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The production of recombinant proteins using microbial cell factories is frequently
associated with the formation of inclusion bodies (IBs). These proteinaceous entities
can be sometimes a reservoir of stable and active protein, might display good
biocompatibility, and are produced efficiently and cost-effectively. Thus, these
submicrometric particles are increasingly exploited as functional biomaterials for
biotechnological and biomedical purposes. The fusion of aggregation-prone sequences
to the target protein is a successful strategy to sequester soluble recombinant
polypeptides into IBs. Traditionally, the use of these IB-tags results in the formation of
amyloid-like scaffolds where the protein of interest is trapped. This amyloid conformation
might compromise the protein’s activity and be potentially cytotoxic. One promising
alternative to overcome these limitations exploits the coiled-coil fold, composed of two
or more α-helices and widely used by nature to create supramolecular assemblies. In this
review, we summarize the state-of-the-art of functional IBs technology, focusing on the
coiled-coil-assembly strategy, describing its advantages and applications, delving into
future developments and necessary improvements in the field.
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INTRODUCTION

The use of microorganisms as cell factories to produce biological products (as therapeutic proteins),
often leads to the formation of insoluble protein deposits in their cytoplasm (Villaverde and Carrió,
2003). These protein deposits, commonly known as inclusion bodies (IBs), have been considered a
significant bottleneck for obtaining high yields of well-folded and soluble protein since they were
understood as reservoirs of inactive protein (Baneyx and Mujacic, 2004).

IBs are refractile and submicron protein nanoparticles (between 50–1,000 nm) that usually
accumulate at the poles of the cell (Luo et al., 2006; Margreiter et al., 2008; García-Fruitós et al., 2009,
García-Fruitós et al., 2012; Castellanos-Mendoza et al., 2014). These proteinaceous inclusions
are mechanically stable in a wide range of temperatures and pHs, present a pseudo-spherical
shape, and are mainly composed of the target protein (De Marco et al., 2019); although
the composition and purity of the IBs significantly depends on the identity of the recombinant
protein. Moreover, a significant fraction of the protein trapped in these IBs can be well-folded
and functional, suggesting that these nanoparticles might be a source of active protein (Ventura
and Villaverde, 2006). Due to their inherent stability, they can be easily purified by simple
cell disruption methods, obtaining high yields of pure protein cost-effectively. Furthermore,
purified IBs can be stored in lyophilized form or at −80°C for extended periods (García-Fruitós
et al., 2009).
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IBs usually present an amyloid-like architecture responsible
for their excellent mechanical robustness, as corroborated by
several biophysical techniques (Carrió et al., 2005; Morell et al.,
2008; Wang et al., 2008). However, despite this amyloidogenic
character and the intrinsic toxicity of amyloid oligomeric forms
(Díaz-Caballero et al., 2020), these IBs are assumed to be non-
toxic materials, and thanks to their submicrometric size and
functional character, they have found biomedical and
biotechnological applications (Villaverde et al., 2015).

The formation of insoluble IBs can be induced by fusing
aggregation-prone peptide or protein tags to the globular
protein of interest, irrespectively of its solubility. Typically, the
tag provides the driving force for forming the intermolecular
β-sheet contacts that sustain the IBs amyloid-like nanostructure.
Different research groups have used coiled-coil domains as IB-
inducing tags (IB-tags) with significant success in the last years,
suggesting that these α-helix-based tags are a feasible alternative
to the β-sheet-based ones (Jäger et al., 2020).

In this mini-review, we illustrate recent advances in the field of
functional IBs, discussing their biotechnological and biomedical
applications, with particular emphasis on the uses of the new class
of coiled-coil IBs. We also describe the assembly of cell
component-free artificial IBs.

PROTEIN INCLUSION BODIES AS AN
UNEXPECTED SOURCE OF ACTIVE
PROTEIN
The development of recombinant DNA technologies has allowed
producing a wide diversity of proteins using heterologous
expression systems. This includes therapeutic proteins such as
replacement enzymes, hormones, or antibodies (Sanchez-Garcia
et al., 2016; Walsh, 2018).

Proteins function at concentrations at which they remain
soluble, whereas exceeding their solubility limits results in
their aggregation and inactivation, according to “the life on
the edge” hypothesis (Tartaglia et al., 2007; Vecchi et al.,
2020). Therefore, the proteins’ cellular levels are tightly
regulated, both in time and space, according to their intrinsic
solubilities (de Groot and Ventura, 2010; Castillo et al., 2011;
Sanchez de Groot et al., 2015). The production of such
polypeptides recombinantly often surpasses several orders of
magnitude these solubility limits, which together with the lack
of post-translational modifications or the deregulation of the
refolding machinery, trigger the occurrence of protein misfolding
and aggregation events inside the cell. This unavoidable
connection between intracellular protein concentration and
aggregation constitutes one of the main limitations for
producing recombinant proteins at preparative levels in the
biotechnological and pharmaceutical industry, evoking a
considerable loss of resources and time (Roberts, 2014).
Therefore, a significant effort has been devoted to
implementing strategies aimed to increase the yield of soluble
and functional protein, such as the redesign of the intrinsic
protein solubility (Gil-Garcia et al., 2018) or the fusion of
solubility tags (Costa et al., 2014), among others. These

approaches try to push the solubility of the target protein
above its natural limit. Soluble and folded protein has been
obtained from IBs by denaturing-renaturing procedures, but
the process is cost-ineffective and needs to be tailored for the
protein of interest (Singhvi et al., 2020).

Traditionally understood as undesired byproducts of protein
production processes, IBs have been ignored and avoided for
decades. Two independent studies published in the 80–90s
reported biological activity in the IBs formed by two different
enzymes (β-galactosidase and endoglucanase D) (Worrall and
Goss, 1989; Tokatlidis et al., 1991). However, they were
considered anecdotic, and only when, in 2005, two additional
studies recapitulated these data, our perception of IBs
molecular properties changed dramatically. Jevsevar and
coworkers obtained IBs of the human granulocyte-colony
stimulating factor from where the functional protein could
be easily isolated without the need for denaturing-renaturing
steps (Jevsevar et al., 2005). In parallel, García-Fruitós and
coworkers demonstrated that the IBs formed by two
fluorescent proteins (blue and green fluorescent proteins)
and two enzymes (human dihydrofolate reductase (DHFR)
and E. coli β-galactosidase) were functional (García-Fruitós
et al., 2005).

The awareness that IBs were functional particles, together
with their easy and cost-effective production and the remarkable
mechanical properties of such nanoparticles, paved the way for
creating rationally designed IBs with a wide variety of
functionalities.

THE USE OF IB-TAGS AS A SMART
STRATEGY FOR OBTAINING
COST-EFFECTIVE AND READY-TO-USE
FUNCTIONAL IBS

The formation of IBs involves the establishment of homotypic
intermolecular interactions, a process that is strongly dependent
on the microenvironment. In this way, it has been demonstrated
that different cell culture variables such as the pH of the solution
(Castellanos-Mendoza et al., 2014; Calcines-Cruz et al., 2018), the
production temperature (de Groot and Ventura, 2006; Peternel
et al., 2008; Seras-Franzoso et al., 2014), the time of induction
(Margreiter et al., 2008) or the concentration of inducer agent
(Luo et al., 2006), influence not only the kinetics of IBs formation
but also the size, stability, and activity of these nanoparticles (De
Marco et al., 2019).

Strange as it may seem, it is as challenging to produce an
aggregation-prone protein in a soluble conformation as it is to
force a soluble protein to form IBs efficiently, regardless of the
culture conditions. In this latter case, the fusion of an
aggregation-prone sequence to the target protein, commonly
known as IB-tag, may solve the problem and incorporate the
protein of interest into IBs.

In the last years, different IB-tags, consisting of small artificial
peptides or large protein domains, have been exploited to create
functional IBs (Krauss et al., 2017; Jäger et al., 2020).
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A large group of such tags corresponds to small artificial
peptides such as the β-sheet forming ELK16 or the hydrophobic
GFIL8 peptides, that have been exploited for forming catalytically
active IBs composed of oxidases, hydrolases, and oxidoreductases
(Wu et al., 2011; Wang et al., 2015).

Apart from these small IB-tags, other aggregation-tags involve
natural protein domains such as the viral capsid protein (VP1) of
the foot-and-mouth disease virus and the variant F19D of the
amyloid β-peptide (Aβ42). The VP1 domain has been exploited
for obtaining functional IBs in the yeast Pichia pastoris,
constituting an alternative for producing IBs of proteins
needing post-translational modifications (Rueda et al., 2016).
In the case of Aβ42, it has been used by our group to model
amyloid aggregation and identifying chemical modulators of this
deleterious reaction (De Groot et al., 2006; Dasari et al., 2011;
Villar-Piqué et al., 2012).

Alternative aggregation-prone domains for obtaining catalytic
IBs are the cellulose-binding domain (CBD) of different
organisms such as Clostridium cellulovorans and Cellulomonas
fimi (Nahalka and Nidetzky, 2007; Choi et al., 2011), a variant of
the maltose-binding protein (MBP), known as MalE31, from
E. coli (Arié et al., 2006) and the pyruvate oxidase (PoxB)
from Paenibacillus polymyxa (Park et al., 2012). These IB-tags
have been used to produce catalytic IBs composed of amylases,
alkaline phosphatases, and β-lactamases, among other enzymes.
Interestingly, the IBs promoted by MalE31 are located at the
periplasm of the E. coli cell, facilitating their isolation.
Furthermore, the IBs formed by PoxB present an intrinsic
enzymatic activity, allowing to obtain IBs with simultaneous
and different catalytic activities depending on the appended
enzyme.

Finally, the signal sequence of E. coli TorA (ssTorA) has been
successfully used to promote the accumulation into IBs of two
highly soluble proteins, the MBP and the thioredoxin-1 (TrxA),
usually exploited as solubility-enhancing fusion tags (Jong et al.,
2017), demonstrating the pro-aggregational potency of this IB-
tag. Moreover, a subsequent study has demonstrated that the IBs
formed by the fusion of ssTorA to ovalbumin (OVA)-derived
epitopes can act as an antigenic vaccine formulation for T cell
response (Schetters et al., 2020). Mutagenesis-screening of the
ssTorA sequence has allowed the identification of improved

versions of the tag with enhanced IB-formation properties
(Jong et al., 2019).

COILED-COIL DOMAINS AS SCAFFOLDS
FOR THE CREATION OF HIGHLY
FUNCTIONAL IBS

A significant fraction of the aforementioned IB-tags promotes the
formation of amyloid-based IBs (Cano-Garrido et al., 2013;
Carrió et al., 2005; Choi et al., 2011; Morell et al., 2008; Wu
et al., 2011) (Figure 1). In this supramolecular assembly, the
amyloid architecture acts as a mechanically stable scaffold where
the globular and functional protein is trapped (Cano-Garrido
et al., 2013). However, these amyloid assemblies present two
potential drawbacks: (I) A significant fraction of the target
protein must be unfolded and inactivated to sustain the
amyloid scaffold (Morell et al., 2008) and, (II) although IBs
are assumed to be non-toxic entities, the release of toxic
oligomeric species from the IBs cannot be entirely ruled out.

Different research groups have made use of the coiled-coil fold
as a scaffold for the design of self-assembled protein
nanostructures (Wu and Collier, 2017). The coiled-coil
structure consists of two or more α-helices twisted around
each other in a parallel or anti-parallel orientation (Figure 1).
As conjectured by Crick in the 50’s (Crick, 1953), the sidechains
of the residues from the different helices interlock along the core
of the structure with a defined periodicity (heptad, hendecad, or
pentadecad repeats), creating a distinctive packing named the
“knobs-into-holes” (Lupas and Bassler, 2017; Lupas et al., 2017).
We know now that the coiled-coil fold comprises a vast diversity
of periodicities and structures, allowing to perform a wide range
of functions in nature (Truebestein and Leonard, 2016) and
opening the avenue for the design of bioinspired
nanomaterials such as nanotubes (Xu et al., 2013), nanocages
(Ljubetič et al., 2017) and vaccines (Morris et al., 2019).

In this context, the use of the coiled-coil motif as IB-tag might
allow avoiding the caveats of β-sheet enriched IBs, since the
assembly of these α-helical structures is not expected to impact
the fold of the adjacent proteins or result in potentially toxic
species. The first coiled-coil domain used to obtain functional IBs

FIGURE 1 | Structural building blocks of amyloid based and coiled-coil based IBs. Schematic representation of cross-β-sheet (red, according to PDB: 5OQV) and
coiled-coil (blue, according to PDB: 2JEE) structures. They intend to illustrate the kind of scaffolds sustaining amyloid and coiled-coil based IBs.
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was the tetramerization domain of the cell surface protein
tetrabrachion (TDoT) of Staphylothermus marinus, a right-
handed and parallel tetramer consisting of an 11-residues
repeat, which has been extensively exploited for building up
catalytic IBs (Stetefeld et al., 2000; Diener et al., 2016; Kloss
et al., 2018a, Kloss et al., 2018b; Jäger et al., 2018, Jäger et al., 2019;
Lamm et al., 2020). Another coiled-coil domain employed to
create catalytically-active IBs was 3HAMP, derived from the
oxygen sensor protein Aer2 of Pseudomonas aeruginosa (Kloss
et al., 2018a; Jäger et al., 2019). This domain consists of a
homodimeric structure formed by two parallel monomers
harboring three successive helical regions connected by flexible
linkers (Airola et al., 2010). More recently, Garcia-Fruitós and
coworkers reported using two leucine zippers (Jun and Fos) as IB-
tags to produce fluorescent and antimicrobial IBs with
remarkable specific activity (Roca-Pinilla et al., 2020a; Roca-
Pinilla et al., 2020b). Without any doubt, these α-helical tags
can be used to form active IBs; however, except for Jun and Fos,
the biophysical properties of the IBs were not characterized in
detail, and the preservation of the native α-helical structure in the
final assembly could not be corroborated.

To provide a suitable coiled-coil tag that preserves its native
structure when embedded in IBs, our group performed a
computational analysis of the biophysical properties of
different IB-tags and selected the ZapB protein, a non-essential
factor involved in the cell division process of E. coli (Ebersbach
et al., 2008), as an optimal candidate for obtaining coiled-coil
inspired IBs. ZapB is a homodimeric and anti-parallel coiled-coil
domain able to self-assemble in vivo, and therefore, it allows the

production of α-helix-rich IBs when fused to a target protein, as
demonstrated by circular dichroism and Fourier transformed
infrared spectroscopy (Gil-Garcia et al., 2020). ZapB was fused to
two different fluorescent proteins in our study, obtaining active
and biocompatible nanoparticles displaying native-like
fluorescent spectra and devoid of any amyloid character. As
intended, these IBs were significantly more active than their
amyloid-like IBs counterparts, indicating that the amount of
inactivated target protein within ZapB-based IBs is low.

Although further biophysical studies of other coiled-coil-
based IBs are needed to ascertain the generic non-amyloid
character of these nanoparticles, the collected data suggest that
this new class of IB-tags might substitute aggregation-prone
sequences as a strategy for the production of high-quality
functional IBs.

BIOMEDICAL AND BIOTECHNOLOGICAL
APPLICATIONS OF FUNCTIONAL IBS: IS
THERE ROOM FOR IMPROVEMENT?
From a biotechnological point of view, IBs can be used as a source
of pure and active protein, since the functional target protein can
be easily isolated using mild-solubilization methods (for example,
using low concentrations of organic solvents or alkaline pH)
(Singh et al., 2015; Singhvi et al., 2020) (Figure 2). A more
industry-oriented application of functional IBs is their use as
reusable biocatalysts. Enzyme immobilization is a common
strategy for improving the stability, enantioselectivity, and

FIGURE 2 | Biotechnological and biomedical applications of functional IBs. Functional IBs can be exploited for biotechnological purposes as a source of pure and
active protein and as reusable and immobilized catalysts. Regarding their use in biomedical applications, IBs can act as targeted-nanopills, as biocompatible scaffolds for
tissue engineering, as immunostimulants to act against lethal infections or as antimicrobial agents.
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reusability of enzymes and the easy isolation of the reaction
product (Mohamad et al., 2015). In this context, catalytic IBs
fulfill the requirements of enzyme immobilization strategies,
acting as porous and highly stable enzymatic reactors that can
be separated from the reaction mixture by simple centrifugation
(Figure 2). The use of catalytically active-IBs has been
demonstrated for a wide range of different enzymes such as
oxidases, reductases, and synthases, among others (Jäger et al.,
2020), and different studies have reported striking recyclability
for catalytic IBs (Koszagova et al., 2018), together with higher
stability and activity under harsh conditions, like extreme pHs or
the presence of organic solvents, than their soluble counterparts
(Diener et al., 2016; Kloss et al., 2018a).

Apart from their biotechnological applications, IBs have been
successfully applied in biomedicine acting as functional scaffolds
in tissue engineering (García-Fruitós et al., 2010; Seras-Franzoso
et al., 2013; Tatkiewicz et al., 2013), as targeted-delivery agents
(Vázquez et al., 2012; Unzueta et al., 2018; Céspedes et al., 2019;
Pesarrodona et al., 2019), or as immunostimulants (Schetters
et al., 2020; Thwaite et al., 2018; Torrealba et al., 2016a, Torrealba
et al., 2016b).

With regard to their application in tissue engineering, it has
been demonstrated that the decoration of surfaces using IBs
provides a mechanotransduction-mediated stimulation of cell
adhesion and proliferation (via activation of the ERK pathway)
(Seras-Franzoso et al., 2012) (Figure 2). This proliferative effect
can also be achieved by the release of functional protein from IBs,
as demonstrated for fibroblast growth factor-2 (Seras-Franzoso
et al., 2014), with IB-decorated surfaces acting not only as a
material to which cells can attach but also as proactive delivery
agents. This property resembles that of the endocrine secretory
granules, which store hormones in an amyloid-like conformation
(Maji et al., 2009). Villaverde and coworkers have exploited this
IBs property for delivering proteins to tumors, arresting their
growth in mouse models of human colorectal (Céspedes et al.,
2019) and breast (Pesarrodona et al., 2019) cancer (Figure 2).
These IBs are constituted by a specific ligand for the CXCR4
receptor (overexpressed in metastatic cancer cells) and the PE24
toxin from Pseudomonas aeruginosa, or alternatively, by a specific
ligand for the CD44 receptor and two anti-tumoral proteins, p31
and Omomyc.

Another intriguing biomedical application of functional
IBs is the modulation of the immune system to fight lethal
infections. IBs composed of cytokines such as TNFα displayed
a prophylactic effect in zebrafish, protecting from infection
by the pathogen Pseudomonas aeruginosa. This strategy
overcomes the limitations associated with the low stability and
short half-life of soluble cytokines (Torrealba et al., 2016a)
(Figure 2).

Finally, the IBs technology can be exploited for the production
of protein-based nanoparticles displaying antimicrobial
activities. In this way, Roca-Pinilla et al. have been successful
in the production of IBs composed of an antimicrobial
polypeptide that combines different functional moieties, active
against diverse Gram-negative and Gram-positive bacteria,
including some multi-resistant strains (Roca-Pinilla et al.,
2020b) (Figure 2).

The higher specific activity displayed by proteins when they
are embedded in coiled-coil-based IBs allows forecasting that this
type of assemblies would turn useful for biomedical applications,
although their applicability in this context remains to be explored.
First, the largest proportion of folded and active protein in these
assemblies should permit reducing the critical concentrations for
in vivo administration and the production costs. Additionally,
lower doses would diminish undesired side effects, which,
together with the lack of significant intrinsic toxicity
demonstrated for coiled-coil based nanoparticles (Utterström
et al., 2021), would make α-helix-rich IBs safer protein
nanoparticles, mainly because they are expected to be devoid
of potentially toxic β-sheet sustained conformations. Finally,
because the native-like intermolecular interactions sustaining
coiled-coil IBs are expected to be less robust than the strong
amyloid-like contacts that glue β-sheet IBs (Carrió et al., 2005),
these nanoparticles could display a higher release-efficiency upon
their administration. However, an excessive release might be a
drawback for their use as biocatalytic nanoparticles since it can
negatively impact the product’s purity and limit their
recyclability.

CONCLUSIONS AND PERSPECTIVES

Initially considered waste products, IBs have opened as bio-nano-
technologically relevant tools for a plethora of applications. The
use of aggregation-inducing tags has allowed obtaining the
desired target protein in an assembled state, independently of
the protein identity, structure, or aggregation propensity.

In the last years, different strategies such as the use of
lipopolysaccharide (LPS)-free bacterial strains have been
implemented to create safe IBs devoid of bacterial toxic or
immunocompromising components (Rueda et al., 2014; Gifre-
Renom et al., 2018; Carratalá et al., 2021). An alternative to solve
this problem is creating artificial IBs (ArtIBs) by assembling
purified and initially soluble protein as IBs employing cell-free
methods, such as the coordination of His-tags to divalent cations
(Sánchez et al., 2020; Serna et al., 2020).

Considering the advantages of coiled-coil based-IBs and
ArtIBs, we envision a promising avenue for the generation of
a new class of functional IBs by mixing these two concepts since it
has been demonstrated that the assembly of different coiled-coil
proteins is dependent on the presence of divalent cations (Cristie-
David and Marsh, 2019). In this way, a next generation of
functional IBs can be potentially generated by creating ArtIBs
assembled via coiled-coil interactions. On the one hand, the
relatively high surface contact in this motif should render
these nanoparticles highly stable, whereas the dependence on
cations presence to keep their assembled state would allow tight
and reversible control of their nanostructure.

All in all, the use of IBs as active nanoparticles is an emerging
field that will continue cost-effectively providing new and unique
applications, without the need for complex and harsh chemical
reactions to assemble their active components; this
environmentally friendly character is yet another advantage of
this simple but effective technology.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org August 2021 | Volume 9 | Article 7340685

Gil-Garcia and Ventura α-Helical Inclusion Bodies

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


AUTHOR CONTRIBUTIONS

MG-G and SV wrote and revised the manuscript.

FUNDING

This work was funded by the Spanish Ministry of Economy and
Competitiveness (BIO2016-78310-R) and by the Spanish

Ministry of Science and Innovation (PID2019-105017RB-I00)
to SV and by ICREA, ICREA-Academia 2015 and 2020 to SV.
MG-G was supported by the Spanish Ministry of Science and
Innovation via a doctoral grant (FPU16/02465).

ACKNOWLEDGMENTS

Figure 2 was created with Biorender.com.

REFERENCES

Airola, M. V., Watts, K. J., Bilwes, A. M., and Crane, B. R. (2010). Structure of
Concatenated HAMPDomains Provides aMechanism for Signal Transduction.
Structure 18, 436–448. doi:10.1016/j.str.2010.01.013

Arié, J.-P., Miot, M., Sassoon, N., and Betton, J.-M. (2006). Formation of Active
Inclusion Bodies in the Periplasm ofEscherichia Coli. Mol. Microbiol. 62,
427–437. doi:10.1111/j.1365-2958.2006.05394.x

Baneyx, F., and Mujacic, M. (2004). Recombinant Protein Folding and Misfolding
in Escherichia coli. Nat. Biotechnol. 22, 1399–1408. doi:10.1038/nbt1029

Calcines-Cruz, C., Olvera, A., Castro-Acosta, R. M., Zavala, G., Alagón, A.,
Trujillo-Roldán, M. A., et al. (2018). Recombinant-phospholipase A2
Production and Architecture of Inclusion Bodies Are Affected by pH in
Escherichia coli. Int. J. Biol. Macromol. 108, 826–836. doi:10.1016/
j.ijbiomac.2017.10.178

Cano-Garrido, O., Rodríguez-Carmona, E., Díez-Gil, C., Vázquez, E., Elizondo, E.,
Cubarsi, R., et al. (2013). Supramolecular Organization of Protein-Releasing
Functional Amyloids Solved in Bacterial Inclusion Bodies. Acta Biomater. 9,
6134–6142. doi:10.1016/j.actbio.2012.11.033

Carratalá, J. V., Gifre-Renom, L., Roca-Pinilla, R., Villaverde, A., Arís, A., Garcia-
Fruitós, E., et al. (2021). Selecting Subpopulations of High-Quality Protein
Conformers Among Conformational Mixtures of Recombinant Bovine MMP-9
Solubilized from Inclusion Bodies. Int. J. Mol. Sci. 22, 3020. doi:10.3390/
ijms22063020

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

Castellanos-Mendoza, A., Castro-Acosta, R. M., Olvera, A., Zavala, G., Mendoza-
Vera, M., García-Hernández, E., et al. (2014). Influence of pH Control in the
Formation of Inclusion Bodies during Production of Recombinant
Sphingomyelinase-D in Escherichia coli. Microb. Cel Fact 13, 137.
doi:10.1186/s12934-014-0137-9

Castillo, V., Graña-Montes, R., and Ventura, S. (2011). The Aggregation Properties
of Escherichia coli Proteins Associated with Their Cellular Abundance.
Biotechnol. J. 6, 752–760. doi:10.1002/biot.201100014

Céspedes, M. V., Cano-Garrido, O., Álamo, P., Sala, R., Gallardo, A., Serna, N., et al.
(2019). Engineering Secretory Amyloids for Remote and Highly Selective
Destruction of Metastatic Foci. Adv. Mater. 32, 1907348–1907349.
doi:10.1002/adma.201907348

Choi, S.-L., Lee, S. J., Ha, J.-S., Song, J. J., Rhee, Y. H., and Lee, S.-G. (2011).
Generation of Catalytic Protein Particles in Escherichia coli Cells Using the
Cellulose-Binding Domain from Cellulomonas Fimi as a Fusion Partner.
Biotechnol. Bioproc. E 16, 1173–1179. doi:10.1007/s12257-011-0336-8

Costa, S., Almeida, A., Castro, A., and Domingues, L. (2014). Fusion Tags for
Protein Solubility, Purification and Immunogenicity in Escherichia coli: the
Novel Fh8 System. Front. Microbiol. 5, 63. doi:10.3389/fmicb.2014.00063

Crick, F. H. C. (1953). The Packing of α-helices: Simple Coiled-Coils. Acta
Crystallogr. 6, 689–697. doi:10.1107/s0365110x53001964

Cristie-David, A. S., and Marsh, E. N. G. (2019). Metal-dependent Assembly of a
Protein Nano-cage. Protein Sci. 28, 1620–1629. doi:10.1002/pro.3676

Dasari, M., Espargaro, A., Sabate, R., Lopez del Amo, J. M., Fink, U., Grelle, G., et al.
(2011). Bacterial Inclusion Bodies of Alzheimer’s Disease β-Amyloid Peptides
Can Be Employed to Study Native-like Aggregation Intermediate States.
ChemBioChem 12, 407–423. doi:10.1002/cbic.201000602

De Groot, N. S., Aviles, F. X., Vendrell, J., and Ventura, S. (2006). Mutagenesis of
the central Hydrophobic Cluster in Abeta42 Alzheimer’s Peptide. Side-Chain
Properties Correlate with Aggregation Propensities. FEBS J. 273, 658–668.
doi:10.1111/j.1742-4658.2005.05102.x

de Groot, N. S., and Ventura, S. (2006). Effect of Temperature on Protein Quality in
Bacterial Inclusion Bodies. FEBS Lett. 580, 6471–6476. doi:10.1016/
j.febslet.2006.10.071

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

De Marco, A., Ferrer-Miralles, N., Garcia-Fruitós, E., Mitraki, A., Peternel, S.,
Rinas, U., et al. (2019). Bacterial Inclusion Bodies Are Industrially Exploitable
Amyloids. FEMS Microbiol. Rev. 43, 53–72. doi:10.1093/femsre/fuy038

Díaz-Caballero, M., Navarro, S., and Ventura, S. (2020). Soluble Assemblies in the
Fibrillation Pathway of Prion-Inspired Artificial Functional Amyloids Are
Highly Cytotoxic. Biomacromolecules 21, 2334–2345. doi:10.1021/
acs.biomac.0c00271

Diener, M., Kopka, B., Pohl, M., Jaeger, K.-E., and Krauss, U. (2016). Fusion of a
Coiled-Coil Domain Facilitates the High-Level Production of Catalytically
Active Enzyme Inclusion Bodies. ChemCatChem 8, 142–152. doi:10.1002/
cctc.201501001

Ebersbach, G., Galli, E., Møller-Jensen, J., Löwe, J., and Gerdes, K. (2008). Novel
Coiled-Coil Cell Division Factor ZapB Stimulates Z Ring Assembly and Cell
Division. Mol. Microbiol. 68, 720–735. doi:10.1111/j.1365-2958.2008.06190.x

García-Fruitós, E., González-Montalbán, N., Morell, M., Vera, A., Ferraz, R., Arís,
A., et al. (2005). Aggregation as Bacterial Inclusion Bodies Does Not Imply
Inactivation of Enzymes and Fluorescent Proteins. Microb. Cel Fact 4, 27.
doi:10.1186/1475-2859-4-27

García-Fruitós, E., Rodríguez-Carmona, E., Díez-Gil, C., Ferraz, R. M., Vázquez, E.,
Corchero, J. L., et al. (2009). Surface Cell Growth Engineering Assisted by a
Novel Bacterial Nanomaterial. Adv. Mater. 21, 4249–4253. doi:10.1002/
adma.200900283

García-Fruitós, E., Seras-Franzoso, J., Vazquez, E., and Villaverde, A. (2010).
Tunable Geometry of Bacterial Inclusion Bodies as Substrate Materials for
Tissue Engineering. Nanotechnology 21, 205101. doi:10.1088/0957-4484/21/20/
205101

García-Fruitós, E., Vázquez, E., Díez-Gil, C., Corchero, J. L., Seras-Franzoso, J.,
Ratera, I., et al. (2012). Bacterial Inclusion Bodies: Making Gold from Waste.
Trends Biotechnol. 30, 65–70. doi:10.1016/j.tibtech.2011.09.003

Gifre-Renom, L., Cano-Garrido, O., Fàbregas, F., Roca-Pinilla, R., Seras-Franzoso,
J., Ferrer-Miralles, N., et al. (2018). A New Approach to Obtain Pure and Active
Proteins from Lactococcus Lactis Protein Aggregates. Sci. Rep. 8, 13917.
doi:10.1038/s41598-018-32213-8

Gil-Garcia, M., Bañó-Polo, M., Varejão, N., Jamroz, M., Kuriata, A., Díaz-
Caballero, M., et al. (2018). Combining Structural Aggregation Propensity
and Stability Predictions to Redesign Protein Solubility. Mol. Pharma. 15,
3846–3859. doi:10.1021/acs.molpharmaceut.8b00341

Gil-Garcia, M., Navarro, S., and Ventura, S. (2020). Coiled-coil Inspired Functional
Inclusion Bodies. Microb. Cel Fact 19, 1–16. doi:10.1186/s12934-020-01375-4

Jäger, V. D., Kloss, R., Grünberger, A., Seide, S., Hahn, D., Karmainski, T., et al.
(2019). Tailoring the Properties of (Catalytically)-active Inclusion Bodies.
Microb. Cel Fact 18, 1–20. doi:10.1186/s12934-019-1081-5

Jäger, V. D., Lamm, R., Kloß, R., Kaganovitch, E., Grünberger, A., Pohl, M., et al.
(2018). A Synthetic Reaction Cascade Implemented by Colocalization of Two
Proteins within Catalytically Active Inclusion Bodies. ACS Synth. Biol. 7,
2282–2295. doi:10.1021/acssynbio.8b00274

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org August 2021 | Volume 9 | Article 7340686

Gil-Garcia and Ventura α-Helical Inclusion Bodies

http://Biorender.com
https://doi.org/10.1016/j.str.2010.01.013
https://doi.org/10.1111/j.1365-2958.2006.05394.x
https://doi.org/10.1038/nbt1029
https://doi.org/10.1016/j.ijbiomac.2017.10.178
https://doi.org/10.1016/j.ijbiomac.2017.10.178
https://doi.org/10.1016/j.actbio.2012.11.033
https://doi.org/10.3390/ijms22063020
https://doi.org/10.3390/ijms22063020
https://doi.org/10.1016/j.jmb.2005.02.030
https://doi.org/10.1186/s12934-014-0137-9
https://doi.org/10.1002/biot.201100014
https://doi.org/10.1002/adma.201907348
https://doi.org/10.1007/s12257-011-0336-8
https://doi.org/10.3389/fmicb.2014.00063
https://doi.org/10.1107/s0365110x53001964
https://doi.org/10.1002/pro.3676
https://doi.org/10.1002/cbic.201000602
https://doi.org/10.1111/j.1742-4658.2005.05102.x
https://doi.org/10.1016/j.febslet.2006.10.071
https://doi.org/10.1016/j.febslet.2006.10.071
https://doi.org/10.1371/journal.pone.0009383
https://doi.org/10.1093/femsre/fuy038
https://doi.org/10.1021/acs.biomac.0c00271
https://doi.org/10.1021/acs.biomac.0c00271
https://doi.org/10.1002/cctc.201501001
https://doi.org/10.1002/cctc.201501001
https://doi.org/10.1111/j.1365-2958.2008.06190.x
https://doi.org/10.1186/1475-2859-4-27
https://doi.org/10.1002/adma.200900283
https://doi.org/10.1002/adma.200900283
https://doi.org/10.1088/0957-4484/21/20/205101
https://doi.org/10.1088/0957-4484/21/20/205101
https://doi.org/10.1016/j.tibtech.2011.09.003
https://doi.org/10.1038/s41598-018-32213-8
https://doi.org/10.1021/acs.molpharmaceut.8b00341
https://doi.org/10.1186/s12934-020-01375-4
https://doi.org/10.1186/s12934-019-1081-5
https://doi.org/10.1021/acssynbio.8b00274
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Jäger, V. D., Lamm, R., Küsters, K., Ölçücü, G., Oldiges, M., Jaeger, K.-E., et al.
(2020). Catalytically-active Inclusion Bodies for Biotechnology-General
Concepts, Optimization, and Application. Appl. Microbiol. Biotechnol. 104,
7313–7329. doi:10.1007/s00253-020-10760-3

Jevševar, S., Gaberc-Porekar, V., Fonda, I., Podobnik, B., Grdadolnik, J., and
Menart, V. (2005). Production of Nonclassical Inclusion Bodies from Which
Correctly Folded Protein Can Be Extracted. Biotechnol. Prog. 21, 632–639.
doi:10.1021/bp0497839

Jong, W. S. P., Ten Hagen-Jongman, C. M., Vikström, D., Dontje, W., Abdallah, A.
M., de Gier, J.-W., et al. (2019). Mutagenesis-Based Characterization and
Improvement of a Novel Inclusion Body Tag. Front. Bioeng. Biotechnol. 7,
442. doi:10.3389/fbioe.2019.00442

Jong,W. S. P., Vikström, D., Houben, D., van den Berg van Saparoea, H. B., de Gier,
J.-W., and Luirink, J. (2017). Application of an E. coli Signal Sequence as a
Versatile Inclusion Body Tag.Microb. Cel Fact 16, 50. doi:10.1186/s12934-017-
0662-4

Kloss, R., Karmainski, T., Jäger, V. D., Hahn, D., Grünberger, A., Baumgart, M.,
et al. (2018a). Tailor-made Catalytically Active Inclusion Bodies for Different
Applications in Biocatalysis. Catal. Sci. Technol. 8, 5816–5826. doi:10.1039/
c8cy01891j

Kloss, R., Limberg, M. H., Mackfeld, U., Hahn, D., Grünberger, A., Jäger, V. D.,
et al. (2018b). Catalytically Active Inclusion Bodies of L-Lysine Decarboxylase
from E. coli for 1,5-diaminopentane Production. Sci. Rep. 8, 1–11. doi:10.1038/
s41598-018-24070-2

Koszagova, R., Krajcovic, T., Palencarova-Talafova, K., Patoprsty, V., Vikartovska,
A., Pospiskova, K., et al. (2018). Magnetization of Active Inclusion Bodies:
Comparison with Centrifugation in Repetitive Biotransformations.Microb. Cel
Fact 17, 139. doi:10.1186/s12934-018-0987-7

Krauss, U., Jäger, V. D., Diener, M., Pohl, M., and Jaeger, K.-E. (2017).
Catalytically-active Inclusion Bodies-Carrier-free Protein Immobilizates for
Application in Biotechnology and Biomedicine. J. Biotechnol. 258, 136–147.
doi:10.1016/j.jbiotec.2017.04.033

Lamm, R., Jäger, V. D., Heyman, B., Berg, C., Cürten, C., Krauss, U., et al. (2020).
Detailed Small-Scale Characterization and Scale-Up of Active YFP Inclusion
Body Production with Escherichia coli Induced by a Tetrameric Coiled Coil
Domain. J. Biosci. Bioeng. 129, 730–740. doi:10.1016/j.jbiosc.2020.02.003

Ljubetič, A., Lapenta, F., Gradišar, H., Drobnak, I., Aupič, J., Strmšek, Ž., et al.
(2017). Design of Coiled-Coil Protein-Origami Cages that Self-Assemble In
Vitro and In Vivo. Nat. Biotechnol. 35, 1094–1101. doi:10.1038/nbt.3994

Luo, J., Leeman, M., Ballagi, A., Elfwing, A., Su, Z., Janson, J.-C., et al. (2006). Size
Characterization of green Fluorescent Protein Inclusion Bodies in E. coli Using
Asymmetrical Flow Field-Flow Fractionation-Multi-Angle Light Scattering.
J. Chromatogr. A 1120, 158–164. doi:10.1016/j.chroma.2005.11.048

Lupas, A. N., and Bassler, J. (2017). Coiled Coils - A Model System for the 21st
Century. Trends Biochem. Sci. 42, 130–140. doi:10.1016/j.tibs.2016.10.007

Lupas, A. N., Bassler, J., and Dunin-Horkawicz, S. (2017). “The Structure and
Topology of α-Helical Coiled Coils,” in Fibrous Proteins: Structures and
Mechanisms. Editors D. A. D. Parry and J. M. Squire (Cham: Springer
International Publishing), 95–129. doi:10.1007/978-3-319-49674-0_4

Maji, S. K., Perrin, M. H., Sawaya, M. R., Jessberger, S., Vadodaria, K., Rissman, R. A.,
et al. (2009). Functional Amyloids as Natural Storage of Peptide Hormones in
Pituitary Secretory Granules. Science 325, 328–332. doi:10.1126/science.1173155

Margreiter, G., Messner, P., Caldwell, K. D., and Bayer, K. (2008). Size
Characterization of Inclusion Bodies by Sedimentation Field-Flow
Fractionation. J. Biotechnol. 138, 67–73. doi:10.1016/j.jbiotec.2008.07.1995

Mohamad, N. R., Marzuki, N. H. C., Buang, N. A., Huyop, F., and Wahab, R. A.
(2015). An Overview of Technologies for Immobilization of Enzymes and
Surface Analysis Techniques for Immobilized Enzymes. Biotechnol. Biotechnol.
Equip. 29, 205–220. doi:10.1080/13102818.2015.1008192

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 Mol. Cel Res. 1783,
1815–1825. doi:10.1016/j.bbamcr.2008.06.007

Morris, C., Glennie, S. J., Lam, H. S., Baum, H. E., Kandage, D., Williams, N. A.,
et al. (2019). A Modular Vaccine Platform Combining Self-Assembled Peptide
Cages and Immunogenic Peptides. Adv. Funct. Mater. 29, 1807357.
doi:10.1002/adfm.201807357

Nahalka, J., and Nidetzky, B. (2007). Fusion to a Pull-Down Domain: a Novel
Approach of producingTrigonopsis variabilisD-Amino Acid Oxidase as
Insoluble Enzyme Aggregates. Biotechnol. Bioeng. 97, 454–461. doi:10.1002/
bit.21244

Park, S.-Y., Park, S.-H., and Choi, S.-K. (2012). Active Inclusion Body Formation
Using Paenibacillus Polymyxa PoxB as a Fusion Partner in Escherichia coli.
Anal. Biochem. 426, 63–65. doi:10.1016/j.ab.2012.04.002

Pesarrodona, M., Jauset, T., Díaz-Riascos, Z. V., Sánchez-Chardi, A., Beaulieu, M.
E., Seras-Franzoso, J., et al. (2019). Targeting Antitumoral Proteins to Breast
Cancer by Local Administration of Functional Inclusion Bodies. Adv. Sci. 6,
1900849. doi:10.1002/advs.201900849

Peternel, Š., Grdadolnik, J., Gaberc-Porekar, V., and Komel, R. (2008). Engineering
Inclusion Bodies for Non Denaturing Extraction of Functional Proteins.
Microb. Cel Fact 7, 34. doi:10.1186/1475-2859-7-34

Roberts, C. J. (2014). Therapeutic Protein Aggregation: Mechanisms, Design, and
Control. Trends Biotechnol. 32, 372–380. doi:10.1016/j.tibtech.2014.05.005

Roca-Pinilla, R., Fortuna, S., Natalello, A., Sánchez-Chardi, A., Ami, D., Arís, A.,
et al. (2020a). Exploring the Use of Leucine Zippers for the Generation of a New
Class of Inclusion Bodies for Pharma and Biotechnological Applications.
Microb. Cel Fact 19, 175. doi:10.1186/s12934-020-01425-x

Roca-Pinilla, R., López-Cano, A., Saubi, C., Garcia-Fruitós, E., and Arís, A. (2020b).
A New Generation of Recombinant Polypeptides Combines Multiple Protein
Domains for Effective Antimicrobial Activity. Microb. Cel Fact 19, 122.
doi:10.1186/s12934-020-01380-7

Rueda, F., Cano-Garrido, O., Mamat, U., Wilke, K., Seras-Franzoso, J., García-
Fruitós, E., et al. (2014). Production of Functional Inclusion Bodies in
Endotoxin-free Escherichia coli. Appl. Microbiol. Biotechnol. 98, 9229–9238.
doi:10.1007/s00253-014-6008-9

Rueda, F., Gasser, B., Sánchez-Chardi, A., Roldán, M., Villegas, S., Puxbaum, V.,
et al. (2016). Functional Inclusion Bodies Produced in the Yeast Pichia pastoris.
Microb. Cel Fact 15, 166. doi:10.1186/s12934-016-0565-9

Sanchez de Groot, N., Gomes, R. A., Villar-Pique, A., Babu, M. M., Coelho, A. V.,
and Ventura, S. (2015). Proteome Response at the Edge of Protein Aggregation.
Open Biol. 5, 140221. doi:10.1098/rsob.140221

Sánchez, J. M., López-Laguna, H., Álamo, P., Serna, N., Sánchez-Chardi, A., Nolan,
V., et al. (2020). Artificial Inclusion Bodies for Clinical Development. Adv. Sci.
7, 1902420. doi:10.1002/advs.201902420

Sanchez-Garcia, L., Martín, L., Mangues, R., Ferrer-Miralles, N., Vázquez, E., and
Villaverde, A. (2016). Recombinant Pharmaceuticals from Microbial Cells: a
2015 Update. Microb. Cel Fact 15, 33. doi:10.1186/s12934-016-0437-3

Schetters, S. T. T., Jong, W. S. P., Kruijssen, L. J. W., van den Berg van Saparoeavan
den, H. B., Engels, S., Unger, W. W. J., et al. (2020). Bacterial Inclusion Bodies
Function as Vehicles for Dendritic Cell-Mediated T Cell Responses. Cell Mol.
Immunol. 17, 415–417. doi:10.1038/s41423-019-0298-x

Seras-Franzoso, J., Díez-Gil, C., Vazquez, E., García-Fruitós, E., Cubarsi, R., Ratera,
I., et al. (2012). Bioadhesiveness and Efficient Mechanotransduction Stimuli
Synergistically provided by Bacterial Inclusion Bodies as Scaffolds for Tissue
Engineering. Nanomedicine 7, 79–93. doi:10.2217/nnm.11.83

Seras-Franzoso, J., Peebo, K., García-Fruitós, E., Vázquez, E., Rinas, U., and
Villaverde, A. (2014). Improving Protein Delivery of Fibroblast Growth
Factor-2 from Bacterial Inclusion Bodies Used as Cell Culture Substrates.
Acta Biomater. 10, 1354–1359. doi:10.1016/j.actbio.2013.12.021

Seras-Franzoso, J., Peebo, K., Luis Corchero, J., Tsimbouri, P. M., Unzueta, U.,
Rinas, U., et al. (2013). A Nanostructured Bacterial Bioscaffold for the Sustained
Bottom-Up Delivery of Protein Drugs. Nanomedicine 8, 1587–1599.
doi:10.2217/nnm.12.188

Serna, N., Cano-Garrido, O., Sánchez, J. M., Sánchez-Chardi, A., Sánchez-García,
L., López-Laguna, H., et al. (2020). Release of Functional Fibroblast Growth
Factor-2 from Artificial Inclusion Bodies. J. Control. Release 327, 61–69.
doi:10.1016/j.jconrel.2020.08.007

Singh, A., Upadhyay, V., Upadhyay, A. K., Singh, S. M., and Panda, A. K. (2015).
Protein Recovery from Inclusion Bodies of Escherichia coli Using Mild
Solubilization Process. Microb. Cel Fact 14, 41. doi:10.1186/s12934-015-
0222-8

Singhvi, P., Saneja, A., Srichandan, S., and Panda, A. K. (2020). Bacterial Inclusion
Bodies: A Treasure Trove of Bioactive Proteins. Trends Biotechnol. 38, 474–486.
doi:10.1016/j.tibtech.2019.12.011

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org August 2021 | Volume 9 | Article 7340687

Gil-Garcia and Ventura α-Helical Inclusion Bodies

https://doi.org/10.1007/s00253-020-10760-3
https://doi.org/10.1021/bp0497839
https://doi.org/10.3389/fbioe.2019.00442
https://doi.org/10.1186/s12934-017-0662-4
https://doi.org/10.1186/s12934-017-0662-4
https://doi.org/10.1039/c8cy01891j
https://doi.org/10.1039/c8cy01891j
https://doi.org/10.1038/s41598-018-24070-2
https://doi.org/10.1038/s41598-018-24070-2
https://doi.org/10.1186/s12934-018-0987-7
https://doi.org/10.1016/j.jbiotec.2017.04.033
https://doi.org/10.1016/j.jbiosc.2020.02.003
https://doi.org/10.1038/nbt.3994
https://doi.org/10.1016/j.chroma.2005.11.048
https://doi.org/10.1016/j.tibs.2016.10.007
https://doi.org/10.1007/978-3-319-49674-0_4
https://doi.org/10.1126/science.1173155
https://doi.org/10.1016/j.jbiotec.2008.07.1995
https://doi.org/10.1080/13102818.2015.1008192
https://doi.org/10.1016/j.bbamcr.2008.06.007
https://doi.org/10.1002/adfm.201807357
https://doi.org/10.1002/bit.21244
https://doi.org/10.1002/bit.21244
https://doi.org/10.1016/j.ab.2012.04.002
https://doi.org/10.1002/advs.201900849
https://doi.org/10.1186/1475-2859-7-34
https://doi.org/10.1016/j.tibtech.2014.05.005
https://doi.org/10.1186/s12934-020-01425-x
https://doi.org/10.1186/s12934-020-01380-7
https://doi.org/10.1007/s00253-014-6008-9
https://doi.org/10.1186/s12934-016-0565-9
https://doi.org/10.1098/rsob.140221
https://doi.org/10.1002/advs.201902420
https://doi.org/10.1186/s12934-016-0437-3
https://doi.org/10.1038/s41423-019-0298-x
https://doi.org/10.2217/nnm.11.83
https://doi.org/10.1016/j.actbio.2013.12.021
https://doi.org/10.2217/nnm.12.188
https://doi.org/10.1016/j.jconrel.2020.08.007
https://doi.org/10.1186/s12934-015-0222-8
https://doi.org/10.1186/s12934-015-0222-8
https://doi.org/10.1016/j.tibtech.2019.12.011
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Stetefeld, J., Kammerer, R. A., Jenny, M., Schulthess, T., Landwehr, R., and Engel, J.
(2000). Crystal Structure of a Naturally Occurring Parallel Right-Handed
Coiled Coil Tetramer. Nat. Struct. Biol. 7, 772–776. doi:10.1038/79006

Tartaglia, G. G., Pechmann, S., Dobson, C. M., and Vendruscolo, M. (2007).
Life on the Edge: a Link between Gene Expression Levels and Aggregation Rates
of Human Proteins. Trends Biochem. Sci. 32, 204–206. doi:10.1016/
j.tibs.2007.03.005

Tatkiewicz, W. I., Seras-Franzoso, J., García-Fruitós, E., Vazquez, E., Ventosa, N.,
Peebo, K., et al. (2013). Two-Dimensional Microscale Engineering of Protein-
Based Nanoparticles for Cell Guidance. ACS Nano 7, 4774–4784. doi:10.1021/
nn400907f

Thwaite, R., Ji, J., Torrealba, D., Coll, J., Sabés, M., Villaverde, A., et al. (2018).
Protein Nanoparticles Made of Recombinant Viral Antigens: A Promising
Biomaterial for Oral Delivery of Fish Prophylactics. Front. Immunol. 9, 1652.
doi:10.3389/fimmu.2018.01652

Tokatlidis, K., Dhurjati, P., Millet, J., Béguin, P., and Aubert, J.-P. (1991). High
Activity of Inclusion Bodies Formed in Escherichia coli Overproducing
Clostridium Thermocellum Endoglucanase D. FEBS Lett. 282, 205–208.
doi:10.1016/0014-5793(91)80478-l

Torrealba, D., Parra, D., Seras-Franzoso, J., Vallejos-Vidal, E., Yero, D., Gibert, I.,
et al. (2016a). Nanostructured Recombinant Cytokines: A Highly Stable
Alternative to Short-Lived Prophylactics. Biomaterials 107, 102–114.
doi:10.1016/j.biomaterials.2016.08.043

Torrealba, D., Seras-Franzoso, J., Mamat, U., Wilke, K., Villaverde, A., Roher, N.,
et al. (2016b). Complex Particulate Biomaterials as Immunostimulant-Delivery
Platforms. PloS one 11, e0164073. doi:10.1371/journal.pone.0164073

Truebestein, L., and Leonard, T. A. (2016). Coiled-coils: The Long and Short of it.
BioEssays 38, 903–916. doi:10.1002/bies.201600062

Unzueta, U., Cespedes, M. V., Sala, R., Alamo, P., Sánchez-Chardi, A.,
Pesarrodona, M., et al. (2018). Release of Targeted Protein Nanoparticles
from Functional Bacterial Amyloids: A Death star-like Approach.
J. Controlled Release 279, 29–39. doi:10.1016/j.jconrel.2018.04.004

Utterström, J., Naeimipour, S., Selegård, R., and Aili, D. (2021). Coiled Coil-Based
Therapeutics and Drug Delivery Systems. Adv. Drug Deliv. Rev. 170, 26–43.
doi:10.1016/j.addr.2020.12.012

Vázquez, E., Corchero, J. L., Burgueño, J. F., Seras-Franzoso, J., Kosoy, A., Bosser,
R., et al. (2012). Functional Inclusion Bodies Produced in Bacteria as Naturally
Occurring Nanopills for Advanced Cell Therapies. Adv. Mater. 24, 1742–1747.
doi:10.1002/adma.201104330

Vecchi, G., Sormanni, P., Mannini, B., Vandelli, A., Tartaglia, G. G., Dobson, C. M.,
et al. (2020). Proteome-wide Observation of the Phenomenon of Life on the
Edge of Solubility. Proc. Natl. Acad. Sci. USA 117, 1015–1020. doi:10.1073/
pnas.1910444117

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

Villar-Piqué, A., Espargaró, A., Sabaté, R., de Groot, N. S., and Ventura, S. (2012).
Using Bacterial Inclusion Bodies to Screen for Amyloid Aggregation Inhibitors.
Microb. Cel Fact 11, 55. doi:10.1186/1475-2859-11-55

Villaverde, A., Corchero, J. L., Seras-Franzoso, J., and Garcia-Fruitós, E. (2015).
Functional Protein Aggregates: Just the Tip of the Iceberg. Nanomedicine 10,
2881–2891. doi:10.2217/nnm.15.125

Villaverde, A., and Mar Carrió, M. (2003). Protein Aggregation in Recombinant
Bacteria: Biological Role of Inclusion Bodies. Biotechnol. Lett. 25, 1385–1395.
doi:10.1023/a:1025024104862

Walsh, G. (2018). Biopharmaceutical Benchmarks 2018. Nat. Biotechnol. 36,
1136–1145. doi:10.1038/nbt.4305

Wang, L., Maji, S. K., Sawaya, M. R., Eisenberg, D., and Riek, R. (2008). Bacterial
Inclusion Bodies Contain Amyloid-like Structure. Plos Biol. 6, e195.
doi:10.1371/journal.pbio.0060195

Wang, X., Zhou, B., Hu, W., Zhao, Q., and Lin, Z. (2015). Formation of Active
Inclusion Bodies Induced by Hydrophobic Self-Assembling Peptide GFIL8.
Microb. Cel Fact 14, 88. doi:10.1186/s12934-015-0270-0

Worrall, D. M., and Goss, N. H. (1989). The Formation of Biologically Active Beta-
Galactosidase Inclusion Bodies in Escherichia coli. Aust. J. Biotechnol. 3, 28–32.

Wu, W., Xing, L., Zhou, B., and Lin, Z. (2011). Active Protein Aggregates Induced
by Terminally Attached Self-Assembling Peptide ELK16 in Escherichia coli.
Microb. Cel Fact 10, 9. doi:10.1186/1475-2859-10-9

Wu, Y., andCollier, J. H. (2017). α-Helical Coiled-Coil PeptideMaterials for Biomedical
Applications. WIREs Nanomed. Nanobiotechnol. 9, e1424. doi:10.1002/wnan.1424

Xu, C., Liu, R., Mehta, A. K., Guerrero-Ferreira, R. C., Wright, E. R., Dunin-
Horkawicz, S., et al. (2013). Rational Design of Helical Nanotubes from Self-
Assembly of Coiled-Coil Lock Washers. J. Am. Chem. Soc. 135, 15565–15578.
doi:10.1021/ja4074529

Conflict of Interest: The 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Gil-Garcia and Ventura. 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 Bioengineering and Biotechnology | www.frontiersin.org August 2021 | Volume 9 | Article 7340688

Gil-Garcia and Ventura α-Helical Inclusion Bodies

https://doi.org/10.1038/79006
https://doi.org/10.1016/j.tibs.2007.03.005
https://doi.org/10.1016/j.tibs.2007.03.005
https://doi.org/10.1021/nn400907f
https://doi.org/10.1021/nn400907f
https://doi.org/10.3389/fimmu.2018.01652
https://doi.org/10.1016/0014-5793(91)80478-l
https://doi.org/10.1016/j.biomaterials.2016.08.043
https://doi.org/10.1371/journal.pone.0164073
https://doi.org/10.1002/bies.201600062
https://doi.org/10.1016/j.jconrel.2018.04.004
https://doi.org/10.1016/j.addr.2020.12.012
https://doi.org/10.1002/adma.201104330
https://doi.org/10.1073/pnas.1910444117
https://doi.org/10.1073/pnas.1910444117
https://doi.org/10.1016/j.tibtech.2006.02.007
https://doi.org/10.1186/1475-2859-11-55
https://doi.org/10.2217/nnm.15.125
https://doi.org/10.1023/a:1025024104862
https://doi.org/10.1038/nbt.4305
https://doi.org/10.1371/journal.pbio.0060195
https://doi.org/10.1186/s12934-015-0270-0
https://doi.org/10.1186/1475-2859-10-9
https://doi.org/10.1002/wnan.1424
https://doi.org/10.1021/ja4074529
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Coiled-Coil Based Inclusion Bodies and Their Potential Applications
	Introduction
	Protein Inclusion Bodies as an Unexpected Source of Active Protein
	The Use of IB-Tags as a Smart Strategy for Obtaining Cost-Effective and Ready-To-Use Functional IBs
	Coiled-Coil Domains as Scaffolds for the Creation of Highly Functional IBs
	Biomedical and Biotechnological Applications of Functional IBs: Is There Room for Improvement?
	Conclusions and Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References


