misfolded proteins are

confined at the poles for posterior processing [26].

Processing of aggregated protein in bacteria

In bacteria, a network of chaperones and proteases carries

out the processing of aggregated protein. Two protein types

constitute the key elements in this network: (1) Hsp70 and

(2) Clp ATPases belonging to the AAA? superfamily

[113]. Both chaperone and protease activities are essential

for the cell and contribute to protein aggregate disinte-

gration. Accordingly, over-expression of chaperones and

proteases in recombinant systems has been shown to be an

excellent strategy for the disaggregation of IBs and a

concomitant formation of soluble species [108]. Aggre-

gated and misfolded proteins usually expose hydrophobic

clusters that constitute interaction sites for both chaperones

and proteases. This process implies that although these

activities are usually exerted in an independent manner,

they can, at least in part, substitute for one another [113].

As discussed above, the Hsp70 family, of which DnaK is

the main chaperone, is associated with prevention of protein

aggregation by assisting protein refolding and aggregate

localization. However, the Hsp70 family can also participate

in aggregate processing [113, 114]. DnaK actively assists

the gradual disassembly of oligomers and aggregates by

refolding misfolded polypeptides accessible at the aggregate

surface. Interestingly, the specific activity of the chaperone

depends on the aggregate size. Individual DnaK molecules

are efficient in the fragmentation of large aggregates into

medium-sized aggregates, but the subsequent fragmentation

becomes gradually less efficient with decreasing aggregate

size. Thus, the cooperation of several DnaK molecules is

required in order to assist the folding of proteins in the

smallest aggregate species [115, 116]. Although specula-

tive, it is interesting to propose that this differential activity

is related to the conformations of the polypeptide in the

aggregate. If, as proposed recently, bacterial protein

deposits are aggregates of aggregates, the initial action of

DnaK could consist in reverting the large aggregate, in

which the contacts between compacted aggregates would be

superficial, into the original, smallest, assemblies in which

most of the protein would be involved in the network of

contacts that sustain the aggregate and block its disaggre-

gation by DnaK. Accordingly, in the absence of DnaK,

intracellular bacterial aggregates tend to be larger than in

wild-type cells [117]. Apart from DnaK, the other main

bacterial chaperone GroEL could be important for aggregate

formation and/or processing since its absence results in a

population of numerous, but very small, inclusion bodies in

the cell [117]. Although other chaperones like IbpA and

IbpB might participate in the process and are usually found

associated to IBs, the impact of their null mutations on

aggregate formation is rather moderate [118].

In general, Clp ATPases are formed by a protease core

and oligomeric ATPase rings and are involved in the

Fig. 3 Localization of IBs to the cellular poles. a Schematic diagram

illustrating IB segregation within a bacterial population. Indepen-

dently of the initial position in the mother cell, at polar, mid-cell, or

quarter-cell positions, after a reduced number of cellular divisions,

IBs would become invariably located and consistently inherited by

the old-pole cell (in red) whereas new poles (in blue) and daughter

cells become free of aggregates. b, c Migration of protein aggregates

to the bacterial poles. b Images of a time course experiment indicating

the location of a recombinant aggregation-prone protein fused to GFP

after induction of its expression. c Next to each frame is shown the

frequency of GFP fluorescence at each particular point over time

according to the scale on the right, where brighter colors indicate

higher GFP permanence. a Adapted with permission from Ref. [25];

b, c adapted with permission from Ref. [26]
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degradation of irreversibly damaged proteins. They act as

proteolytic machines (i.e., ClpA or ClpX) in a process

similar to that of the proteasome. The function of the

ATPase rings seems to be the energy-dependent unfolding

of polypeptides by threading them through the center of the

oligomeric ring. Unfolded substrates are then directly

transferred into the associated protease for their irreversible

degradation [113]. ClpB activity constitutes an important

exception to this generic proteolytic action, since it is

specifically involved in protein aggregate disintegration

[113]. Remarkably, this activity is exerted in cooperation

with the DnaK–DnaJ–GrpE system [67, 119, 120]. This

DnaK system action occurs up-stream of ClpB, although it

can also act down-stream of ClpB by refolding the solu-

bilized proteins. Initially, DnaJ associates with the

aggregate and drives DnaK to the aggregate surface; later

on, DnaK mediates the binding of ClpB to the aggregate.

Once at the proper location, the bichaperone network can

work jointly in the solubilization of polypeptide molecules

for their subsequent folding [121–123]. Each ClpB subunit

consists of two ATPase domains, NBD1 and NBD2, and a

long coiled-coil domain that is likely involved in substrate

interaction [124]. The functional unit of ClpB is a dynamic

homohexameric ring in which domains and subunits

cooperate to execute the chaperone and ATPase activities

[119, 120]. In an analogous manner to proteolytic members

of the AAA? family, the probable mechanism of disag-

gregation–refolding by ClpB involves the extraction of

polypeptides from aggregates by forced unfolding,

translocation through ClpB central pore and release into

cellular milieu for spontaneous or chaperone-mediated

refolding (see Fig. 4) [125, 126]. The mechanical energy

for this process is provided by ATP hydrolysis at the two

nucleotide-binding domains of each monomer.

A dynamic equilibrium between soluble and aggregated

compartments in bacteria

On the one hand, in a living cell, the activity of the quality

control machinery operates in the disaggregation, unfold-

ing and activation of the proteins embedded in intracellular

deposits to promote protein solubility [103, 113, 127–131].

On the other hand, ongoing protein translation provides a

continuous supply of aggregation-prone, partially folded

intermediates, promoting protein deposition. These two

opposite effects result in the establishment of a dynamic

equilibrium between protein deposition and solubilization

in the cell, with continuous polypeptide traffic between the

soluble and insoluble compartments [9, 102, 106, 132–136]

(see Fig. 5). Any intrinsic or extrinsic factor affecting this

balance would modify the ratio between soluble and

insoluble intracellular protein. In this way, in the absence

of protein translation, IBs are almost totally disaggregated

in a few hours, likely because the population of molecular

chaperones is no longer limiting for processing the aggre-

gated protein [133]. In an analogous manner, increasing the

amount of available chaperones by over-expression usually

promotes and increases the soluble to insoluble protein

Fig. 4 Remodeling of bacterial protein aggregates. a Structural

model of ClpB hexamer with bound ATP. An individual subunit is

shown in blue and ATP in red. b Disaggregation of bacterial

aggregates by ClpB in combination with the DnaK system. The DnaK

chaperone system interacts with ClpB, acting before or together with

ClpB. DnaK is likely involved in the presentation of substrates to

ClpB (i) and/or in the hydrolysis of ATP. ClpB acts as the main

disaggregase. It extracts proteins from the aggregate by translocating

them through their central channel (ii) and releasing them in an

unfolded form into the solution (iii) where they can refold sponta-

neously or with assistance of other chaperones including the DnaK

system (iv). a Reproduced from [125] and b adapted with permission

from [125]
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ratio [137, 138]. Conversely, the depletion of molecular

chaperones [139] and/or the use of strong promoters

resulting in very high translation rates [137, 138], espe-

cially during recombinant expression, almost invariably

increases the proportion of aggregated species. In this

dynamic context, one of the functions of IBs might be to

act as a protein reservoir [103, 106, 133] where polypep-

tides can be potentially stored and extracted according to

cellular conditions [132, 140, 141].

As a result of the continuous protein exchange between

the soluble and insoluble compartments, a large variety of

protein conformations co-exist in both fractions. Accord-

ingly, in addition to properly folded protein, the soluble

fraction usually contains misfolded inactive molecules or

even soluble aggregates [139, 142, 143]. Moreover, the

presence of active protein is not an exclusive feature of the

soluble compartment, since functional conformations have

been demonstrated to coexist with aggregated structures in

many IBs [139, 142–144]. A relevant biotechnological

implication of this conformational heterogeneity is that

protein solubility by itself is not an accurate indicator of

protein quality, since the presence of functional insoluble

and misfolded soluble species might result in the proteins

in the two fractions having similar effective specific

activity [139, 142, 143].

Importantly, the protein quality-control machinery is not

only involved in the cellular distribution of protein solubility

but it also determines the structural features of the protein

aggregates. In this way, in the absence of chaperones,

intracellular aggregates are structurally more homogeneous,

more compact and contain less intramolecularly bound

functional conformations [139]. Also, because the constant

disintegrating-refolding activity of chaperones is sterically

restricted to the aggregate surface and preferentially targeted

to misfolded conformations [114, 145], the action of chap-

erones causes the structural composition and activity of the

proteins at the surface to be different from those residing in

the core of the aggregate [146].

Structure of inclusion bodies

Sequential and structural specificity of inclusion bodies

formation

The sequential and structural analysis of proteins forming

IBs in bacteria does not show any pattern or similarity,

leading to the view that the formation of such aggregates

depends on non-specific and general protein features, such

as the exposure of hydrophobic clusters in partially folded

intermediates during the folding process. However, an

increasing body of evidence points to bacterial aggregation

being a rather selective process modulated by the protein

sequence and conformation. This selectivity was first

observed during the in vitro refolding of a mixture of

folding intermediates from P22 coat and tailspike proteins,

two polypeptides that form IBs under overexpression but

display segregated self-association in the test tube [147].

Besides, it has been demonstrated that purified bacterial

intracellular aggregates are able to promote the aggregation

of homologous soluble proteins in a dose-dependent man-

ner but do not affect the aggregation of heterologous

proteins, supporting the establishment of specific

Fig. 5 Conformations adopted by a recombinant protein inside

bacteria. After protein synthesis, the polypeptide can fold, either

spontaneously or with the assistance of chaperones, or remain totally

or partially unfolded. These initially soluble structures can aggregate,

preferably through selective interactions, to form a supramolecular IB

in which multiple conformations can coexist. The protein quality

machinery acts on both the soluble and insoluble protein conformers,

promoting a kinetic equilibrium between both cellular fractions.

These actions result in functional and inactive protein structures

coexisting in both the soluble and insoluble compartments. Accord-

ingly, solubility alone does not present an accurate measure of protein

quality during recombinant expression and IBs cannot be excluded as

a source of functional protein
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sequential interactions between the soluble and aggregated

species. Apparently, the aggregation determinants respon-

sible for such contacts are exposed in partially folded

intermediates but protected in the native structure, since the

aggregates are not able to capture homologous but com-

pactly folded polypeptides from the solution [148].

The sequential specificity of IB formation has also been

addressed in vivo by simultaneously co-expressing two

different heterologous proteins in the same bacterial cell.

The simultaneous coexpression of Vitreoscilla hemoglobin

(VHb) and a beta-lactamase precursor resulted in the for-

mation of two types of cytoplasmic aggregates with

different morphology and composition [149]. In a related

approach, our group has co-expressed two aggregation-

prone polypeptides fused to different fluorescent tags to

facilitate their subcellular localization and to determine

their proximity in the aggregate using fluorescence reso-

nance energy transfer (FRET) [12]. As a control, we co-

expressed two fluorescent versions of one of these proteins.

These proteins generate deposits displaying high FRET

efficiency, indicating that both fluorophores co-localize

inside the IB. In contrast, the associated fluorescence sig-

nals do not significantly co-localize and exhibit a low

transfer of energy in the IBs formed by the deposition of

the two different polypeptide chains; this result indicates

that they are distant in the space and likely do not interact

significantly. Interestingly, one protein was principally

situated in the inner core whereas the other one was found

at the outer face. This particular distribution suggests that

inside the cell, the preferential interaction between

homologous sequences results in different aggregation

rates that contribute to the kinetic and spatial partitioning

in the aggregation process [12].

The aggregational effect of a large number of poly-

peptide mutants have been studied, both in vitro and inside

bacteria, to understand how the amino acid sequence

modulates protein deposition. Overall, the comparison

between the different sequential substitutions and the

resultant depositional changes shows a significant correla-

tion between the protein aggregation propensity and the

intrinsic physicochemical of the amino acid substitution,

such as the charge, the propensity to acquire certain sec-

ondary structure or the hydrophobicity [150, 151].

However, the generality of this rule apparently clashes with

the recurrent observation that the introduction of the same

amino acid substitution in different proteins or even at

different sequence positions in the same protein has dis-

similar effects in the aggregation propensity of the mutated

polypeptide, suggesting that the impact of the mutation

depends critically on its location in the protein sequence.

This apparent discrepancy can be reconciled if one con-

siders that, as demonstrated for amyloid formation, the

protein sequence might contain short specific regions able

to disrupt or assist the protein aggregation process [152,

153]. Regions promoting the deposition process have been

designated hot spots (HS), and substitutions in these

regions almost invariably result in changes in protein sol-

ubility, whereas mutations outside of these regions have a

more moderate or even neutral effect [151, 154–157]. HS

regions are enriched in aliphatic and aromatic residues

(Val, Leu, Ile, Phe, Tyr, Trp) [152, 158]. The presence of

charges of the same sign is avoided but not the existence of

opposing charges, which favors specific interactions

between polypeptide chains [152]. These aggregation-

prone regions are commonly buried in the inner hydro-

phobic core of globular proteins or involved in the network

of contacts that stabilizes the monomeric or multimeric

native states of polypeptides [159, 160].

Even if they impact negatively protein solubility, HSs

are widely present in biological polypeptides because they

are obligatory elements for the establishment of b-sheet

structures and molecular interactions [160]. Because these

dangerous stretches are common elements in nature,

globular proteins have evolved to block them by intramo-

lecular contacts or hiding them at the hydrophobic core of

the native structure, explaining why IBs are unable to

specifically recognize properly folded polypeptides. This

result implies that the aggregation of globular proteins

occurs from at least partially unfolded states that expose

HS regions to the solvent and facilitate the self-assembly

process. Importantly, it has been demonstrated that local

conformational changes during regular thermal fluctuation

suffice to trigger aggregation under physiological condi-

tions, which means that not only intermediates in the

folding pathway can aggregate but also that initially folded

conformations are at danger of becoming aggregation

precursors. Structural fluctuations are largely determined

by the conformational stability of a protein. A high ther-

modynamic stability will, in principle, reduce the

population of locally unfolded structures and, therefore, of

assembly-competent structures [161]. In agreement with

this hypothesis, we have shown that, in bacteria, the

intracellular aggregation of globular proteins tightly cor-

relates with relative conformational stability of these

proteins [162].

The composition analysis of the regions that flank the

aggregation-prone regions in E. coli proteins has shown

that Pro, Arg and Lys frequently surround these regions.

These residues act as gatekeepers and prevent the self-

assembly of HS even if they are exposed after synthesis or

by local fluctuations. The Pro-constrained conformation is

incompatible with b-structures, whereas the positively

charged residues promote repulsion between adjacent

chains and, being long and flexible, make the self-assembly

process unfavorable from an entropic point of view [152,

158]. In addition, when associated to hydrophobic
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stretches, these residues act as reporters for the cellular

quality control machinery to facilitate HS identification and

blockage by the molecular chaperones [152]. Overall, the

cell employs different and redundant strategies to deal with

sequences containing short stretches of aggregation-prone

residues that are otherwise necessary for attaining properly

folded structures in most globular proteins.

Amyloid protein structure in bacterial inclusion bodies

In humans, protein aggregation correlates with the devel-

opment of several deleterious disorders such as Alzheimer’s

disease, Parkinson’s disease, prion-associated transmissible

spongiform encephalopathies, and type II diabetes [2]. The

proteins associated with these pathogeneses are structurally

and sequentially unrelated, but all aggregate into amyloid

fibrils that share a common structure in which b-strands of

polypeptide chains are stacked perpendicularly to the fibril

axis in a cross-b architecture [2]. The process of amyloid

self-assembly is sequence-specific, sensitive to protein

mutations, requires total or local protein unfolding, is

nucleation driven, regulated by the chaperone activity, and

results in the formation of highly homogeneous protein

aggregates [2, 163]. As described, these features are also

characteristic of intracellular aggregate formation. This

fact, together with the recurrent observation that, indepen-

dently of the presence of globular or unfolded

conformations, the main structural component of IBs con-

sists of a network of tightly packed extended intermolecular

b-sheets with spectroscopic properties close to those found

in pathogenic fibrils, suggested that the biogenesis and

structure of these two type of aggregates could be similar.

However, the detailed structural characterization of bacte-

rial aggregates is extremely challenging and the extent to

which this similitude applies has remained essentially

unknown. Only recently, two independent research groups

have converged to demonstrate unequivocally the existence

of amyloid structures inside bacterial IBs [12, 13]. Riek and

co-workers analyzed the conformational properties of the

inclusion bodies formed by three disease-unrelated poly-

peptides representative of the three major protein folds: a-

helix, a-helix/b-sheet and b-sheet [13]. The CD spectra and,

more specifically, the X-ray diffraction pattern of the

aggregates demonstrated the presence of characteristic

cross-b structural conformations that are less strongly

aligned than in amyloid fibrils. Accordingly, these protein

deposits contain fibrillar structure observable by transmis-

sion electron microscopy (TEM) and bind to specific

amyloid dyes with similar affinity to that of pathogenic

fibrils. Moreover, using quenched hydrogen/deuterium

exchange in nuclear magnetic resonance, they could dem-

onstrate that, like in amyloids, specific short sequence

stretches with high aggregation propensity are selectively

protected in the core of the aggregate and are likely the main

residues contributing to the specific interactions that pro-

mote formation of the aggregate [13]. In a complementary

study, we used the Alzheimer’s-related Ab42 peptide as a

model with the aim of deciphering to what extent a poly-

peptide embedded in IBs and the same molecule

polymerized into amyloids are structurally related. We used

an extensive battery of analytical techniques and demon-

strated the existence of an enrichment in cross-b-sheet

structure in Ab42 IBs by Fourier transform infrared spec-

trometry (FTIR), the presence of fibrillar material by TEM

and atomic force microscopy (AFM), binding to amyloid

dyes, the specific capability of accelerating fibril formation

only in the presence of homologous peptides and, as for

amyloids, the presence of a compact, proteolytically pro-

tected core enriched in amyloid-like conformations [12].

Taken together, these results strongly support the estab-

lishment of amyloid-like interactions as an omnipresent

mechanism driving the formation of protein aggregates

across all realms of life [164].

Inclusion bodies as infectious particles

Prions represent a particular subclass of amyloids for which

the aggregation process becomes self-perpetuating in vivo

and thus infectious. Several proteins with prionic behavior

have been shown to be deposited inside IBs upon heter-

ologous expression, raising the possibility that they might

acquire in bacteria a fibrillar structure similar to that of the

infectious form and therefore become transmissible them-

selves. Recently, Meier and co-workers have analyzed the

conformational and infectivity properties of the IBs formed

by the C-terminal domain of the Podospora anserina

HET-s prion. This region, spanning residues 218–289, is

the most essential domain for amyloid formation and prion

propagation in this filamentous fungus. HET-s IBs were

used to infect prion-free P. anserina strains using a protein

transfection method. While insoluble extracts from a con-

trol strain containing only the empty vector did not induce

the development of the prion form, strains transfected with

HET-s(218–289) IBs acquired the prion phenotype at a

high frequency, comparable to that promoted by HET-

s(218–289) infectious amyloid fibrils [165]. This result

indicates that the HET-s(218–289) acquires an infectious

prion fold in E. coli. The biophysical characterization of

the HET-s IBs formed by the full-length prion and the

isolated amyloidogenic domain and the solid-state NMR

analysis of these aggregates converge to indicate that the

presence of a fibrillar cross-beta conformation at the

C-terminus domain of HET-s when embedded in IBs is

responsible for the high infectivity of these bacterial

aggregates [165, 166]. This result demonstrates that, at

least in certain cases, the processes of amyloid fibril and IB
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formation are related even at the fine molecular structural

level.

The possibility of reproducing the aggregation of

mammalian, fungus, or yeast prion proteins using bacteria

as a consistent cellular model in which the effect of

autologous or heterologous protein quality machineries

and/or anti-aggregational and anti-prionic drugs can be

further studied opens an exciting avenue for understanding

the correlation between prion strain phenotypes, ‘‘species

barriers’’ and prion particle conformation and infective-

ness. Since the E. coli cytoplasm apparently contains all the

molecular elements to support the formation of prion

aggregates, the existence of as yet unidentified prionic

bacterial proteins cannot be disregarded. The discovery of

prionic proteins in bacteria would have important impli-

cations for human health.

Function and toxicity of bacterial amyloids

Functional amyloids in bacteria

The bacterial ability to construct amyloid structures is not

restricted to IB assemblies; in fact, an increasing number of

bacterial polypeptides able to form functional amyloid

fibrils are being discovered [167]. As detailed below, these

structures can be formed by structurally and sequentially

unrelated proteins and can serve diverse biological func-

tions such as surface adhesion, host invasion, colonization

or cytotoxicity [168–171].

E. coli, Salmonella enterica, and other Enterobacteria-

ceae exploit the rigidity of the amyloid structure to form a

fibrillar extracellular aggregate, named curli or tafi (thin

aggregative fimbriae), able to perform functions related

with bacterial adhesion, biofilm development and host

invasion [172, 173]. The main component of curli is the

protein subunit CsgA, a 131-residue polypeptide rich in

glycine repeats that rapidly self-assembles amyloid fibrils

in vitro [174]. In vivo, the formation of fibrillar confor-

mations depends on the presence of specific cellular

machinery. In this way, the CsgG subunit facilitates the

transport of CsgA to the cell surface [175] where the

protein CsgB, helped by CsgF, acts as a nucleator for the

specific assembly of CsgA [176]. The interaction of these

fibrils with bacterial cellulose fibers is a crucial step in

allowing attachment to different surfaces and in bacterial

pathogenesis [168, 170, 177].

Chaplin amyloids have been found on the surface of the

Gram-positive actinomycetes species Streptomyces [178];

however, there is genetic evidence that suggests the pres-

ence of chaplin amyloids in other actinomycetes [179].

These bacteria are characterized by a complex morpho-

logical differentiation composed by a vegetative mycelium

state that could extend into the air and form chains of

exospores. The developed spores could then be dispersed to

allow the expansion of a new colonizing mycelium.

Chaplins self-assemble to construct an amphipathic mem-

brane [178], implicated in fixing the cell on hydrophobic

surfaces [180], and they facilitate hyphae release from the

water environment by reducing the water surface tension

(see Fig. 6) [178]. Chaplin amyloid formation is controlled

spatially and temporally [178, 179]. In this sense, the bldN

developmental sigma factor regulates chaplin expression

and guarantees that the amyloid fibrils are developed at the

right time [179]. Streptomyces coelicolor possesses eight

chaplins, five short (ChpD–H, up to 63aa) and three long

(ChpA–C, &225aa) forms that each contains an extra cell-

wall-anchoring domain. The ChpD–H monomers self-

assemble at the water–air interface and form the rigid

Fig. 6 Formation of functional amyloid-like structures allows strep-

tomycetes to invade the air. The water surface tension at the substrate-

air interface is reduced by proteins that self-assemble into an

amphipathic rigid membrane. This membrane is composed of

amyloid-like fibrils formed by the supramolecular organization of

chaplins. Aerial hyphae continue to secrete these proteins that

assemble at the hyphal surface, making them hydrophobic. Figure

adapted with permission from Ref. [178]
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amyloid fibrils that reduce water surface tension [178]. On

the contrary, over a hydrophobic surface, ChpD–H mono-

mers are soluble and adopt an alpha-helical conformation

[181] that has been suggested to be a possible intermediate

in the assembly process.

Bacteria also profit from the cytotoxic properties of

amyloid assemblies, as in the case of harpins. These pro-

teins are generated by plant pathogens and injected in the

extracellular space of the host through a bacterial molec-

ular syringe (a type III secretion system). Inside the plant,

harpins induce a hypersensitive response, which is an early

defence response that restricts the growth of plant patho-

gens by causing cell death in a mechanism similar to the

apoptosis promoted in animal cells by different amyloids

[182]. Accordingly, mutated harpins unable to self-

assemble into amyloid structures do not elicit the plant

programmed death response [182].

Bacterial amyloid structures might also serve to inhibit

the growth of adjacent cells. This strategy reduces the

competition with other bacterial species and improves

pathogenicity. In this way, Klebsiella pneumoniae kills

enterobacteria using the small peptide E492 (Mcc), a

bacteriocin that causes the development of pores in the

cytoplasmic membrane [183]. Surprisingly, the in vivo

maturation of Mcc into amyloid fibrils structures results in

the inhibition of the antibacterial function [184] suggesting

that, while protofibrillar pore-promoting assemblies act as

cytotoxic forms, mature amyloids might be inert protein

deposits of aggregated Mcc that stop the lethal activity

when it is no longer necessary. Interestingly, Mcc cytotoxic

pores share morphological similarities with the small

annular protofibrils formed by Ab and a-synuclein, point-

ing to a common protein conformation able to generate

toxic membrane permeabilization serving different func-

tions [185, 186].

The endospore is a highly resistant structure generated

in harsh environments by Bacillus and Clostridium species.

Structural analysis of the spore coat has shown that it is

principally composed of fibrillar structures with a mor-

phology compatible with amyloids [187].

Mycobacterium tuberculosis produces pili that are

assumed to be important for adherence, colonization and

infection [188]. These pili display fibrillar structures

detectable by electron microscopy that share structural and

tinctorial properties with amyloid fibrils.

Overall, the formation of amyloid structures in bacteria

cannot be simply considered an anomalous side-effect of

producing non-bacterial proteins in prokaryotes, but is a

more general phenomenon that responds to evolutionary

strategies by exploiting the mechanical, cytotoxic and

protective properties of these macromolecular assemblies.

It is important to note that harboring polypeptides with

amyloidogenic potential implies an inherent risk for the

cell. Accordingly, nature has developed strategies to avoid

dangerous uncontrolled aggregation of these polypeptides

by using auxiliary proteins that prevent or assist their

assembly or separating the implicated polypeptides in dif-

ferent cellular compartments [171].

Are bacterial amyloids potentially dangerous for humans?

An important concern derived from the ability of bacterial

and non-bacterial proteins to form amyloid structures in

prokaryotic cells is the possibility that these aggregates

might directly or indirectly be dangerous for humans. On

one hand, the formation of infective conformations in

bacteria might be a generic property of prion proteins;

therefore, recombinant human, sheep or cow prions might

also have the ability to form transmissible aggregated

fibrillar structures and their infectivity for humans should

not be completely discarded. On the other hand, the pres-

ence of natural amyloid structures in bacterial species

known to infect humans might result in an anomalous

interaction between the bacterial and host amyloidogenic

proteins in the human body. Recent data suggest that these

molecular interactions might have pathogenic conse-

quences, and bacterial amyloids might act as seeds that

could induce the onset of amyloidogenic diseases [170].

For example, the injection of curli fibrils or intact E. coli

cells into mice accelerates the aggregation of amyloid

protein AA, suggesting that exposure to bacteria by

ingestion or inhalation may be an important risk factor in

patients suffering this amyloidogenic disease [189]. Inter-

estingly, the exposure of neuronal cells to the spirochete

Borrelia burgdorferi and Mycolata species (Nocardia and

Mycobacterium) generate phenotypes similar to those

developed in Alzheimer’s and Parkinson’s disease,

respectively. Although the precise mechanisms underlying

such cellular changes are still not known, Borrelia generate

cysts and Mycolata generate amyloid-like fibrillar spores

and pili that might nucleate and accelerate the respective

aggregation processes [190–192].

Future perspectives

In humans, failures in the control of protein folding and

aggregation result in the development of degenerative and

usually highly debilitating disorders. However, amyloids

also can provide biological functionality as shown in bac-

teria (i.e. curli, chaplins), fungi (i.e., hydrophobins,

heterokaryon incompatibility) and metazoa (i.e., spidroins,

chorion). Importantly, two recent reports demonstrate that

the formation of functional amyloids can contribute to

normal cell and tissue physiology in humans. In this way,
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the amyloid derived from the protein Pmel17 within mel-

anosomes is involved in the generation of the melanin

pigment [193]. In addition, peptide and protein hormones

in secretory granules of the endocrine system have been

shown to be stored in amyloid-like conformations [194].

Although in vitro studies have provided a wealth of

information on the structural and sequential determinants

that control the folding and polymerization of proteins, less

is known about how these intrinsic propensities are mod-

ulated in the complex cellular environment. This lack of

knowledge complicates the development of effective

therapeutic approaches against these diseases. The infor-

mation contained in the present review illustrates how

bacterial organisms provide the bedrock on which to

understand the complexity of protein folding and aggre-

gation in vivo.

Folding and, especially, misfolding and aggregation in

eukaryotic and prokaryotic environments have been long

thought to be regulated by different mechanisms. Accord-

ingly, the important data obtained in bacterial backgrounds

has little influence on our present view of disease-related

protein misfolding and aggregation in higher organisms. In

addition, in contrast to other research fields, bioinformatics

efforts aimed at gaining a global view of the problem have

been rather scarce. As a consequence, a theoretical, inte-

grated model of protein folding and aggregation inside the

cell is still missing. The confirmation that the mechanism

underlying these processes in bacteria, as well as the

structural and functional properties of the final aggregated

species, are related to those occurring in higher eukaryotic

cells during disease should push scientists to develop

integrative systems biology approaches using mathematical

modeling that complement experimental work to examine

the cellular pathways involved in maintaining protein

homeostasis in simple and tractable but physiologically

relevant bacterial models. This would open up new avenues

towards a global, unambiguous and accurate understanding

of protein folding, misfolding and aggregation in the cell.

The basic knowledge gained at this level might well assist

the development of new generic strategies to tackle dev-

astating human conformational disorders.
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