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Introduction

Biological life is possible mainly thanks to the combined action of organic
molecules such as carbohydrates, lipids and proteins that carry out essential functions
supporting organisms existence. Among them, proteins are probably the most complex
and interesting macromolecules due to the immense number of activities they can
develop. It is well known the key role that proteins play in all living organisms even if a
high amount of them remain still undiscovered or their biological significance
unidentified. Proteins are responsible for the metabolic reactions carried out within the
cells, are structural components, take part in the signaling process, are involved in the
respiratory chain, are the motor of cell movement in both unicellular and pluricellular
organisms and form the basis of the immune system, just to mention some of their
functions. Thus, proteins have a great deal of importance regarding the good
performance of any organism. In fact, the lack of a specific protein, the failure in
reaching its proper structure or the misregulation of its activity can derive in many cases
in disease. Some examples of protein-linked diseases are: cystic fibrosis, diabetes,
Alzheimer or Parkinson.

In this scenario it is obvious the interest that the protein universe rise for
biotechnological and biomedical applications. Many protein activities have been proved
extremely useful for industry. From diary1 to mining industry® we can find examples of
processes carried out by purified enzymes, proteins acting as catalysers of a specific
reaction, or microorganisms, pointing out that there are enzymes within the
microorganisms which are responsible for the mentioned reaction. Industry has been
largely benefited by the stereoselectivity and substrate specificity of enzymes as well as
by the ability of proteins for performing reactions in friendlier conditions than the ones
provided by classical chemistry, improving in most of the cases the safety of the process
and reducing the amount of possible hazardous by-products. But also, proteins have
been considered the final product themselves; such is the case of lipases and other
enzymes that we commonly find in detergents>.

In the medical field we can find examples of proteins with a high relevance in
human health too. In this regard many proteins have been successfully marketed such as
insulin, cytokines, interferon and immunoglobulins with many uses in disease treatment,

diagnosis processes and research of new treatments.
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1. Protein synthesis and folding

Protein synthesis occurs in ribosomes by the combination of 20 amino acids
linked through the formation of peptide bonds. The sequence of amino acids or
polypeptide chain can differ in length and composition and represents the primary
structure of the forming protein. However, this chain needs to be folded to achieve its
three dimensional (3D) structure and thus protein functionality.

A completely folded protein shows several levels of structural complexity being
the unfolded protein the simplest one. We also find secondary structure in which inter-
residue interactions are established conferring a certain degree of stability, among the
most common secondary structures found in proteins are a-helix and B-sheet. Then,
these structures are organized and maintained in a stable 3D structure by disulphide
bonds, ionic bonds, hydrophobic interactions, hydrogen bonds and Van der Waals forces
within the amino acids of the protein backbone resulting in tertiary structure. An extra
level of complexity appears when, in order to carry out its biological activity, a protein
needs to interact with other proteins or subunits; these complexes constitute the
qguaternary structure. However, protein folding shouldn’t be seen as a sequential
pathway, in which a predetermined series of interactions and transitional structures
must occur before reaching the native conformation rather than as a unique process in
which different type of interactions guide the polypeptide chain to a functional 3D
structure.

To better understand how protein folding takes place it is important to note that
all the information required for the proper protein folding is encoded within the amino
acid sequence”. However, so far the complexity of this process has not been elucidated.
It is known that proteins don’t fold randomly since the time required to try every
possible conformation till ending by chance into the native structure will be extremely
long>. The most accepted model to describe protein folding pathway combine the
formation of secondary structure, restricting the number of combinations in which
residues within the polypeptide chain could interact, and the hydrophobic collapse. The
last mentioned event is induced by interactions established between non-polar residues
that would situate themselves in the core of the protein, leaving in the external part the

most hydrophilic zones (molten globule state). Thus, a folding nucleus is created, around
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which the remainder structure condenses rapidly® ’. From a thermodynamic point of
view this process would lead unfolded protein through an energetic landscape till
arriving to a stable state where the free energy is the lowest (figure 1). This minimum
corresponds to the protein native structure. However, several depressions of free
energy could be found along the pathway, being more frequent the bigger and complex
is the folding protein. These transient minimums of free energy show the semi-stable

folding intermediates adopted by the polypeptide chain during its folding process®.

Semi-stable folding
intermediate

4

Native conformation

Free energy 4G

>

Number of native interactions and residue contacts
Figure 1 Schematic representation of the protein folding energetic landscape.

Nevertheless, due to the complexity of the folding process in which so diverse
variables intervene (including aminoacid sequence, environmental conditions, cell
metabolism or interaction with other proteins), not all the synthesized polypeptide
chains reach their native conformation. These protein species are known as misfolded
proteins. Misfolded species often expose on their surface hydrophobic patches that
should be situated in the core of the protein when they are in their native form. This
results in highly unstable molecules when they are placed in an agueous environment
such as the cell cytosolg. Thus, misfolded species will tend to bury their exposed
hydrophobic regions by the interaction between two or more misfolded proteins

through their hydrophobic patches originating protein aggregation. When protein
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aggregation occurs in recombinant bacteria, it results in amorphous protein deposits
named bacterial Inclusion bodies (IBs) (see section 3), but also eukaryotic cells can be
subjected to protein aggregation. In this case two different types of aggregates can be
formed, aggresomes in which misfolded proteins are deposited around the microtubule
organizing center and show similar morphology with IBs*® and amyloid fibrils. These
misfolded protein fibrils are composed by polypeptides that adopt B-sheet structure and
assembly in a fibril structure by the interaction of repetitive monomers, oriented

perpendicularly to the fibril axis, by hydrogen bonds*! (figure 2).

Misfolded protein "Cm ::_'E e

Native conformation

Amyloid fibril structure

Figure 2 Schematic representation of amyloid fibril formation.

Protein aggregation is one of the major bottlenecks in protein production
industry when using bacterial platforms as expression system, being Escherichia coli (E.
coli) the most exploited of them. This phenomenon causes great losses by either
reducing the amount of soluble protein obtained or increasing the production cost by
the need to implement complex and not always effective re-folding processes to return
misfolded species to their native structure. However, protein aggregation has a great
incidence also in disease. In human health, several pathologies have been found to be
related with amyloid fibrils or plaques formation such as Alzheimer, Parkinson,
Huntington and transmissible spongiform encephalopathies like mad cow disease, Kuru
disease or Creutzfeldt-Jakob disease’®. Nevertheless, it is believed that the pathogenic
form of the above mentioned diseases are the oligomer intermediates found in the

aggregation process rather than the mature fibril, which in fact could be acting as a
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resistance mechanism to avoid the free circulation of the toxic species. Moreover,
amyloid fibril formation is not always linked to protein misfolding. Some naturally
occurring proteins are shown to require amyloid fibril formation to achieve their native
and therefore biological active state. That is the case of Curli'®> and Chaplins*® proteins in
bacteria or some hormones in which secretion is done in form of amyloid aggregates

from which soluble protein is steady released™.
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2. Recombinant protein production

The development of recombinant genetics in the seventies provided the tools that
allowed engineering DNA sequences by copying, cutting and covalently linking small
fragments of DNA. These three actions were crucial for recombinant protein production
origin, since they made possible to introduce genes codifying for proteins of interest in
expression vectors and to synthetize the protein in a different system than the source
organism. This fact supposed the possibility of obtaining significant amounts of product
overcoming the low availability of protein in their natural environment and allowing
taking advantage of the huge spectrum of functions that these molecules can offer.
Thus, proteins could be produced and their biological activity exploited in sectors so
diverse such as the textile industry in which enzymes are used for instance to soften
cotton fabric or the human health where proteins are commonly applied for diagnosis
and treatment of many diseases.

Several factors play an important role in the success of recombinant protein
production being the choice of the producing organism the one which will determine the
subsequent strategy. Nowadays, it is possible to produce heterologous proteins in
microorganisms like bacteria, yeast or fungi, in insect cells, mammalian cells or even in
complex organisms like plants or animals. Despite the advantages offered by eukaryotic
cell cultures, it is important to note that the production process difficulty and therefore
its cost are proportional to the producing system complexity. However, protein
production vyield usually decrease while increasing the intricacy of the producing
platform.

Therefore, a priori, one would choose the simplest platform to perform
recombinant protein production. Nevertheless, it is important to consider the features
of the protein of interest, since production in lower organisms, like bacteria, is impaired
for the production of proteins requiring specific post-translational modifications to
achieve their biological activity. Among these modifications we can find glycosylations,
phosphorylations or the formation of disulfide bonds. In some cases it is possible to

overcome these barriers by using genetic engineered strains® (see section 2.2.2).
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However, these approaches are not always successful and in some cases the protein
production in complex systems cannot be avoided.

In summary even if some proteins can only be produced in a functional form in
biologically complex production systems, the first option to set a recombinant
production process are still microorganisms, mainly E. coli, due to its a priori high

protein production yield, growth speed, and low cost.

2.1 Protein production in £ coli

E. coli is a Gram-negative enterobacteria naturally found in the gut of warm
blood organisms. Being part of the normal intestinal flora, E. coli helps in preventing the
establishment of pathogenic organisms and providing vitamin K,'°. However, several
serotypes have been shown to be pathogenic, being one of the major causes of
foodborne disease®.

In the laboratory context, E. coli has been widely used and studied to elucidate
regulatory genetic networks, protein functions or to develop metabolism studies™® *°.
The extensive investigation of this model organism has provided a huge amount of tools
also applicable in recombinant protein production. Nowadays, it is available a wide
spectrum of cloning and protein expression vectors, efficient systems for the
introduction and manipulation of exogenous DNA as well as E. coli mutant strains,
optimized to carry out specific activities. In addition, the vast knowledge of E. coli
metabolism and physiology allows the optimization of the bacterial cell growing and

protein expression conditions, and also favors an efficient scaling-up of the process

when necessary.

2.2 Relevant factors in E. colirecombinant protein production.

Several factors have to be considered in order to establish an efficient protein
production strategy in E. coli, being crucial the choice of the expression vector as well as

the producing strain.

2.2.1 Vector

Vectors are the entities responsible of carrying and transfer genetic information

from one organism to another. In protein production are used to provide to the
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microbial cell factory with the gene encoding the protein of interest. The most common
vectors used for protein production in E. coli are plasmids, but other vectors can be
found such as phagemidszo. Bacterial plasmids are small circular extrachromosomal
double stranded DNA (dsDNA) molecules that replicate autonomously in the cell. They
are defined by several features or elements that will determine their utility.

Origin of replication (ori). The origin of replication is the sequence where
plasmid replication starts and will determine the plasmid number of copies. Depending
on the case it would be interesting to use either low or high copy number plasmids
(from one to several hundreds of molecules per cell). High copy number plasmids show
higher stability within the cell during cell division but, on the other hand, cells tend to
grow slower than the ones containing low copy number plasmids. In addition, ori also
define plasmid compatibility since two different plasmids sharing the same ori cannot
co-exist. This fact is particularly important for applications in which more than one
plasmid is required. Some commonly used ori in protein production are ColE1, p15A or
pMB12L.

Promoter: A promoter is a DNA region situated upstream of a gene
devoted to regulate the gene expression. It can be composed by more than one DNA
sequence. In bacteria, they are usually formed by two short DNA sequences (6-7
nucleotides) situated at -10 (Pribnow box) and at -35 from the transcription start site.
Pribnow is an evolutively conserved box essential in order to start the transcription
reaction. Nevertheless, this box exhibits a certain degree of plasticity regarding the
forming nucleotides. -35 sequence increase RNA polymerase transcription rate. The
variability between elements involved in the promoter structure as well as their
nucleotide composition allows this regulatory region to finely modulate gene expression
by changing the affinity of these sequences to RNA polymerase and transcription
factors. These factors also recognize the promoter and regulates transcription rate by
enhancing or blocking RNA polymerase recruitment?.

In protein production, in which usually high production yields are pursued, it is
common to use strong promoters to control the expression of the gene of interest,
achieving the amount of recombinant protein in some cases up to 30 % of the total
cellular protein?. In this context, it is important to note that most of the promoters used

in protein expression plasmids are inducible by an external agent or condition. That
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means one can control the exact moment to switch on protein expression. This external
control is crucial when the protein of interest is detrimental for the microbial host. In
addition, an ideal promoter for protein production should have a low level of basal
expression since an incomplete repression of the protein production could cause
plasmid instability or slower cell growth representing a decrease of the production yield.

At the laboratory scale and more precisely along this work, two common
promoters have been used for protein production and IB deposition, Ptrc and T7 RNA
polymerase promoter based system. Ptrc is a synthetic promoter formed by the
combination of the Tryptophan -35 region and LAC -10 region, it is a strong promoter
inducible by lactose and its analogues such as isopropyl-B-D-thiogalactopyranoside
(IPTG)**. pET expression plasmids are based in the T7 RNA polymerase and its promoter,
which exhibits high levels of protein expression. The gene of interest is placed in a
plasmid under control of the T7 RNA polymerase promoter and transformed to a specific
E. coli strain (DE3), containing in its chromosome the ADE3 prophage with the T7 RNA
polymerase gene under control of a lacUV5 promoter®. Thus, in presence of lactose or
IPTG, T7 RNA polymerase production is induced, which in turn transcribes the gene of
interest. Both promoters contain lac operators, so they are repressed in absence of
inducer.

However, despite these systems perform efficiently at the laboratory scale, it is
advisable to use other types of promoters in larger productions such as promoters
inducible by temperature (e.g Ap.)?* or inexpensive chemicals (e.g trp, pBAD)*® since
IPTG, despite being a strong inducer, it is expensive and could be toxic at high
concentrations.

Selection markers: Selection markers are genes placed in the plasmid
sequence which products confer to the cells containing these plasmids prevalence
against the ones who lack them. The most used selection markers in the laboratory are
genes conferring resistance to determined antibiotics such as ampicillin, kanamycin,
chloramphenicol or tetracycline. In industry the use of antibiotics is largely
contraindicated due to the prize and, depending on the product, the potential harm for
human health. In these cases gene selection by auxotrophies, extensively used in

27 . .
yeast?’, is more suitable.
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2.2.2 Strain

Nowadays thanks to the development of recombinant genetics it is available a
huge variety of engineered strains, each one of them devoted to carry out a specific
function. In this sense, the most common strains used for protein production are those
which allow overcoming one or more of the possible bottlenecks found along the
process. Some examples of E. coli strains are: BL21(DE3)? knock out for Lon and OmpT
proteases that may degrade the produced recombinant protein. In addition, the
presence of the prophage ADE3 enables the use of the T7 RNA polymerase system for
protein expression. Rosetta strain, which supplies through a pRARE plasmid several tRNA
for strange codons that often hinder the production of eukaryotic proteins in microbial
platforms. Origami strains, which are negative mutants for trx and gor genes providing
an oxidizing cytosol that favors the formation of disulfide bonds*® (see annex 1) and C41
(DE3) and €43 (DE3)*°, BL21 (DE3) derivatives that have been selected for their capacity
of expressing membrane proteins otherwise toxic for the host cell. Another interesting
example is the use of strains that reproduce the eukaryotic glycosylation pathway. In
this strategy the bacterial strain is engineered by introducing part of the eukaryotic
glycosylation set of genes31,

Besides, the possibility of easily modifying the E. coli genome, allows tailoring the
producing strains towards a desired field of study. Also, mutant strains for specific genes
can be obtained and used to produce proteins with unpredictable features®%. It is the
case of the K-12 derivatives, defective for DnaK, ClpA and ClpP protein quality
modulators, used in these work to obtain physico-chemically distinct bacterial inclusion

bodies (see annex 2).

2.3 Protein quality control network in £ coli

Protein synthesis and folding is a highly regulated process that can be
unbalanced by stress conditions such as high temperatures, strong induction of protein
synthesis or the presence of determined chemicals, among others. In such
circumstances is when the quality control machinery is more critical in order to prevent
protein misfolding and aggregation. Here is presented a summary of how this quality

control system works in E. coli, being one of the most studied model organisms and the
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first choice for recombinant protein production, process closely related with protein
misfolding and aggregation.

This machinery acts mainly by two pathways, trying to recover the proper
structure of misfolded polypeptide chains and destroying those misfolded proteins that
cannot be properly refold, and may represent a potential danger to the cell. The first
activity is accomplished by a type of proteins named chaperones while the proteolysis of
misfolded proteins is carried out by proteases (figure 3). However, these two activities
are not completely independent since in many cases chaperones can act cooperatively

with proteases by providing the misfolded protein in a proteolytic-competent state.

2.3.1 Chaperones

Chaperones are a family of structurally diverse and highly conserved proteins
devoted to assist proper protein folding. Despite being constitutively expressed to help
in the folding of newly synthesized polypeptides, many of them are up-regulated under
stress conditions such as an increase in the temperature. Due to its significant incidence
in the protein folding process, this family of temperature inducible chaperones has been
traditionally known as heat shock proteins (Hsps)*>.

Chaperones can be classified regarding activity in: folding, holding and
disaggregating chaperones.

Folding chaperones actively promote the folding of their substrates in an energy-
dependent manner, being ATP the molecule responsible of providing the required
energy. In E. coli there are three systems of folding chaperones: trigger factor**, Dnak-
Dnal-GrpE and GroEL-GroES®.

Holding chaperones maintain proteins partially folded preventing these
molecules from aggregating and providing the time to folding chaperones to carry out
their function. Some examples of holding chaperones are ibpA and ibpB>°.

Disaggregating chaperones are responsible of dissolving protein aggregates
when they occur. Once misfolded proteins are detached from the aggregate surface can
be directed either to refolding pathway or proteolysis. The most studied disaggregating

chaperone in E. coli is ClpB*’.
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2.3.2 Proteases

Proteases are the proteins in charge of degrading misfolded polypeptides. This
proteolytic process is an energy dependent reaction mediated by ATP in which soluble
but also aggregated misfolded species are destroyed, releasing the amino acids to be

reused by the cell. The most important proteases in E. coli are Lon>® and ClpP*.

G

- Nascent Polypeptide Folding intermediate
MNative Protein

2 ~ N\

Misfolded Protein

Aggregated Protein

Figure 3 Protein folding and misfolding pathway. Steps marked by green triangles indicate chaperone
favoured processes. Red triangles indicate polypeptide degradation mediated by proteases.
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3. Bacterial Inclusion Bodies (IBs)

Inclusion bodies are non-enveloped protein aggregates which are frequently
observed in microbial factories over-expressing heterologous protein®. At first, these
granules were thought to be protein deposits mainly formed by misfolded and therefore
inactive protein, thus they were considered as non-desired by-products of the
recombinant protein production process. Nowadays, this perception is changing thanks
to the steady comprehension increase of the physiology of these protein aggregates.
Currently, is largely accepted that IBs are able to retain a certain degree of biological

activity, depending mainly on the forming protein nature* 2

. Interestingly, we can find
examples such as B-galactosidase, in which IBs exhibit very similar specific activities than
their soluble equivalent43. Recent studies have also demonstrated that IB formation is
not apart from the cell protein quality control network, but closely related with folding
modulators* and proteases. Moreover, evidence provided by our and other groups
prompted the appearance of a new model that breaks the dogma by which protein
conformational quality is directly linked with protein solubility. In this model, proteins
present in either soluble or insoluble fraction are equally sensitive to be modulated in
terms of conformational quality®. This fact is extremely important, since allows
increasing IB protein conformational quality and therefore biological activity by changing
process variables such as protein production temperature®®. Thus, bacterial IBs have
passed in a lapse of 10 years from being regarded as waste by-products, due to their
supposed lack of biological activity, to be seen as biofunctional particles capable of
performing their biological activity and which production process can be engineered in

order to optimize the conformational quality of the resulting aggregates.

3.1 Origin and formation

Polypeptide deposition as IBs is mainly a direct consequence of protein
overproduction. In such situations, commonly observed during recombinant protein
production processes in which the use of strong promoters or high inducer
concentrations are regularly applied to achieve the highest production yields, protein

quality control network can become saturated by the exceeding amount of nascent
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polypeptides and misfolded proteins. Therefore, proteins in several folding states are
deposited in protein aggregates. These misfolded polypeptides expose hydrophobic
patches which interact to other exposed regions forming the insoluble particle47.
However, contrarily to what was believed, it has been proved that the aggregation in IBs
is a rather specific, plastic and dynamic process48. Thus, IB formation should be
understood as a balance between the self-assembly through stereospecific interactions
of misfolded or partially misfolded proteins around exclusive nucleation cores and the
release of solubilized and properly refolded proteins from the particle to the
environment. When the incorporation rate of polypeptides to the IBs is bigger than the
release, what happens under protein overproduction conditions, IB formation occurs. In
addition, the inverse transition is also possible. It is has been observed how in absence
of new protein synthesis, for instance, when protein synthesis is arrested by the addition
of chloramphenicol, IBs are resolubilized in few hours and a transition of polypeptides
from the insoluble to the soluble fraction is detected in terms of increasing the amount

4949 Thus IBs can be seen as

and biological activity of the protein present in the last one
a transient reservoir of protein in which the forming polypeptide can go from the
insoluble aggregate to the soluble fraction and viceversa.

From a physiological point of view, it has also been speculated that IB’s origin
could be the consequence of a protective mechanism of the host cells. Some studies
have revealed many resemblances between amyloid fibril formation and IB deposition,
being both rich in inter molecular B-sheet structure, exhibiting aggregation hot spots, a

052 " |n this

seeding-driven aggregation process and tropism for amyloids binding dyes
regard, it is plausible to think that, as it happens in amyloid aggregation diseases, IB
could be selectively recruiting and immobilizing soluble misfolded species or aggregation
intermediates. Being proved that the most harmful species are those with exposed
hydrophobic patches circulating through the cell, IB body formation could be the result

of a highly conserved protective strategy against misfolded protein derived damage™>.

3.2 IB structure

IB particles are found in the insoluble fraction of prokaryotic cells, usually
associated with a protein overexpression process, especially when these proteins are

from mammalian or viral origin. One, eventually two, IBs are produced per cell in a polar
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situation, showing a high refractivity under optic microscope. However, secreted
proteins can also aggregate forming IB placed in the periplasmic space™.
These particles are non-enveloped, porous and highly hydrated structures with

variable size between 50 nm to 2 pm>> *°

. IB size is determined by the combination of
several factors such as the producing protein sequence, the genetic background of the

host cell, or process variables like temperature or induction time among others. Once

56,57

purified, these aggregates commonly exhibit spherical or cylindrical morphology

e

nning electron

: . >
Figure 4 Purified VP1GFP IBs. A) Fluorescence microscopy image of VP1GFP IBs. B) Sca
microscopy (SEM) micrograph of VP1GFP IBs.

Due to the stereo-specificity of the IB deposition, these particles result in highly
pure protein deposits that can reach 95% of the recombinant protein content.
Nevertheless, minor amounts of other cell proteins can be found as well as other
contaminants that have unspecifically precipitated such as lipids, DNA and RNA

molecules®

. In addition, folding modulators have also been regularly identified as IB
components.

Polypeptides within the aggregate coexist in several conformational states. In
fact, the presence of biological activity in IBs proves that at least part of the embedded
protein is in its native or native-like conformation. In addition, some studies have shown

the ability of releasing soluble active globular protein from the aggregate“. On the other

hand, during the last years several works have provided evidence of the presence of B-
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amyloid structure in these particles, identifying amyloid resistant fibrils by transmission

electron microscopy after proteinase K digestion of the globular species™.

3.3 Bacterial IB plasticity

What determines if a protein is prone to aggregate as a IB when produced in a
microbial host is still unknown, although some evidences suggest that the own protein
sequence could be playing an important role in protein aggregation by the presence of
particular regions known as aggregation “hot spots”. The incidence of these regions has
been used to develop computational approaches to study protein tendency to
aggregate®.

Despite polypeptide sequence influence in the IB aggregation pattern, other
variables can affect this pathway such as the genetic background and process
parameters. In that sense, process variables and more specifically protein expression
temperature has been shown to alter protein deposition process by modulating the
protein expression rate. Therefore, different aggregates, regarding their structure and

composition, can be obtained (see table 1)6%%4,

Temperature ‘ IB features

@ More fragile.

@ Sensitive to mild detergent treatments.

@ Higher extent of biologically active
protein.

<Physiological T°

Stable protein deposits.

:Ph i I i ITO i i i i
ysiologica Presence of biologically active protein.

& &

Unspecific aggregation due to the mild
denaturing conditions of the production.
@ Lower level of biological activity.
@ Poorly pure particles.

>Physiological T°

Table 1 Aggregate features regarding their producing temperature.

Besides, IB deposition it is also determined by the molecular environment during
the aggregation process, being especially critical the presence of the proper folding
regulators. Thus, when fabricating IB in E. coli strains defective for key genes of the
protein quality control network, the resulting aggregates also exhibit different features

regarding their chemistry and mechanical integrity. (see annex 2).



Introduction

3.4 1B purification process

Classically, IBs have been easily isolated by its high density from other cell
contaminants using ultrasonication or enzymatic treatments to disrupt cells and release
the particles, followed by centrifugation procedures. Depending on production scale,
also French press and high pressure homogenization can be used. After that, several
simple treatments can be carried out to remove possible impurities coprecipitated with
the IBs. These washing steps usually consist in mild detergents such as Triton-X or NP40
treatments, DNAase treatment or the addition at low concentrations of chaotropic

agents (see figure 5).

/ \ gj& § os g ©

1B purification process timeline i > @
IB production Cell disruption IB washing Pure IBs
Mechanical Lipid removal
Sonication Mild detergents
French press
Chemical Nucleic acids removal
Organic solvents DNAse, RNAse
Chaotropic agents
Divalent ions
Enzymatic
Lysoryme

Figure 5 Typical approaches for IB purification.

However, the raising spectrum of IB applications and the increasing
understanding of the aggregates structure have raised the need of more specific and
efficient purification methods regarding the ultimate application of the produced
material. For instance, harsh disruption methods and detergent treatments should be
avoided when producing IB at low temperatures or when the resulting IB structures
present high tendency to be resolubilized®, since they exhibit lower levels of mechanical
stability and such treatments would represent a significant loss of functional proteinsz.
Thus, when applying one or other purification process, several factors must be taken
into account. Depending on the IB mechanical stability, the producing microbial host and

the final application of the material, the purification procedure should be optimized in
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order to release as many particles as possible without compromising IB integrity and

completely removing microbial cell contamination when required (see annex 3).
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4. Biotechnological applications of IBs

Bacterial IBs have been regarded as waste by-products of recombinant protein
production since they first were identified. However, the extensive study of IB
deposition process during the last decade raised the appearance of new applications for

these protein deposits.

4.1 Source of soluble protein

Bacterial IBs, being highly pure protein deposits can be used as source of protein
from which the forming polypeptides can be extracted to obtain the protein of interest
in their soluble form. However, usually IB resolubilization procedures require protein
denaturalization and technically complex, and not always efficient, in vitro refolding
protocols%. In this regard, some studies have shown that lowering the protein
production temperature is possible to obtain aggregates with higher extents of
biologically active polypeptides that are sensitive to resolubilization under mild

detergent treatments simplifying enormously the protein extraction process46' 62,

4.2 Protein aggregation model

Similarities between IB structure and formation with mammalian amyloid fibrils
aggregation promote the use of IBs as model platform to study the physiology of
prionic®” and amyloid-related diseases, which have every day increasing incidence in
human health in the developed countries®®. An interesting example of the use of IBs as a
model has been provided by Villar and co-workers, in which they used bacterial IBs as a

screening platform to test amyloid aggregation inhibitors®.

4.3 Biocatalysts

The use of IBs as immobilized biocatalysts is probably the most exploited
application. Enzyme immobilization as IBs present many advantages compared to the
classical immobilization methods in which pure soluble protein is required. IB intrinsic
features such as their ability to retain biological activity, high purity grade and its simple

purification process, allow reducing the production process cost enormously by
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producing the enzyme of interest in IB insoluble form. In this regard several studies have
successfully fabricated IBs and used them straight forward as immobilized enzyme for
biocatalysis. Some examples are B—galactosidase“, human dihydrofolate reductase
(hDHFR)*, polyphosphate kinase (PPK)’°, D-aminoacid oxidase (DAO)’* and sialic acid
aldolase (SAA)’2 . In addition, IBs exhibit promising features for their use in industrial-
scale bioreactions, since these particles are mechanically stable, highly hydrated and
only minor amounts of the IB forming protein are released to the agqueous environment
during the first minutes of incubation®’. After that period, IBs remain stable in terms of
size and biological activity”>. Therefore, I1Bs formed by enzymes can be used in several

cycles with only a small decrease of their biological activity74.
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5. Regenerative medicine

Humanity has been exposed to disease and injury since the beginning of its
existence. This fact early raised the need to develop treatments to help in the recovery
of ill people or to ease the pain. At first, a very rudimentary, often mixed with mysticism,
practice was carried out based on the observation and use of some plants and other
natural elements such as animal parts or minerals, but with time empirical knowledge
and experience lead to work out useful tools for the medical tasks. In fact, there is
evidence that in the ancient Egypt surgical procedures were applied. From that time
point to the current medicine countless advances have been done in the understanding
of the human anatomy and physiology, but it has been the study at the cellular and
molecular level, started in the last century, what has really changed the approaches
used to treat diseases. Thus several medical fields have risen being regenerative
medicine one of the most promising disciplines.

Regenerative medicine is a term referred to the integration of different
biomedical approaches intended to restore or establish normal cell or tissue function in
damaged cells or tissues. This area can be divided in three main fields: gene therapy, cell
therapy, and tissue engineering. Within cell therapy, an especial mention is deserved to
stem cell based therapies since combined with tissue engineering approaches represent

the most promising alternative to restore tissue functionality

5.1 Gene Therapy

Gene therapy consists in the delivery of nucleic acids to cells in order to restore
their functionality. Cell activity can be impaired by several causes: the lack of a specific
gene product, misregulation of gene expression or injury. Thus, regarding, the nature of
the damage, different strategies can be implemented. For instance, the lack of an
specific gene can be overcome by delivering the gene of interest in a protein expression
vector’””. Up regulation of genes can be treated by delivering siRNA®. Injured tissue can
be restored by the delivery of genes encoding growth factors able to stimulate the own
tissue repair or when complemented with cell therapy’’, leading stem cells to

differentiate into the damaged tissue lineage.
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In gene therapy approaches is extremely important the choice of the delivering

vector since it will determine the efficiency and toxicity of the technique (see figure 6).

Retrovirus 5
=
Viral Vectors Adenovirus :E
£+
Herpesvirus 7]
Lentivirus
e°
o _
q_#ﬁ\ - Peptides
Non-viral
Vectors Liposomes

Cationic Polymers

Dendrimers
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Figure 6 General classification of typical vectors used for gene therapy.

5.2 Cell therapy

Cell therapy is directed to restore a tissue or organ by introducing cells capable of
developing the function of the mentioned tissue or by stimulating other cells to do it. In
this regard different approaches under study comprise: autologous cell therapy,
allogeneic cell therapy and xenotransplantation.

Autologous cell therapy consists basically in the harvesting, ex vivo expansion and
reintroduction in a damaged site of a specific cell type. In that sense, some treatments
are being studied including chondrocytes for cartilage repair78, keratinocytes for burned
damaged tissues’”® or myocytes for myocardial repair®® among many others. This
strategy would be ideal in terms of immunocompatibility but also shows limitations
related to the availability of tissue in order to isolate an amount enough of cells for an
effective therapy. Moreover, primary cultures can suffer a significant decrease in cell

viability or dedifferentiate during the culture period.
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On the contrary allogeneic cell therapy doesn’t present this shortage in cell
availability but makes necessary to combine immunosuppressant treatment to avoid
graft rejection.

Xenotransplantation, also known as cross species transplantation, has been
extensively investigated in the last 20 years in order to overcome immunogenic derived
problems and cross-species pathogen infectivity. In this regard transgenesis has allowed
tailoring gene expression towards a human pattern while suppressing the expression of

8182 Thus, since the fabrication of artificial organs are still far

endogenous genes in pigs
from optimized, mainly due to the difficulty of scaling up the in vitro forming organ,

xenotransplantation should be taken into account as a possible alternative.

5.3 Stem cell based therapies

Stem cell is a term used to define cells that have the distinctive ability of self-
renewal, being able to go through numerous cell divisions without losing their
undifferentiated state. Moreover, almost all of these cells are able to originate through
differentiation processes distinct cell types.

Stem cells can be found in small amounts in most human tissues. However,
tissues are formed, mainly by differentiated, specialized cells that have a limited life
span. Thus, a steady income of new cells to maintain tissue functionality is required. In
this regard, stem cells are devoted to provide a source of cells, able to differentiate in
the needed tissue cell type for their renewal.

One can distinguish between embryonic stem cells (ESCs) and adult stem cells
(ASCs). ESCs can be isolated from early stage embryos and show the ability to origin all
three primary germ layers derived cells, known as pluripotency®. On contrary, ASCs are
multipotent cells obtained from different tissues of adult organisms. Multipotent cells
have a more restricted scope than pluripotent cells regarding the possible progenies
they can generate. ASCs can be classified depending on the tissue source. Thus, a
considerable spectrum of adult stem cell can be obtained: hematopoietic, mesenchymal,
neural and epithelial stem cells from bone marrow (the first and second), brain and
intestine respectively®®, but also some reports revealed umbilical cord tissue®’, primary
teeth®, adipose tissue®” and human pIacenta88 as a potential source for stem cell

extraction.
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From this range of cells, a special attention should be paid to mesenchymal stem
cells (MSCs). MSCs has become one of the most promising tools in cell therapy and
tissue engineering applications due to their easy isolation, their high expansion potential
in ex Vivo cultures and their ability to develop a broader number of cell types than other
ASCs. For instance, MSCs has been shown to form in vitro adipocytesgg, osteoblastssg,
chondrocytesgo, myocytesgl, insulin producing cells®* and neuron-like cells®.

In the last years, some studies have shown a new promising type of pluripotent
cells known as induced pluripotent stem cells (iPSCs). Takahashi and co-workers
generated for the first time iPSCs by retroviral reprogramming of mouse fibroblasts,
observing that the resulting cells exhibited a similar pluripotency state to the one shown
for ESCs”. Since then, also human iPSCs have been successfully obtained making
possible to produce disease models with the patient specific phenotype when iPSC are

differentiated to functional cells®™ %

. This fact has prompted the appearance of new
insights in drug screening, toxicology, disease models and regenerative medicine.
However, even iPSCs show some advantages compared to ESCs and ASCs (see table 2),
there is still concern about their safety for regenerative medicine. Thus further research
regarding how the reprogramming process can affect the resulting iPSC should be

addressed.

Progenitor cell

Advantages Disadvantages
type
@ Multipot
uftipotency @ They cannot provide all
Adult Stem cells @ Possible application of .
cell lineages
(ASCs) autologous therapies
#® In some cases are
@ Self-renewal capacity difficult to isolate
@ Ethical concerns derived
from ESC origin
Embryonic Stem @ Pluripotency
# Impossibility to obtain
cells (ESCs) @ Self-renewal capacity
patient cells, limiting
their  application to
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allogeneic therapies
@ Extremely high growth
rate could derive in

teratoma formation®’

@ Pluripotency
Induced Py
@ Self-renewal capacity
pluripotent stem ffect®®
@ Possible application of effect

Possible tumorigenic

cells (iPSCs)
autologous therapies

Table 2 Stem cell classification, advantages and disadvantages.

In summary, although stem cells in all their variants represent a huge step ahead
towards personalized regenerative medicine, more specifically in tissue and organ
repair, and they overcome the main problems of other cell therapies thanks to their self-
renewal and pluri or mutlipotency characteristics, two main challenges remain to be
fully faced. Guarantee the safety of the cell used for human engraftment and optimize

cell differentiation process to a specific cell type.
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6. Tissue engineering

Nowadays, there are a steady increasing number of surgical procedures intended
to replace or reconstruct damaged tissues and organs as a consequence of injuries,
disease and malformations. In this regard, tissue engineering approaches aim to provide
the necessary supply of these tissues and organs by their in vitro fabrication. This
notable goal results highly appealing from a medical sight, and despite their clinical
application is still quite limited, tissue engineering has experienced an important
progress in the last years.

Tissue engineering has largely benefited by the knowledge developed in stem cell
biology (see section 5.3) as well as in material sciences. Therefore it can be considered
that tissue engineering approaches are based in the production of a scaffold in which
stem cells are cultured and differentiated, usually by the addition of inductive factors, in
order to obtain the final implantgg. In that sense, scaffold should mimic tissue
architecture and responses being able of integrating with the surrounding tissue and

actively stimulating regeneration of normal tissue.

6.1 Biomaterials in tissue engineering

Biomaterials for tissue engineering have evolved since their first application as
inert scaffolds in which seed cells. Nowadays, materials used in tissue engineering
should ideally fulfill several requirements such as biocompatibility, controlled porosity
and permeability, mechanical features and degradation kinetics comparable to the
targeted tissue, support cell attachment and proliferation and additionally direct cell
response at a molecular level. In this regard, extensive investigation has been carried
out in both material development as well as addition of nanotopograhies or
functionalization with bioactive molecules for cell response tailoring.

Currently, the number of materials in use or under study for tissue engineering is
enormous. They can be classified in natural and synthetic. Natural materials such as
collagen, gelatin, alginates, silk or chitosan are formed by extra cellular matrix (ECM)

components and allow mimicking the extracellular environment in a quite accurate
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manner. However, they can show some disadvantages regarding their mechanical
integrity, degradation and toxicity of the generated sub-products'®*°.

Besides, also decellularized tissues such as dermis for treatment of burnt
patients'® or blood vessels for vascular surgery applications'® have been investigated
with promising results.

On the other hand, synthetic materials can be divided in metals, ceramics and
polymers. The most used metal materials are Titanium and its alloys. They have been

105, 106 However, this kind of material

widely used for generating osteogenic implants
raises concern regarding its permanent implantation due to a possible toxicity derived
from the accumulation of metal ions released by corrosion. Ceramics potential for

107, 108, Zirconia'® have

implantation has been largely exploited. Ca-phosphate ceramics
shown to be useful for generating tissue engineering scaffold due to their
biocompatibility and capacity for generating mechanical strong scaffolds able to
withstand high load forces, especially important in some bone implants. However,
ceramics features are highly dependent on the production process and can become
fragile when fabricating scaffolds with high porosity values. Polymers show some
advantages when compared with metal or ceramics scaffolds. Unlike metal materials,
polymer scaffolds are bio-absorbable, avoiding classical inconvenient of these
permanent implants or the need of extra surgical procedures for the implant removal. In
addition, polymeric matrices also allow generating scaffolds with a high degree of
structural precision to finely control their physico-chemical properties such as

110

degradation kinetics, stiffness or porosity. Poly-L-lactic acid (PLLA)™™, poly-lactic-co-

112 113

glycolic acid (PLGA)™?, poly-e-caprolactone (PCL)*2, poly-vinyl alcohol (PVA)** and poly-

hidroxybutyrate (PHB)''*

are the most studied polymers for tissue engineering purposes.
However, polymeric materials are limited for some applications by their relatively low
mechanical strength. Moreover, it has been described that polymeric scaffolds can
locally lower the environmental pH due to the autocatalytic ester breakdown derived

from degradation. In such conditions cell growth would be impaired*** 116,



Biomedical applications of bacterial Inclusion Bodies

6.2 Nanostructure surface modification and scaffold
functionalization

As mentioned before, biomaterials used in tissue engineering should allow
control of the cell response at the molecular level in order to direct cell differentiation to
the specific target tissue, while stimulating cell adhesion and growth. In this regard, two
different strategies can be implemented, namely the addition of nanostructures for
mechanical stimulation or the scaffold functionalization by incorporating bioactive

molecules.

6.2.1 Nanostructured materials

It has been widely accepted that cells can interact and effectively sense their

117

environmental distribution or topography at the nano-scale™’. Moreover, this kind of

mechanical stimuli is able to raise important cell responses such as increase cell
adhesion, proliferation or direct differentiation**®.

The addition of nano-topographies to conventional materials has become a usual
practice in order to promote cell functionalities. For instance some studies have shown

that nanostructured surface of titanium implant favor cell differentiation to osteoblasts,

119, 120

improving calcium deposition and the implant integration . Others have proved

that nanostructured PLGA promote adhesion and proliferation of chondrocytes

121,122

accelerating also ECM formation or that PLGA vascular graft exhibiting a nanoscale

surface roughness enhance endothelial differentiation?®

. These studies among many
others have confirmed the usefulness of the scaffold surface nano-modification as a tool
to tailor a specific cell response.

The addition of nano-cues to direct cell response can be achieved by highly

117

diverse strategies: lithographic methods ™" (usually applied to generate nano-pits or

nano-grooves), particle deposition, electrospinning124 (extensively used for fabricating

h'?> are the most common of them.

nano-fiber matrices), or chemical growt

In this regard, particle deposition results highly appealing since it allows
generating nanotopographies in already fabricated scaffolds by an easy and versatile
method that can be implemented in combination with the other strategies. Some

examples of this strategy are deposition of ceramic particles126 to enhance osteogenic
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response in PLLA scaffolds or the use of carbon nanotubes to modify tungsten and

stainless steel wire surface in order to enhance electrical stimulation of neurons®?’.

6.2.2 Surface functionalization

Cell response can also be affected by numerous molecules such as adhesive
peptides, growth factors and other proteins with incidence in the cell functionality and
differentiation pathways. Thus, tissue engineering approaches has taken advantage of
such molecules to direct cellular response at the molecular level. Some examples of
surface functionalization with biologically active molecules comprise the use of
epidermal growth factor (EGF)*?, fibroblast growth factor-1 (FGF-1)'?°, fibroblast growth
factor-2 (FGF-2)**, nerve growth factor-B (NGF-B)**!, vascular endothelial growth factor

132

(VEGF)**°, bone morphogenic proteins (BMP)™" as well as vitronectin'** and RGD

peptides™* 1>

among others. Every protein or peptide can be potentially immobilized
onto a surface or engineered to provide a controlled release of the molecule from the
scaffold to the environment, becoming available for the cells. This fact supposes a great
tool for tissue engineering devices in order to generate scaffolds able to direct specific

responses and widening the spectrum of activities that the biomaterial can carry out.

Scaffold functionalization and addition of nanostructure are not exclusive
processes. For instance Berner and co- workers recently developed a PCL nanofiber
mesh scaffold coated with Ca-phospate ceramics that in addition contained BMP-7 for

. 1
bone regeneration®®.

6.2.3 Protein and peptide nanostructures

Another interesting approach consists in using bioactive peptides with self-
assembly capability to origin a nanostructure per se. In this regard, several studies have
been carried out to investigate nano-fibril, nano-tube or nano-sphere formation from a
wide spectrum of peptides, including cyclic peptide5137, peptide amphipiles and

138 139 surfactant-like peptides'*’, aromatic dipeptides*** and hydrophobic

bolamphipiles
dipeptidesm. All of them have the capacity of generating nanostructures by
spontaneous self-assembly process, producing high ordered structures comparable to

that observed for amyloid fibrils. Indeed, both peptide nanostructures and amyloids,
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share the same general principles of geometric restriction in their interactions as well as
very appealing properties such as spontaneous supramolecular assembly in mild
conditions, low cost production compared to inorganic nano-fibers, allow engineering
additional functionalities and exhibit very special mechanical properties such as a high
resistance degree while maintaining their flexibility as well as thermal and chemical
endurance'®.

Besides, amyloid fibrils (see section 1) have also been envisaged as
nanostructured material able to provide a controlled released of the building blocks
forming the supramolecular self-assembly.

Bacterial IBs are also self-assembly protein particles, sharing many features with
amyloid and amyloid-like nanostructures regarding their in vivo formation and final
structure that are starting to be studied as a potential biomaterial with uses in the
biomedical field”.

Protein or peptide nanostructures allow to synergistically combine stimuli from
the surface nano-modification as well as exploit a bioactive effect of the own peptide or
protein while being biologically compatible, and thermally and chemically stable but
biodegradable. Thus, they can be considered as a powerful tool for future applications in

tissue engineering.
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This study is aimed to determine the suitability of bacterial IBs as a biomaterial
with an effective application in regenerative medicine. In this regard, this work is mainly
focused to evaluate surface modification for cell culture by the addition of nano-
topographies and surface functionalization based on IBs. Also, it has been involved the
analysis of cell response to the IB-based topographies in terms of cell adhesion, growth
and differentiation. In order to reach these goals, several specific issues have been

addressed.

1. The study of IB tuneability regarding their morphology and other
physicochemical properties when fabricating this particulate material in E. coli
strains with different genetic backgrounds. Specifically, those strains were
deficient in genes that are key regulators of the protein quality control network
such as DnaK-, ClpA- and ClpP-.

2. The assessment of the IB capability to stimulate cell proliferation and
adhesion, in immortalized cell lines, when acting as surface nano-topographical
modifiers.

3. The in vitro comparison of cell growth and adhesion on physicochemically
distinct IB-based topographies.

4.  The exploration of the cell growth stimulation mechanism focusing in the
identification of elements present in the mechanotransductive cascade.

5. The comparison of different mammalian cell types response when
cultured on IB-based topographies.

6. The study of hMSCs response to IB-based topographies by gene
expression and metabolomic analysis.

7. The exploration of bacterial I1Bs as bioactive surface nano-topographical

modifiers.
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Tunable geometry of bacterial inclusion bodies as substrate materials

for tissue engineering
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Nanotechnology, 21, 2010

Bacterial inclusion bodies (IBs) have been commonly described as pseudo-
spherical protein deposits with a highly stable shape. Nevertheless, some hints regarding
IB morphological plasticity have been widely observed, for instance these particles size
can be tailored by modifying fabrication process variables such as protein expression
time or temperature, indicating the possibility of altering the protein deposition process
with a clear incidence in the final particle structure. In this work we have identified an E.
coli gene, clpP, encoding for one of the major proteases of the protein quality control
network, playing also an important role as regulator of the IB fabrication process.
Moreover, we have observed how in absence of this regulator the balance between
properly folded protein, misfolded protein and proteolysis that defines the I1B formation
dynamics is perturbed, originating IBs with abnormal morphologies. Specifically, IBs
produced in E. coli clpP” strain are particles with tear-shape morphology with higher
surface-volume ratios not observed in other E. coli knock outs lacking regulatory
elements of the protein quality control network. Additionally, we have provided
evidences that mammalian cells when cultured in I1B-based topographies exhibit higher
rates of cell growth as well as they can sense the difference between topographies
fabricated with morphologically distinct IBs and response in consequence. Thus, genetic
control of the IB fabrication process opens the possibility of producing IBs with

geometries on demand to tailor the final cell response.
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Absiract

A spectrum of materials for biomedical applications is produced in bacteria, and some of them,
such os metals or palyhydroxyalkanoates, are strightforwardly obtained as particulate entities.
We have explored the biofabrication process of bactenial inclusion bodies, porticulate
proteinaceous materials (ranging from 50 @ 500 nm in diameter) recently recognized as
suitable for surface wpographical modification and tissue engineening, Inclusion bodies have
been widely described as spherical or pseudo-spherical particles with only minor morphological
vanability, mostly restricted wo their size. Here we have idemified o cellular gene in Escherichia
coli (elpf) that controls the in vive fabrication process of inclusion bodies. In the absence of the
encoled protedse, the dynamics of protein deposition is perturbed, resulting in unussal
tear-shaped particles with enhanced surface-volume ratios. This fact modifies the ability of
inclusion bodies to promote mammaolian cell atachment and differentiation upon surface
decoration. The implications of the genetic control of inclusion body geometry are discussed in
the context of their biological fabrication and regarding the biomedical potential of these

protein clusters in regenerative medicine,

1. Introduction

Many materials  with applicability in  nanomedicine  are
produced in microbial cells, including o range of soluble
substances, polymers and particulate entities.  Bacteria
produce alginaes 1], polyhydroxyalkanoates [2] and other
polvmers, which hove long been used in the hiotechnology
industry and progressively implemented in biomedicine and
nanomedicine. (3], Also, some bacterial species synthesize
metal [4] or magnetic particles [5] with wide applications in
imaging. diagnosis, bioseparation and molecular therapies [6].
Upon convenient cloning and expression of structural genes
from selected viruses, bactena also produce virus-like panticles
(VLPs) | 7], empty, highly orgonized protein cages that mimic
the original symmetry of the wild type infectious particle. They

' Equally comtributed,
2 Autheor o whom any eormespondence shisli be adidresed

QST -SR0S 10 +DES30.00

are mainly used for vaccination purposes [B], but upon filling
them with drugs or nucleic acids they are observed as highly
promising tools for gene thermpy and drug delivery [8-10].
Bacteria expressing recombinant genes often produce
inclusion bodies (IBs), namely spherical or ovoid-shaped
aggregates of the encoded protein with high compositional
purity [11].  While 1Bs have been traditionally associated
with protein misfolding problems and considered undesirable
by-products of protem production processes [12, 13], they
are comntermporarily observed as profein clusters with o high
level of molecular organization and formed by functional
protein species [ 14-18]. This fact has attracted the anention
of biotechnologists, as 1Bs, when formed by enzymes,
are promising biocatalyzers [19-22],  Mery recently |23),
we have shown that bacterial [Bs can also be observed
as  mechanically stable, highly biocompatible panticulae
materials with sizes ranging from around 50-500 nm in
digmeter, and that they stimulate mammalian cell proliferation
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Table 1. Representative studies on morphology and size of eytoplasmic IBs.
Culture Reported
Forming conditions and morphology and  Reference and
polypeptide Bacteria, strain culture media methodology Figure number
Granulocyte E coli Shake flask, 25 Spherical, SEM  [26] figure 2
colony- BL21(DE3) and 42°C GYSP  Purified
stimulating rich medium
factor
A2 TEM-  E coli K12 20 1 bioreactor Sphencal with [25] figure 3
A-lctamase strain HMS 174 30and 37°C slight variations
(DE3) minimal salt tending to
medium cllipsoids and
cylinders), TEM
Purified
mGFP E coli K12 Shake flask, Spherical with 23] figure 2
strain MC4100 37°C, LB rich slight variations
and derivatives medium tending to
ellipsoids), SEM
and AFM
Purified
A-lactamase E coli K12 Shake flask, Cylindrical [27] figure 3
strain RB791 37°C, M9 SEM and TEM
minimal Purified
medium
Porcine Shake flask, Spherical-like. [57] figure 3
somatotropine 42°C, LB rich TEM, ultra-thin

medium

sections, i vive

and differentiation when used for the bottom-up modification
of surface topologies. For this purpose, and in the context
of other potential nanomedical applications, the production
of 1Bs with tailored sizes and morphologies would be highly
convenient.  This must necessarily be done during their
in vive fabrication, by targeting conditions that affect their
construction process. However, the possibility of modulating
the morphological properties of IBs has been so fur unexplored.,
In fact, even when formed by different polypeptides and
produced under diverse bacterial growth conditions, [Bs
have been described as spherical-like particles (eventually
including short cylinders and paracrystalline forms) [24-28],
with extremely poor morphological variety (table 1), Here, we
have explored different E. coli genetic backgrounds (relevant
to the protein quality control) in order to identify those genes
involved in the morphological control of IB construction.
Despite the high coincidence in the forms that IBs adopt in
these strains, cells deficient in the ClpP protease produce
unusually tear-shaped IBs with refined properties regarding
mammalian cell growth stimulation. The role of the protease
ClpP in the in vive fabrication process is discussed in the
context of the genetic determination of IB architecture, and the
consequent biological impact of these vanant particles when
used as biomaterials,

2. Materials and methods

2.1. Strains and plasmids

The Escherichia coli strains used in this work were MC4100
(araD139A(argF-lac) U169 rpsl150 relAl fIbB5301 deoCl
pisF25 rhsR) [29] as a wild type, and its derivatives

L]

JGT3 (AclpB::kan), JGT4 (clpA::kan), JGT6 (3jd::Tnl0
groES30), JGT17 (Aibp:ikan), JGT19 (clpPcar), JGT20
(dnak756 thr::Tnl0) [30], BB4564 (groELI40 Zjd::Tnl0
e QSpc” /S’ ) |31, 32), and JGT32 (dnak756 thr::TnlOA
clpB::kan) [30].  These struins carried pTVPIGFP [18),
encoding 4 misfolding-prone fusion version of GFP (mGFP),
in which the VPI capsid protein of foot-and-mouth disease
virus is fused to the amino termini of GFP and produced under
the control of the rre promoter. For determination of proteolytic
stability, cell protein synthesis was arrested by the addition of
chloramphenicol at 200 gg ml ™", and the cells further cultured
under the same conditions.

2.2. Culture conditions and cell fractioning

Production of mGFP was carmied out in shake flask bacterial
cultures growing at 37°C in LB rich medium at 250 rpm [33],
in the presence of 100 pg ml™' ampicillin,  Expression of
the recombinant gene was induced when the ODssy reached
around (1.5, by the addition of | mM IPTG. Cell samples were
collected at different times after induction of gene expression
for further analysis.

Bacterial cells from 10 ml samples were collected by low-
speed centrifugation (for 15 min at 15000 g) and resuspended
in 2 ml PBS buffer with one tablet of protease inhibitor cocktail
(Roche, ref. | 836 170). These mixtures were jacketed in ice,
sonicated for 5 min at 50 W under 0.5 s cycles as described [34]
and centrifuged for 15 min at 15000 g. The supernatant was
directly used for the analysis of the soluble cell fraction. IBs
were purified by a standard detergent-lysozyme-sonication
protocol.
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2.3. Flow cvtomerry and fluorescence determination

Flow cytometry was performed on bacterial cell samples
fixed with 0.1% formaldehyde O/N at 4°C.  Fluorescence
was acquired through a 530/30 nm bandpass filter (FL1)
in logarithmic mode, in a FACSCalibur system (Becton
Dickinson), with 488 nm excitation from a 15 mW air-cooled
argon-ion laser. Fluorescence was also manually determined
at S10 nm in o Cary Eclipse Fluorescence Spectrophotometer
(Variant) by using an excitation wavelength of 450 nm.

2.4, Quantitative protein analysis

Samples  were resuspended  or  dissolved in denaturing
buffer [35]. After boiling for 1S min (for the soluble fraction)
or 25 min (for inclusion bodies), appropriate volumes were
loaded onto denaturing gels for Western blot determination,
using polyclonal antibodies directed against GFP and a
commercial anti-GFP secondary antibody. Dried blots were
scanned at high resolution and bands quantified with the
Quantity One software from Bio Rad.  Appropriate protein
dilutions of commercial GFP were used as controls and
determinations were always done within the lincar range. Data
were statistically evaluated by nested ANOVAs.

2.5. Confocal microscopy

For confocal image analysis, bactenial cells producing mGFP
were fixed with 0.2% formaldehyde in phosphate saline
buffer (PBS) and purified 1Bs were resuspended in PBS +
Tween 0.5%. Samples were examined using a Leica SP2
AOBS confocal fluorescence microscope (Leica Microsystems
Hewdelberg GmbH, Mannheim, Germany), at an excitation
wavelength of 488 nm and at an emission wavelength between
500 and 600 nm (63 %, NA 1.4 oil). Images were analyzed with
the Adobe Photoshop software,

2.6. Electron microscopy

For transmission electron microscopy (TEM), bacterial cells
producing mGFP were fixed with 4% (v/v) paraformaldehyde
(EM grade, Merck) in 0.1 M phosphate buffer (PB) pH = 7.4,
Later, samples were rinsed with phosphate buffer, incubated in
20 mM glycine solution to quench the free aldehyde groups
and embedded in 12% (w/v) gelatine, cryoprotected in 2.1 M
sucrose solution and cryofixed in liquid nitrogen. All sections
were cut at — 120 “C with a cryoultramicrotome (Leica Ultracut
UCT, Vienna) and deposited onto formvar coated Cu/Pd grids.
Ultra-thin sections were initially blocked in PBS containing
19 (v/v) BSA, then incubated with a primary polyclonal
antibody anti-GFP (s¢-8334 Santa Cruz Biotechnology, Inc.,
1/50 dilution) for 40 min. After washing in PBS, sections
were incubated with gold-labeled protein A (Utrech, 10 nM).
Following the final washes with PBS, samples were fixed with
1% glutaraldehyde and washed with distilled water. Samples
were finully mounted in methyleellulose-uranyl acetate and
visualized in a transmission electron microscope Hitachi H-
7000,

Scanning electron microscopy (SEM) of purified IBs was
performed by conventional procedures [23] using a Hitachi S-
570 microscope (Hitachi LTD Tokyo, Japan).

2.7. Cell culture conditions

Mammalian cell growth was assayed as described [23].
Essentially, convenient amounts of isolated IBs were irradiated
with an UV light (253 nm) germicidal lamp for 4 h and added
to non-treated 96-well Falcon 3072 tissue-culture polystyrene
plates (Becton Dickinson) for overnight incubation at 4°C.
Wells were further washed with PBS and blocked with 3%
BSA in PBS for 1 hat 37°C. Then. 3 x 10" new born hamster
kidney (BHK21) cells or 2 x 10* rat pheochromocytoma
(PC12) cells were added per well and incubated in Dulbecco’s
modified Eagle's medium (DMEM) supplemented with non-
essential amino acids, fetal calf serum (5%), gentamicin and
antimycotics at 37 “C for different times. Cell proliferation was
analyzed with the EZAU kit (Biomedica, GmbH) according
to manufacturer instructions, and determined in triplicate in a
multilabel reader VICTOR3 V 1420 (Perkin Elmer) at 450 nm.

3. Results

While the size of IBs is clearly influenced by the
production time [25, 36), genctic background and culture
conditions [24, 25, 37|, spherical-like morphologies (with
only slight vanations tending to ovoid-cylindrical shapes)
have been  consistently  observed irrespective  of  these
parameters (table 1), Such steady IB symmetry can be
accounted for by the particular biofabrication process of these
particles. De novo produced recombinant polypeptide chains
interact with cach other through sterco-specific hydrophobic
contacts [38] that allow the creation of seeding nuclei
(usually one or two per cell) [36), on which additional
protein  molecules or proto-aggregates are  progressively
deposited [39].  Since polypeptides forming 1Bs are also
steadily removed from these clusters by a combination of
chaperones and proteases (the constituents of the cell protein
quality control network) [24, 40], the volumetric growth of
1Bs in biosynthetic competent cells is due to an unbalanced
equilibrium between these opposite activities, as the protein
deposition rate 1s faster than protein removal [28], 1B particles
are then the result of a continuous reconstruction: process
occurring at the IB surface level [41] that probably renders their
highly regular, spherical-like forms.

In previous studies, we analyzed the size and biological
properties of IBs produced by E. coli strains with mutations
affecting the protein quality control up to 2-3 h after the
induction of the recombinant protein production, without
detectable variations in their spherical-like morphology [24].
However, with 1B formation being a continuous reconstruction
process, we speculated that any eventual genetic determination
of the 1B morphology would be more apparent after longer
fabrication times. Therefore, we analyzed the morphology
of IBs formed by the model fluorescent protein mGFP 4 h
after triggenng the recombinant protein synthesis in o wider
catalog of bacterial mutants (deficient in the chaperones DnaK,
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Figure 1. (A) Fluorescence microscopy images of 1B-producing bacterial cells after 2 h of fabrication, in which the intensity of green
fluorescence is mapped in a color scale from low (purple) to high (white), (B) Confocal sections of selected IB-producing bacterial cells
analyzed at different production times, in which the intensity of green fluorescence is mapped from low (purple) to high (white)

(C) Immunodetection of mGFP in ultra-thin sections of 1B-producing cells 3 h after stanting the production process, The relevant phenotypes
of the producer bacterial strains are indicated
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Figure 2. (A) General view of fluorescent IBs isolated from ClpP-deficient cells. Insets: magnifications of randomly selected particles
pictured as confocal sections, in which the fluorescence intensity has been mapped from dark (blue) to clear (white) colors, (B) SEM images
of morphologically representutive 1By isolated from different producing strains, (C) Growth of two different mammalian cell lines monitored
by u MTT assay, as stimulated by 1B variants or without IBs (control). In all cases, particles were harvested at 4 b of production. An ANOVA
test was applied 1o a pairwise comparison, for each experiment, of MTT values obtained in the presence and in the absence of 1Bs. The
resulting p values are indicated

ClpB. 1bpAB and GroEL, the protease ClpP or the ATPase  in terms of regularity, in ClpP~ cells (figure 1(A)). To assess
subunit ClpA), The microscopic analysis of the particles inside  if these images corresponded to morphologically variant [Bs,
the cells indicated an unusually diffuse fluorescence in the  we analyzed confocal sections of ClpP-deficient producing
cytoplasm of a few tested mutants that was much more evident,  cells, in which budding structures were clearly associated
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Figure 3. (A) Dynamic fluorescence mapping of intracellular 1Bs, during their formation in different bacterial strains and when protein

synthesis was blocked by the addition of chloramphenicol (Cm). (B) mGFP fluorescence during IB fabrication relative to thit observed four

hours after it initiation, and during the further arvest of protein synthesis mediated by chlormmphenicol (Cm)

with IBs (figure 1(B)). Such morphological vanations were
also observed by immunoclectron microscopy (hgure 1(C))

Furthermore, upon ultrasonic cell disruption and repeated

detergent washing, purified ClpP ™ IBs were still observed as
morphologically abnormal, tear-shaped particles (figures 2(A)
and (B)), indicating the mechanical resistance of the budding
structures that remained firmly connected to the particle core
To what IB

morphology uffect us

imvestigate extent vanations of the

al

could their biological properties
biocompatible materials we have comparatively analyzed tear
shaped ClpP™ and sphencal DnaK™ IBs in a mammalian cell
proliferation test. Mammalian cell growth is highly responsive
to micro- and nanostructuration of the substrate [42, 43), and
we have previously shown that different surfaces decormted

DnaK™ IBs of

mammalian cell growth relative to naked surfaces or those

with promote o significant  stimulation

functionalized with vitronectin [23) In this regard, the
effective volume of these two IB vanants determined by DLS
was very similar, namely 459 and 531 nm [23], which allowed
us to discard in advance relevant influences of the particle size
itself. As observed, (figure 2(C), top), ClpP
better than DnaK

IBs were slightly

[Bs in stimulating the growth of BHK cells

o

on polystyrene plates, and much more efficient in promoting
proliferation of PCI12 cells (figure 2(C), bottom), especially
when comparing data obtained at 72 h, These adrenal gland
cells, tending to grow in floating clusters, probably benefit
more than BHK Kkidney cells, from the improved substrate
properties exhibited by ClpP 1Bs

Since the tear shape of IBs had a significant effect on
cell growth stimulation, the morphologic engineering of 1Bs
turns into a highly promising concept regarding fabrication
of tailored soft materials for tissue engineering.  To better
understand the mechanics of the biological regulation of 1B
fabncation in the bactenial cell cytoplasm, we determined,
by of GFP

incorporation lhlllll‘:‘

fluorescence, the Kinctics of

IB

(upon chloramphenicol-induced arrest of protein synthesis).

means protein

construction and protein release
Interestingly, in both wild type and DnaK-deficient cells
most of the fluorescence remained associsted with the 1Bs,

while the cytoplasm was poorly fluorescent during protein

synthesis and upon its arrest (f
('|[\|’

since very early fabrication times, indicative of a molecular

qure 3(A)). On the contrary,

cells steadily show a highly fluorescent cytoplusm

fabrication process different from that carried out in the
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Figure 4. Physiological model of the morphologically aberrant biofabrication of ClpP™ 1Bs. (A) 1Bs are penerated by simulianeoos protein
deposition (red arrows b and removal evens (black arrows), resulting in a sustained, surface-restnicted reconstruction process. In
hiosymhenically competent cells, the reconstruction process is unbalonced towarnds protein deposition, thus allowing the volumetnic growth of
the particles. The spherical shape of IBs results from a homogeneous protein incorporistion and removal over their entire surface. (B) Protein
removal ks mediated by two consecutive and mechanistically connected processes occuming af the 1B surface, namely disaggregation and
proteclysis. Disaggregation is executed by a set of cooperating chaperones thit involve Dnak, Dnal, GrpE, IbpA and IbpB [400, 58, 59]. with
Dnak being essentinl [24]. Protealysis of disaggregating protein species is mijorly mediated by Lon and ClpP proteases [60], in a strictly
DaaK-dependent process [24] during which most of the Dnak molecules of the cell are found assoched with the [B surface [61 ] (C) In the
absence of protein synthesis, already formed IBx disintegrate in the presence of Dnak and ClpP, remain stable in the absence of Dnak and ane
partially reconstructed in a polar manner in the presence of Dnak but in the sbsence of ClpP.

{This Agure 15 in cobour only in the electronic version)

two other genetic backgrounds (figure 3(A)). The monitoring
of protein dynamics during IB evolution with and without
chloramphenicol (through measuring the GFP fluorescence in
sorlated [Bs) indicates o similur profile of protein incorporation
into growing prodein particles (figure 3(B)). However, in
wild type cells, around 509 of IB protein was removed in
thee absence of de nove protein incorporation (figure 3(B)),
in agreement with previous data obtained in  different
experimental setups [28]. However, in the abwence of Dnak,
IB-forming proteins were not released from the particles,
proving that this chaperone is necessary not only for protein
disaggregation at the IB surface bur also for the associated
profeolyvtic activity that ensures the further elimination of
removed polypeptides.  However, in the absence of ClpP
there wis o significant loss of GFP from [Bs, which although
more modest than in wild wype cells was still significant
(figure 3(B)). This fact indicates the occurrence of an aberrant
IB morphogenesis in which the disaggregation occurs in the
absence of ClpP-mediated prodeolysis, This fact is probably
responsible for the highly Muorescent cytoplosm (fgure 3(A))

andd for the polar extension of 1Bs in the absence of ClpF, which
is much more evident at late fabrication times (figure 1), when
int discontinuous bacterial cultures, the protein synthesis rate is
naturally mimmized.

4. Discussion

Mammalian cells feel ther nano- and micro-environment
through filopodia |44, 43], and differentially respond o
specific topographical stimuli [42, 46-48] by triggering the
expression of selected gene sets repulating the cell cycle,
spreading ond  differentiotion [46].  The comprehension
of the fine mechanotmmsduction signals involved in such
processes 15 expecied 1o permit a rational engineering of
cellular environments in improved scaffolds for regenerative
medicing [49]. In simple 2D models of surface engincering,
both top-down and bottom-up approaches permit o controlled
topographical modification [43].  In the first case, the
generation of grooves or pits by lithogrophic methods is
highly convenient and flexible for research applications [42],
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but on the contrary, himited by the chemical nature of the
substrate on which cells are forced 10 grow, On the other
hand. surface decoration with carbon nanotubes [50, 51)
and spherical panicles made of differemt materials [32-34),
being more independent on the chemical nature and spatial
organization of the scaffold, ks so far generated less consistent
and comparative datn regarding the stimulation of cell growth
and the triggering of specific cell functions,

In a very recent study |23], we have proposed bacterial
185 as fully biocompatible, protein-based materials for bottom-
up nuno-environment engincering.  These non-enveloped
spherical particles, mnging from around 50 w0 500 am in
dinmeter |23, 25, 36], are mainly formed by a single protein
species, only contain traces of other cell components |55]
and are produced by cost-effective conventional bioprocesses
(table 1, and references therein). Here, we have identified
o hacterinl gene, encoding o main cytosolic protease, whose
ingctivation results in the formation of tear-shaped 1Bs o
late steps of their fabrication process (figures 1(B), 2(A)
and (B)). This indicates a genctic determination of the 1B
geometry probably related o their continuous reconstruction
process [41] (figures (A} and (B)). DnaK-mediated protein
disassembly in the absence of ClpP seems 1o promote only
& partial release of proteolytically stable polypeptides, that
would precipitate again on the IB surface in the form of a
conical protrusion (figure 4(C)). Since most of the 1Bs have
a polar sitwation in the producing bacterial cell (figure 13,
due o an energy-dependent mechanism aimed to sccomulate
aggregated prodeins in the bacterial cell poles [56], the cell wall
and cell membrane could mechanically orientate the protrusion
towards the |B surface that s exposed (o the cell cytoplasm
(figure 4(C)).

Since the mechanotransduction system of mammalian
cells senses and responds to the aberrant ClpP™ 1B morphology
ifigure 20C)), the possibility of a refined genetic control of 1B
geometry bevond the spherical forms (table 1) could enrich the
potential of these protein-based particulate materials in surface
decoration for tissue engineering. Further investigation on the
catwlog of genes controlling the quality control network in
E codi should provide additional clues for o tmlored control
of the |B fabrication process.
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Bioadhesiveness and efficient mechanotransduction stimuli
synergistically provided by bacterial inclusion bodies as scaffolds for

tissue engineering

Joaquin Seras-Franzoso, César Diez-Gil, Esther Vazquez, Elena Garcia-Fruitos, Rafael

Cubarsi, Imma Ratera, Jaume Veciana and Antonio Villaverde
Nanomedicine, 7, 2012

Cell adhesion and cell proliferation are crucial events for effective cell substrate
colonization and often will determine the successfulness of a biomaterial in the tissue
engineering field. This study was aimed to test IB suitability as a tissue engineering
biomaterial by evaluating cell response of 4 different cell types, human skin fibroblasts
(1BR3.G), new born hamster kidney cells (BHK21), human liver carcinoma cells (HepG2)
and rat pheochromocytoma cells (PC12) when cultured on IB-based topographies.
Additionally, we wanted to investigate the differential cell response in front of
topographies formed by IB fabricated in different genetic backgrounds, since the genetic
alteration in the IB deposition process was proved to originate particles with distinct
physicochemical properties and morphologies (see annex biomaterials). To produce these
topographies IBs formed of VP1GFP in MC4100 and its derivatives DnaK’, CIpA™ and ClpP”
E. coli strains were used. Thus, in this work we have provided evidence of the
effectiveness of bacterial 1Bs to promote cell adhesion and cell proliferation. Moreover
we have shown that these two activities are not directly connected but act in a
synergistic manner favoring cell substrate colonization on IB-based topographies.
Besides, we have detected an enhanced phosphorylation of the extracellular signal-
regulated protein kinase (ERK), which indicates the activation of a
mechanotransduction-mediated stimulation of cell growth. Interestingly, we observed
that even IB adhesiveness was evident for the four tested cell lines, the maintained
stimulation of cell growth was cell line dependent. Nevertheless, both cell adhesion and
proliferation have been shown to be modulated by the distinct IB type forming the

surface topography.
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Bioadhesiveness and efficient mechanotransduction
stimuli synergistically provided by bacterial
* inclusion bodies as scaffolds for tissue engineering

Background: Bacterial inclusion bodies (IBs), mechanically stable, submicron protein particles of 50-500 nm
dramatically favor mammalian cell spread when used for substrate surface decoration. The mechanisms
supporting fast colonization of IB-modified surfaces have not yet been identified. Results: This study
provides evidence of mechanotransduction-mediated stimulation of mammalian cell proliferation on IB-
decorated surfaces, as observed by the enhanced phosphorylation of the signal-regulated protein kinase
and by the dramatic emission of filopodia in the presence of IBs. Interestingly, the results also show that
1Bs are highly bioadhesive materials, and that mammalian cell expansion on IBs is synergistically supported
by both enhanced adhesion and mechanical stimulation of cell division. Discussion: The extent in which
these events influence cell growth depends on the particular cell line response but it is also determined
by the genetic background of the IB-producing bacteria, thus opening exciting possibilities for the fine

tailoring of protein nanoparticle features that are relevant in tissue engineering.

Original submitted: 07/02/2011; Revised submitted: 07/04/2011

KEYWORDS: adhesion onhanudp
kinase filopodia inclusion body
nanoparticle

Regenerative medicine is dinically focused on the
reconstruction of damaged tissues through the
controlled cultivation of stem cells on artificial
scaffolds, a procedure often approached ex vive
followed by implantarion into the damaged
organ, Efficient cell attachment and colonization
of scaffold surfaces are then necessary to
promote further differentiation and formation
of correct tissue structures. Several protein
factors are used for surface funcrionalization
and biologically mediated stimulation of cell
migration, proliferation and differentiation, as
well as de novo vascularization of new rissucs.
They include EGF 1), FGF-1 12}, FGF-2 (3,
osteoprotegerin (4}, IGF-1 (5], NGF-f} (6-%),
VEGEF 3}, TGF-p {5.0.10] and bone morphogenetic
proteins (11], apart from cell adhesion agents such
as vitronectin [12], fibronectin 13 and arginine—~
glycine-aspartic acid peprides (14.15).

On the other hand, engineering the roughness
of surfaces where cells are 1o be artached and
proliferate (to provide appropriate mechanical
stimuli) is progressively being recognized as a
powerful tool to modulate mammalian cell
differentiation and proliferation in regenerative
medicine 16,17, Such a bio-inspired approach
allows the mimicking of the natural matrix for
cell growth, ar the size ar which mechanical
cffectors trigger cell responses (18], In general,
mechanical stimulation of cell proliferation

rylation of the signal-regulated protein

roliferation protein material protein

has been studied through the lithographical
modification of polystyrene or other surfaces
(top-down approach) to produce micro- and
nano-grooves or pits (19-221. These topographical
clements, sensed by cultured cells, guide cell
division and differentiation upon appropriate
surface patterning 123-27].

Alternatively, several categories of partic-
ulate materials have been explored for the
nanomorphological modification of scaffold
surfaces (bottom-up approach), including
ceramics, polymers and carbon nanotubes (25-31],
Particle-based surface decoration is highly
promising since it is less dependent on the
chemical nature of the scaffold material in
contrast to its lithographical modification.
However, the limited control of the nanoscale
properties of most of these particles during their
fabrication restrices their tailoring, improvement
and adaprarion to the requirements of the cell
mechano-sensing machinery. Recently, we have
shown thar bacterial inclusion bodies (I1Bs),
pseudoespherical protein clusters spontancously
formed in recombinant bacteria {233, can be
used as biocompatible marterials for surface
decoration and stimulation of mammalian cell
spread (341 Since IB formation is multigenically
determined through the cell’s quality control
system (35,36, mechanical (37, morphological
(3¢], structural () and biological [40] properties of

Joaquin Seras-
Franzoso'??, César Diez-
Gil**, Esther Vazquez'*?,
Elena Garcia-Fruités™?,
Rafael Cubarsi*®,

Imma Ratera®*,

Jaume Veciana™ &
Antonio Villaverde™**

Inetrtute for Rrotechnodogy ang
flamedyine, iivernitat Autdnome de
Marcelonn, Betaterrm, DX1%)
Sorcelpng. Spom
"Oepartment of Genedex onid
Microliologe, Univeruitot Autdsama
de Aprcetona. Reltaterra. DR193
florcriuno, Spom
'CIRER e gungemieny, Bimmaterinies
¥ Noaomedticme [CINER-BENL
Netivterrn, ORIE3 Barcefaon, Spom
"mantut de Geacle de Mateooh de
Hareekonn [NCAAR-C5C) Bethaterri
On193 Parcetana, Spoin
"Oepartoment de Motemidtics
Aphcode IV, Uniweraisar Moalirdcrics de
Cutalunyg., Joref Girang £ 4 GRO
florceinoe, Spoin
*Authar for Larrespongdenie
fel:+ 3472 587 1086
antont wioverde uoh cot

uture
Medicine

10.2217/NNM.11.83 © 2011 Future Medicine Ltd

Nanomedicine (Epub ahead of print)

ISSN 1743-5889



Biomedical applications of bacterial Inclusion Bodies

RO RN Scras-Franzoso, Diez-Gil, Vazquez et al.

1Bs can be adjusted by the genetic manipulation
of the producing cells. Interestingly, by using
different cell lines and IB variants, we have
shown that the IB-mediated cell colonization
is supported by two independent but
synergistically acting mechanisms, namely
enhanced cell adhesion and proliferation.
The contribution of bioadhesiveness and
IB-mediated mechanotransduction stimulation
of cultured cells have been determined, as both
are events influenced by the protein packaging
style supported by cach particular bacrerial
genetic background. This fact demonstrates not
only the plasticity of IBs as protein particles, but
also the tunability and adaprability of protein-
based bacterial nanomatcrials over their already
recognized functional propertics.

Material & methods

® Bacterial production of I1Bs

1Bs were fabricated in Escherichia coli MC4100
(wild-type [wt] regarding protein folding
and degradation, araD139 AlargF-lac] U169
rpsL.150 relA1 AbB5301 deoCl pesk25 rbsR) (4]
and derived mutants in which different genes
involved in protein quality control had been
knocked down (strain JGT4 deficient in the
coprotease ClpA, elpA:ikan, strain JGT19,
deficient in the coprotease ClpP, clpP::cat, and
strain JGT20, deficient in the chaperone DnaK,
dnak756 thr::Tnl0) (s21. All of these strains
produced an aggregation-prone green Huorescent
protein (GFP), encoded by plasmid pT'VPIGEP,
that form fully Aluorescent IBs (40). Details of the
bacterial culture and IB purification procedures
have been given elsewhere [34). Once isolated, 1Bs
were resuspended in phosphate-buffered saline
(PBS) and their concentration determined by
conventional Huorescence microscopy using a
counting chamber in a microscope Leica DMRB
(Leica Microsystems GmbH, Wetzlar, Germany).

w Cell culture & proliferation assay

IBs produced in bacteria during 1, 3 or 4 h,
of known concentrations, were sterilized by
exposure to a 253 nm UV light germicidal lamp
for 3 h. Then, 2.6 x 10" IBs in 0.05 ml were
deposited per well on a 96-well nontreated fat
bottom polystyrene culture plates (Costar 3370,
NY, USA), to reach a density of 8.4 x 10" IBs
per em?, and they were incubated overnighe at
4°C. Wells were washed in PBS, blocked with
3% bovine serum albumin in PBS for 1 h ar
37°C and washed again in PBS, Then 3 x 10
cells from new born hamster kidney (BHK21),
2 x 10" cells from rat pheochromocytoma

(PC12), 5 x 10' human skin fibroblasts
(IBR3.G) and 7 x 10" cells from human liver
carcinoma (HepG2) were seeded per well and
incubated in DMEM or in minimum essential
medium in the case of HepG2 cells, Both media
were supplemented with GlutaMAX and 10%
fetal bovine serum and plates were incubated at
37°C for different times. Control wells withour
1Bs were equally treated and used for cell culure.
The amounts of living cells were determined
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay, using the
EZAU kit (Biomedica, GmbH, Vienna, Austria),
and data were recorded in the Labsystems iIEMS
Reader MF (Helsinki, Finland) as described (34).
All the cell culture experiments were carried
out in triplicate and comparisons statistically
validated through a Student’s t-test.

u Cell adhesion assay

Ninety six-well nontreated flat bottom polystyrene
culture plates, decorated (as described above)
with DnaK IBs produced for 3 h, were seeded
with 1.5 x 10 1BR3.G cells or 2.1 x 10* HepG2
cells and cultured for 24 h at 37°C. The same
number of cells were seeded on nondecorated
wells as a negative control, Increasing number
of washing steps with PBS were carried out on
the plates and the amount of retained cells were
measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay, using EZ4U
kit and recording data in the Labsystems iEMS
Reader MF.

& Cell viability assay

A roral of 1.5 x 10" 1BR3.G cells or 2.1 x 10°
HepG2 cells were seeded, each on six-well
nontreated flat bottom polystyrene culture
plates (Nunc, Roskilde, Denmark), previously
decorated with DnaK: 1Bs produced for 3 h. Cells
cultured on naked plates were used as a control.
At 24 and 72 h, the culture media was removed,
cells were washed in 1 ml of Dulbecco’s PBS,
and 1 ml of 0.5% trypsin solution was added
to each well. After incubation at 37°C (15 min
for HepG2 cells and 8 min for 1BR3.G cells),
trypsin was neutralized by the addition of 2 ml
of culture media. Both the removed culture
media as well as the Dulbecco’s PBS used for
washing were centrifuged at 1400 rpm for 5 min
to recover any weakly attached or nonattached
cell and include them in the final counting. Cell
pellers were resuspended in 1 ml of culture media
and cell viability was determined by cell number
using hemocytometer counts with trypan blue
exclusion staining.
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B Cell disruption & protein extraction
IBR3.G and HepG2 cells were cultured on six-
well nontreated far bottom polystyrene culrure
plates (Nunc), prepared as in the ‘cell culture and
proliferation assay’ section, Cells were sampled
ar sclected rimes, washed with PBS and 100 pl of
lysis buffer (50 mM Tris HCI, pH 7.4, 50 mM
MaF, 0,27 M sucrose, | mM orthovanadare,
10 mM glycerol 3-1% 5 mM Nal’yrophosphate,
1% Nonider P40, 1% Tween 20, 1 mM
ethylenediaminetetraacetic acid, 1 mM ethylenc
glycol tetraacetic acid and f-mercaproethanol
0.1%6) with protease inhibitor cocktail {Roche
Diagnostics GmbH, Mannheim, Germany, ref.
1 836 170) was added. The buffer was added
1o cach well, incubated on ice and mixed by
piperting 1o facilitate cell disruption. Soluble
protein was obrained by centrifugarion ar
13,200 rpm for 15 min at 4°C and quantified
by a Bradford assay as indicated (43,

B Determination of IB stability in

cell culture

VIMGFP 1Bs thar were aged 3 h and produced
in the Dnak background, were deposited on
six-well nontreated flat bottom polystyrene
culture plares (Nunc) av a density of 8.4 « 10°
[Bs per cm®. Then, 6 = 10° IBR3.G cells and
1.2 = 107 HepG2 cells were seeded. Control wells
consisting of IBs in cell media but withour cells
were included. 1Bs were recollected manually at
24, 48 and 72 h by PBS washing and scraping.
The resulting suspension was centrifuged for
15 min at 15,000 G and the |Bs pellets stored
uneil analysis. 1Bs were resuspended in 1 ml
PBS and fluorescence ac 510 nm and their
transmittance was recorded with a Cary Eclipse
fluorescence spectrophotomerer (Variant) by
using 450 nm as the excitation wavelength.

B Western blot analysis

Equal amounts of romal protein, for each cell line
and culture time, were loaded in 10% acrylamide
sodium dodecyl sulfate polyacrylamide gel
electrophoresis gels (enhanced phosphorylation
of the sighal-regulated protein kinase [ERK],
p-ERK and f-actin detection) while VPIGFP
IBs from the stability assay were loaded in
7.5% acrylamide sodium dodeeyl sulfate
polyacrylamide gel electrophoresis gels. Onee
ran, the gels were rransferred 1o nitrocellulose
membranes for western blot analysis, The mouse
monoclonal antibodies anti-f-actin, anti-p-ERK
(142} and anti-GFP {Santa Cruz Biotechnology
Inc., CA, USA), as well as the rabbit polyclonal
antibody anti-pd4/42 Map Kinase (9102) were

used for the detection of p-ERK, GFI* and
EREK, respectively. A goar antimouse and a goat
antirabbit, conjugated with the horseradish
peroxidase, were used as secondary antibodies
{BioRad, CA, USA). ERK, p-ERK and [}-actin
bands were developed by chemiluminiscence
{Pierce P'rod #34080, 1L, USA) and visualized in
a VersaDoc lmaging system ( BioRad), while GFP
bands were developed by a chromogenic reaction.

® Scanning electron microscopy

IBs ar the same density as those used for
proliferation assays were deposited in a defined
area (9.6 cm?) of a 90-mm polystyrene Petri dish
{Sterlin), washed in PBS and blocked with 3%
bovine serum albumin as mentioned previously.
The IB-decorated area was delimired by previously
UV-sterilized silicone. Then, appropriare
amounts of PC12 and HepG2 cells were seeded
and incubated in their respective optimum media
at 37°C for 48 h. Samples were hxed in 2.5%
{viv) glutaraldehyde in phosphate buffer (0.1 M
pH 74) for 2 h at reom wmperature, washed
and postfixed in 1% (w/v) osmium terraoxide.
After an additional wash, cells were dehydrated
by incubation for 15 min in growing ethanal
concentrations: 50, 70, 80, 90, 95 and 100%
{the step using 100% ethanol was carried our
twice). Samples were dried by critical point with
CO,, mounted on scanning electron microscope
supports with carbon film and coared with gold.
Ohbservation was carried out in an 5-570 scanning
electron microscope (Hitachi Lid, Tokyo, Japan)
at an accelerating voltage of 15 kV.

® |Bs size & zeta potential
determination by dynamic light
scattering

The size and zeta porential of 1B variants
were determined using a dynamic lighe
scattering instrument (Malvern, Nanosizer Z,
Worcestershire, UK} in suspension on PBS
buffer (pH 7.4, IB final concentration was
20 pplml). In order vo facilitate the formation of
an appropriate suspension of the liquid, 2 ml of
the mixture was sonicated for 1 min. Dynamic
light scartering measurements were carried
out at 37°C using 1 ml of freshly prepared IB
suspension intoa disposable plastic cubetre, Each
IB sample was analyzed by triplicate averaging
A0 single measurements.

B Mixed thiol self-assembled
monolayer preparation

Gold substraves modified with self-assembled
monolayers (SAMs) with different degrees of
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hydrophabicity were obtained by the use of
different molar ratios of hydrophilic (-OH
terminated) and hydrophobic (-CH | terminated)
alkane thiols, as shown by static contct angle
measurements (rnging from 100 o 35%), SAMs
of l-undecenethiol (-CH, terminared) and
1-mercapro-T-undecanol (-OH terminared)
with different proportions, were prepared by
immersion of the freshly cleaned gold subserares
in an ethanolic salution of the arganic thiols with
the appropriate molar ratio for 24 h, Afterwards,
substrares were rinsed with clean ethanol and
sonicated for 5 min in ethanol to remove the
physisorbed molecules. The substrates were then
dried under a stream of nitrogen and immediately
used o avoid ambient contamination,

® Contact angle measurements

The wertability of the SAMs of the mixed thiols
before and afier being in contace with 1Bs was
determined with an OCA 15+ (Dataphysics,
Filderstade, Germany) contact ;mglc goniometer,
Data trearment and angle determination
were carried out with the software SCA20
{Dataphysics, Germany). Four sets of static
contact angles, at different positions on each
sample, were measured.

® Coverage of I1Bs on the mixed SAMs
Freshly prepared mixed monolayers of the thiols
were immersed for 2 h into an 1B suspension
in PBS buffer (1B suspension was sonicated for
5 min prior to the introduction of the substrate).
Afterwards, the [B-covered substrates were
gently rinsed with Mili-Q water (18.2 mf{2)
and dried under a stream of nitrogen. Oprical
microscope fluorescence images of the deposited
IBs were performed using an Olympus Bx51
microscope with an Olympus DP20 camera with
a 3-s shutter time and an Olympus U-RFL-T
mercury lamp accessory. In order to remove
background lighe a GFP pass filter was used.
Image] (GNU) software was utilized to perform
the particle counting,

= Atomic force microscopy

Atomic force microscopy (AFM) images were
raken with a commercial AFM (MFP-3D-SA,
Asylum Research, CA, USA). Samples were
analyzed in tapping mode working at 8 kHz
of frequency and in a liquid environment (MBS
buffer media pH 7.4) in order to mimic the
eytoplasmic environment of the cell. Pyramidal
NSC3I5/AIBS silicon tips {MikeoMacsh, CA,
USA) having nominal spring constants of
0.28 Nim were used. Sample preparation was

carried out by drop casting of an 1B suspension
in the same PBS buffer (20 pg/ml) over freshly

cleaved mica,

® Force spectroscopy AFM

AFM indentation measurements were carried
out with a commercial AFM (MFP-3D-5A,
Asylum Research, CA, USA) equipped with
i close loop tracking system and working
on liquid environment. Pyramidal NSC35/
AIBS silicon rips (MikroMacsh, USA) having
nominal spring constants of 0.28 N/m were
used. The spectroscopic calibration of the raw
cantilever on liquid media (FBS buffer solution
pH 7.4) was developed by measuring force versus
distance curves, on freshly cleaved mica. Sample
preparation was carried out by drap casting an
1B suspension in the same PES buffer (20 pg/ml)
over freshly cleaved mica. The force curves,
consisting of 2048 data points, were obtained
imposing a maximum applied force of 50 nN ata
frequency of 8 kHz. AFM mechanical properties
data were calculated from force distance curves
according o the procedures previously described
[4445). To achieve spatial resolution of the
spectroscapic measurements, dynamic AFM
images of the studied 1Bs were developed prior
to and afrer force versus distance measurements,
Therefore, observations allowed us to follow
any movement or deformation produced on the
sample during the experiment.

= Numerical analysis

The correlation r berween pairs of variables X
and Y in the samples was calculared 1o determine
the strength of their relationship, and the
significance of the correlation cocfficient was
tested against the null hypothesis that there is no
relationship berween X and Y in the population,
p = 0. For thar, we used the e-distribution value
with n-2 degrees of freedom. For a level of
significance €, generally assumed as 0.01, the
probabilicy P(]e)= t )= & renders the value 1,
such that if ¢ lies below the critical 1, the null
hypothesis of no relationship in the population
{p = 0) cannot be rejected. Then the correlation
was observed as nor significany; otherwise, the
significance of the correlation was accepred.

Results

= Mammalian cell colonization of
IB-decorated surfaces is stimulated by
two independent but synergistically
acting mechanisms

Two selected mammalian cell lines (HepG2,
hepatocytes and 1BR3.G, fibroblasts) were
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Figure 1. Inclusion bodies-mediated surface colonization by different cell lines, (A, i)
Number of living cells, monitared by a 3-(4,5-dimethylthiazol-2-y1) -2, 5-diphenyltetrazolivm bromide
analysis, during prolonged cultivation of two cell lines (HepG2 and 1BR3.G) on fiat and |B-decorated
polystyrene surfaces. Numbers indicate the percentage of viable cells at 24 and 72 h; (A, i) cell
amaunts on 18-decorated surfaces relative to those observed an nondecorated surfaces. In all cases
IBs produced in Dnakl bacteria for 3 h were used for decoration. (B) Correlation between relative
adsorptian and proliferation of the four cell lines on 1B-decorated surfaces. Data were retrieved fram
Tame 1, {C) Micrographs of cultures of HepG2, 1BR3.G, BHK21 and PC12 celis on 1B-free and 18-
decorated polystyrene surfaces (taken at 48 h),

1B: Inclusion body.

cultured on nontreated polysiyrene surfaces  without any sign of woxicity, However, when
upon random decoration with 1Bs. Both  plotting cell growth on [B-decorated surfaces
HepG2 and 1BRA.G cells responded positively  relative to that on nondecorated surfaces {in %),
1o surface decoration with 1Bs Fowws 14, 0 and  two different patterns were clearly observed
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Fwene 1A, np. At 24 b, the number of HepG2 cells
on [B-decorated surfaces was significantly higher
than in nondecorated Har surfaces, and this
difference was maintained at later monitoring
times, This indicated an improved attachment
of HepG2 cells enhanced by 1Bs (values ar early
cultivation times, t.,), but a moderate stimulation
of proliferation on the modified substrate (lare
values, ©.,). By contrast, the relative number of
1BR3.G cells was also initially high, bur it further
increased with cultivation time (Feone 14,0,
proving that in this case, 1Bs stimulated not only
cell attachment but alse promoted a sustained
activation of cell division.

The IB-mediated stimulation of cell attachment
and proliferation was assessed through the analysis
of two additional cell lines (BHK21, fibroblasts
and PCI2, neuron-like cells) (Fevse 10y, and by
incorporating diverse IB variants produced in
different genetic backgrounds (Tawe 1, Sereosran
Tams 1, see online, www.futuremedicine.com/
doilsuppl/10.2217/nnm.11.83). The selected
mutations had previously shown a dramaric
influence on recombinant protein folding and
aggregation, which resulted in variations in
IB shape and size [31.38], conformational status
of the embedded protein ioss) and several
nanomechanical properties of the protein
particles [1v7]. Interestingly, the capabilities of 1Bs
too stimulate cell attachment (., data, ranging
between 117 and 139%, Tunir 1) and proliferation
(t., data, berween 141 and 229%, Tame 1), were
both evidenced in the four tested cell lines, In
general, the bivadhesiveness of Clpl* [Bs was
slightly weaker and those of wr IBs, stronger
than the average.

® Characterization of |B-mediated

cell adhesion

lnterestingly, Clpl* 1Bs were inefficient in
enhancing the attachment of BHK21 cells
(100.3%) but cleardy stimulared their proliferation
(164.1%), suggesting that both events were
mechanistically unconnecred. In this line,
when the setof ¢, and «,, daca from all cell lines
was compared, data appeared highly scatrered
ikwame 18y, indicating that 1B-mediated stimulation
of cell proliferation was nor a straightforward
consequence of fivored cell adhesion. However,
significant lineal correlations were uniquely and
independently observed for HepG2 (p = 0.0038)
and 1BRA.G (p = 0.0085), the cell lines with the
highest affinity for 1B-decorated surfaces (see
average t,, daea for these cell lines in Tame 1),
In this regard, strong cell adhesion ar early
experimental times might represent a catalyst for
the stimulation of further division.

To confirm attachment and proliferation
as differentially activared by 1Bs, the cell
adhesiveness to |B-decorated surfaces was
investigated in HepG2 and 1BR3.G cells in a
step washing experiment, The modified surfaces
retained a significantly higher number of cells
than nude polystyrene surfaces (Fovar 243, and
HepG2 cells remained more strongly artached
to the surface than 1BRA.G cells, in agreement
with data shown in Tas 1.

# |B-mediated cell proliferation
involves media probing & mechanical
signal transduction

On the other hand, we wanted 10 assess o
what extent cell proliferation mediated by 1Bs

Table 1. Cell number, monitored by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide absorbance

units, in cultures of four selected ¢all lines on inclusion body-decorated surfaces relative to nondecorated flat

surfacas.

Cell line Culture time Observed Genetic background of producing bacteria (%) Average data
Aftaet Wild-type  ClpA: Dnak ClpP (%)

1BR3.G 14 Attachment 137.00 137.03 136.46 118.81 132.32

172 Proliferation 248.09 242.51 248 24 178.78 22941
PC12 124 Attachment 123.53 121.36 109.09 126.32 120007

172 Proliferation 156.78 141.08 17182 205.06 154.96'
BHK21 124 Attachment 132.66 1nzn 125.62 100.36 11769

172 Praliferation 156.02 142.23 15471 164,15 154,28
HepG2 124 Attachment 156.71 13839 136.4 127.32 139.72

172 Proliferation 158,68 140.29 146.54 12092 141,37
Average 124 Attachment 135.75" 127.22! 126.67" naanr
data 172 Proliferation 179.87 166.50 166.85 167.22
Dt are showen ot 24 and 72 b Cell lings arg ardeved i the fable by the sverage prodfevation dala (relstve cell numidser af 72 1) and 18 varanis by the svvage csl
ﬂm:mrehrmmﬂﬁmﬂﬂhu. fram higher to keever. Data derive from 185 prodeuced for 3 fr (4 b for ClpP 185
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Figure 2. Mechanics of inclusion-body-mediated stimulation of cell spread and surface
colonization. (A) HepG2 and 1BR3.G cell retention (monitored by 3-(4,5-dimethylthiazol-2-y1)-2,5-
mmmmm)lnmmmm(-)ammmmmmm
during sequential washing steps. Significance of the differences between retention on IB-decorated or
nude surfaces & given as; '0.01 < p < 0.05; *p < 0.01. (B) ERK, p-ERK and fi-actin (as control)
immunodetection at 24 and 72 h of HepG2 and 1BR3.G cell culture on IB-decorated and nude
polystyrene plates. No significant variations in ERK and f3-actin were observed. Samples were obtained
from a pool of six independent cultures. (C) Representation of ERK expression and activation on
1B-decorated surfaces relative to nondecorated plain surfaces. In ERK bars, IF represents the ERK
induction fold expression in cells growing on IB-decorated surfaces relative to those growing on
nondecorated surfaces, while in p-ERK bars, the activation factor by phosphorylation. Dashed lines
indicate no variation, (D) Prevalence of IBs on plates during culture of HepG2 and 1BR3.G cells, as
monitored by green fluorescence protein immunodetection and determination of green fluorescence
emission. 1B-decorated plates in absence of celis were used as controls.
ERK: Enhanced phosphorylation of the signal-regulated protein kinase FU. Fluorescence units,
GFP: Green fluorescence protein; I8: Inclusion body.
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was triggered by the mechanical stimuli offered
by these protein particles. Interestingly, the
phosphorylated form of the signal-regulated
protein kinase (p-ERK), which transduce
extracellular growth stimuli to the nuclei and
whose activation is intimately linked to cell
proliferation [+74%), was found to be increased in
1BR3.G but not in HepG2 cells (picvw 28). This
isaccording to the higher division rate of this cell
line when comparing with HepG2 (Fcous 14,10,
The cellular amounts of ERK were moderately
enhanced in both cell lines, but the low levels of
ERK increase prevented us to strongly suggest an
[B-promoted stimulation of ERK gene expression.
At this point, we wanted to exclude that 1Bs
would have been metabolized by the cells during
the experimental time, and to confirm thart the
observed events were uniquely derived from the
mechanical stimuli of 1Bs as nanostructured,
inert materials. In this context, IBs were still
present in the cell cultures after 72 h (Ficone 20),
indicative of a high stability of these protein
particles and of the absence of important indirect
effects through the cell’s protein metabolism.
To explore how cells growing on [Bs might gain
information about their modified environment, we
investigated their morphology by scanning electron
microscope. Obscrvation of HepG2 and PCI2
cells revealed a dramaric occurrence of filopodia
in IB-stimulated cells, which were essentially
absent in cells growing on flat polystyrene
surfaces (Ficonr 3). Interestingly, filopodia and
lamelipodia were seen in close contact with IBs

-IBs +iBs

PCi12

(Ficuss 3, insets and magnifications at the right),
indicative not only of fine environmenral probing
bur also proving thar IB dimensions are within
the cellular sensing range. These observations
support filopodia sensing as the key element in
the cell growth response to effector topographies
as previously proved using nonbiological substrate
materials [#50).

B |B variants are differently adhesive &
differentially stimulate cell
proliferation

In an attempt to identify the features of 1Bs
responsible for adhesion and growth stimulation
we firstly explored IB size (s 2). When plotting
the effective diameter of all IB variants versus
proliferation, a negative effect was observed in
PC12 and HepG2, although data obtained with
ClpP IBs (459 nm) were always apart from the
general pattern (Ficene 4A). As a confirmation
thar cell attachment and proliferation are
independently regulated by 1Bs, IB diameter did
not have any impact on PCI2 cell attachment (red
circles, Fioons 4A).

The unusual biological effects of ClpP* IBs
(Fcums 4A; Tanr 1) s well as the previously observed
unusual tear-like shape of these particles [
prompted us to explore their mechanical
propertics. Force spectroscopy AFM depicted the
occurrence of four different stiffness populations
(Ficunr 4B & 4C), two of them situated within
the range previously observed for ClpA® IBs
(3.33 =+ 0.21 and 7.10 + 0.09 MPa with full

+|Bs +|Bs

Figure 3. Scanning electron microscope images of PC12 and HepG2 cells cultures for 48 h on
flat surfaces and upon decoration with DnakK' inclusion bodies (aged 3 h), showing the
abundance of inclusion body-induced filopodia. Inset frames contain maanified images showing
filopodia in contact with surface-attached inclusion bodies.
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Table 2. Relevant nanoscale properties of inclusion bodies biofabricated in different bacterial strains during

different times.

Phenotype of  Fabrication Diameter Average Maximal  Morphology Zeta Contact angle
producing time (h) (nm) stiffness  stiffness potential at the
bacteria maximum
coverage

Wild-type 1 120 nd nd Sphencal nd nd

3 342 376 373 Sphencal -16.7 45
DnakK 1 206 nd nd Spherical nd nd

3 531 5.65 775 Spherical -18.2 24
ClpA 1 235 nd nd Sphencal nd nd

3 435 8 1099 Spherical -178 19
ClpP 4 459 796(11.48) 13.45(22) Tear-shaped -26.5 6.5
Data indicated in the parenthess might eventualy be influenced by the analytical procedure and were not used for further correlabon analysis. Some of the deprcted
g%oe:ammrym Dnak” and CipA™ inclusion bodies had been obtaned in a previous study (37)

width at half maximum of 2.67 + 0.59 and
1.05 + 0.39 MPa, respectively). The other two were
at higher Young modulus values (13.45 = 2.28
and 22,07 + 0.168 MPa with full width at half
maximum of 18.75 + 2.59 and 1.21 + 0.468 MDa,
respectively). However, Young modulus values
obrained by mathematical treatment of the
force spectroscopy AFM measurements onto
ClpP 1Bs indicated the appearance of harder
clasticity distributions. The presence of one peak
at 22.07 MPa could not be explained just by the
modification of the protein stiffness, as it differs
by almost 10 MPa from the previous distribution
of the same IB material, Therefore, this peak can
be assigned to the influence of the substrate on
the AFM tip during the force spectroscopy AFM
measurement. In order to casily compare the results
obtained for all the IBs tested, stiffness histograms
obtained for all IBs used in this study are depicted
in Faone 4D, This eventual artifact value was not
included in further numerical analysis,

On the other hand, ClpP* IBs wettabiliry
and coverage dependence indicated chac ClpP
I1Bs do not strongly modify the initial contact
angle of the surface (Fwuns 41, In addition, the
data indicate a broad heterogencity of ClpP
IBs surface chemistry. Nevertheless, 1B surface
coverage dependence on the substrate contact
angle was also determined. The obtained results
thcuns 4F) showed the existence of rwo maxima
of IB coverage (one at 60° and the other one at
angles more than 90°) reaching absolute values
of 0,007 IB/pm’, for surface contact angle of
approximately 80°.

Mechanical data of ClpP IBs and other IB
variants were used for a multiple correlation
analysis with the relative cell number (at both
carly and late times), to screen any possible
dependence between attachment or proliferation

and 1B properties (Feone 4G). Interestingly, the
average stiffness and contact angle showed
very poor influence on cell growth. However,
maximal stiffness had important negative
effects on cell adhesion and moderate effects on
cell proliferation, while zeta potential positively
influenced proliferation bur also cell adhesion.
The diameter of the protein particles negatively
modulated both attachment and proliferation in
the tested ranges, as discussed previously. The
exclusion of ClpP 1B data in the analysis did not
dramatically alter the significance of correlations,
indicaring the absence of relevant methodological
deviations in the size determination of these
morphologically aberrant particles.

® Discussion

Bacterial 1Bs are pseudo-spherical deposits
of insoluble protein commonly occurring in
recombinant bacteria [32.51-53], whose formation,
observed since carly recombinant DNA times
1$41, has limited the applicability of recombinant
proteins in industry and research (55, 1Bs are
formed when bacteria are forced to express
foreign or engineered genes over physiological
rates, and important fractions of the newly
produced encoded protein do not reach the
native conformation. Then, these misfolded
polypeptides accumulate through sterospecific
crossmolecular contacts (56,57 in a seeding-
based style, that results in the formation of
protein clusters with amyloid-like architecture
1s8]. Protein deposition through crosspleated
f3-sheet-based interactions (11.55.59) confer high
mechanical stability to the resulting particles 1314),
that converts them into intriguing self-organizing
biomaterials with appealing tunable properties
115.36.60-62), Previously, we have shown that
deposition of IBs on flat surfaces, in a bottom-up
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Figure 4. Influence of inclusion body physicochemical properties on cell adhesion and

proliferation. (A) Relative proliferation of four cell lines

decoration, Dotted vertical e indicates the data

) versis the diameter of IBs used for
ined when rowing cells on ClpP’ (Bs. The

swgnificance (p-value} of [inear cormelations is indicated in each panel. For PC12, the significance abtained
without ClpF" 1B data is also shown (1), as well as the relative cell number at t, (average, as red circlas),

I8! Inclusion body.

approach to nano- and micro-environment
engineering, dramatically favor mammalian cell
colonization [3.738). In the present study, we
have shown that the stimulation of colonization
of 1B-decorated surfaces is a combined result of
vwo independent events, namely cell arachment
and proliferation, which are triggered differently

by [Bs (Picvees b & 2 Tonce 1), The efficiency of cell
attachment was dependent on the 1B vanant,
suggesting a spectrum of adhesiveness exhibited
by the protein materials depending on the specific
aggregation pattern undergone in each genetic
background (for instance, Clpl* 1Bs being less
adhesive than wr [Bs).
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Stimulation of cell proliferation by 1Bs
involves the activation of the ERK pathway
(Ficvwn 280, used here as a convenient reporter
of cell cycle acrivarion and of rransduction of
exrernal mechanical stimuli a6y, Interestingly,
IB-mediated stimulation of cell proliferation is
based on the activity of filopodia-like sensing
probes (Fciwe 33, in agreement with previous
abservations on different materials derived
from chemical synthesis 125495064, The main
properties of bacterial IBs determining the
praliferative cell response are size, maximal
stiffness and zeta potential (Foom 41, Size
discrimination was not unexpected. since in
generic terms, the size of nanoparticles seems
to be a critical effector in biological interfaces
(5], Interestingly, decreasing the |B diameter
fram 500 to 200 nm had a positive effect on
PCI2, and ar a lesser extent, on HepG2 division
rates, while adsorption of PC12 was completely
independent on 1B size (Ficuns 18y, Mareworthy,
the size of 1Bs can be easily regulared by bath
fabrication time and genetic background
of producing bactenia, in a range between
approximately 50 and 500 nm 40,4].

Finally, the nanoscale exploration of Clpl* 1Bs
has revealed that, apart from their abnormal tear-
shaped geometry Fom 4) (W), other parameters
of this material exhibirs unusual values (Foone 4
Tanie 20, Interestingly, the use of Clpl* [Bs as
scaffolds for mammalian cell culture resules in
anomalous cell proliferation responses (Fuo 4A),
that maximized growth of PC12 and restricred
that of 1BR3.G. The selective modulition of cell
areachment and proliferation exhibited by ClpP
IBs and, in general, by all [B vanants, could be
of interest in the enrichment of defined cell types
from primary cultures and in the fabrication of
hybrid rissues, that is now being achieved by using
magnetic force-based tissue engineering (6671,

Being protein marterials, TBs exhibir
nanoscale properties in ranges marching those
of the natural martrices in which cells grow and
differentiare, and differ from those offered by
other materials used for substrate decoration,
such as ceramic nanoparticles or carbon
nanotubes, which in addition, eventually show
undesired toxic effects. Finally, protocols to
produce bacterial-free [Bs on a large scale, whilst
keeping the mechanical and biological properties
of these particles intact are under continuous
development [s0.61.7223, further prompting
the consideration of bacterial 1Bs, as other
hﬂ.ft:rial Fmdul:ti | %5, 0000, @5 2 DEW E.!tl.‘gnr](
of biocompatible and promising self-assembling
materials for biomedical applications,

.
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Figure 4 (cont.). (B) Atomic force microscopy image of a ClpP 1B after the
indentation procedure. Green crosses reprasent the force spectroscopical
measurements performed on the inclusion body (IB) while the red crosses are ones
performed over the clean mica surface. Inset, 3D atomic force microscopy image of
a ClpP 18 prior 1o indentation measurements, (C) Histogram representation of the
number of events versus Young modulus obtained for 1Bs produced in ClpP-
deficient bacteria, showing four differant peaks at 3.33, 7.10 13.45 and 22 .07 MPa.
(D) 30 histogram representation of the number of events versus Young modulus
for different 1Bs produced in bacterial mutants. From softer to stiffer: wt 1Bs show
only one peak at 3.73 MPa; Dnak 1Bs show two overlapped Young modulus
distributions, which centered at 3.56 and 7.75 MPa; Clp& 1Bs show the presence of
two different Young modulus distributions, at 5.01 and 10.99 MPa and ClpP- [8s
show three different peaks at 3.33, 7.10 and 13.45 MPa

wit: Wild-type.
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Conclusion

Randomly deposited bacrerial 1Bs stimulate
mammalian cell colonization of Hat surfaces by
enhancing cell attachment but also through the
mechanical stimulation of cell division, being
independent but synergistically acting events.
The genetic tunability of nanoscale features,
exemplified by IBs produced in the absence of
protease ClpP, offers an important flexibility
for the adapration of these protein particles to
specific conditions in which cither adhesion
or stimulation of proliferation are especially
convenient. The triggering of filopodia-based
media sensing and the activation of ERK
pathway prove the mechanical nature of the
stimuli provided by 1Bs on mammalian cells.
In addition, the bioadhesiveness of 1Bs firstly
identified in this study prompts to further
examine this property in the contexe of the
multiple applications of bacterial materials in
conventional and innovative medicines.

Future perspective

Biologically produced protein materials have so
far been poorly incorporated to nanomedical
applications despite their high functional
versatility. The characterization of bacterial
IBs at the nanoscale and the discovery of their
mechanical tunability by genetic approaches,
offer a paradigm for further investigation of these
and other protein-based materials in biological
interfaces. Being biocompatible substrates, with
physicochemical features within the mammalian
cell sensing range, the potential of IBs in tissue
engineering and other biomedical landscapes is
expected to provide important insights and novel
ficlds of application.
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Ints been wbiained from the participants invelved.

« Inclusion bodies, used as topographical surface modifiers, differentially stimulate colonization by different cell lines.

+ Cell surface colonization mediated by inclusion bodies is based on two independent but synergistic events, namely adhesion and
proliferation,

« Different inclusion body nanoscale features, that are relevant to either bioadhesiveness or mechanical stmulation of cell proliferation
(especially size and zeta potential), adopt a range of values that depend on the genetic background of the producing bactena.

* Inclusion bodies are probed by cell filopodia and efficently activate the ERK mechanotransduction pathway.
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Mesenchymal stem cells (MSCs) have been extensively used in recent tissue
engineering applications, due to their capability of self-renewal and differentiation into
several cell lineages they represent an important source to obtain considerable amounts
of cells, able to differentiate into the damaged tissue cell phenotype for its repair. In this
work we have focused in the study on MSC response to poly-e-caprolactone (PCL)-IB
based topographies. We have shown that IBs, being mechanically tunable by the proper
choice of the E. coli producing strain, can be used to direct MSCs to osteogenic
differentiation. Interestingly, we have observed a differential response depending on the
type of IB used to fabricate the PCL-IB topography. Thus, VP1GFP IBs produced in CIpA
E. coli strain exhibits a stronger osteogenic stimulation than the others types tested. This
fact reinforces the idea of generating IBs with specific mechanical and chemical
properties depending on the final application of the biomaterial. Moreover, here we
have provided evidence of an increased energy demand by MSCs during their
differentiation process to osteoblasts raising metabolomics approach as a good tool to

study stem cells activity.
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Biomedical applications of bacterial Inclusion Bodies

Abstract

Bacterial inclusion bodies (IBs) are nanostructured, pseudospherical proteinaceous
particles produced in recombinant bacteria resulting from ordered protein aggregation.
Being mechanically stable, several physicochemical and biological properties of IBs can
be tuned by appropriate selection of the producer strain and of culture conditions. We
have previously shown that IBs favour cell adhesion and surface colonization by
mammalian cells lines upon decoration on materials surfaces. Here we vary topography,
stiffness and wettability using the IBs to decorate polycaprolactone surfaces. We show
that these topographies can be used to specifically target osteogenesis from
mesenchymal stem cells. Furthermore, we use metabolomics to show that the cells have

increased energy demand during this bone-related differentiation.

Introduction.

Cells have been known to respond to topography in terms of adhesion and migration for
over 100 years(1, 2). In the 1990’s it started to become possible to probe cell
interactions at the nanoscale(3) and consequently cell response to all nanoscale-defined
features was observed(4). Since then, ability to influence gene expression(5) and even
stem cell behaviours has been noted; e.g. mesenchymal and embryonic stem cell
differentiation(6-8) and self-renewal(8-10) has been shown with nanotopography.

Much of this work has borrowed on technology derived in microelectronics (e.g.
photolithography and electron beam lithography(11, 12)). However, there has been a
steady increase in more natural lithographical and patterning approaches to cell
guidence(13-17). Another emerging approach is the use of bacterial inclusion bodies
(IBs) that are produced in recombinant bacteria via cost-effective procedures and are
formed by foreign polypeptides whose overexpression is controlled externally(18). IBs
range between around 50 and 1000 nm in diameter, normally they have
pseudospherical forms and they are mechanically stable, resisting the harsh physical
methods used to break the bacterial cell wall(19). In these particles, amyloid fibrils and
properly folded versions of the recombinant protein coexist, which can result in
detectable biological activity in the IBs(20). Many nanoscale properties of IBs (eg. size,
geometry, stiffness, zeta potential and stickiness) can be tuned by the appropriate

selection of the genotype of the producer cell (usually by gene knock-down), and also by
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controlling production parameters such as temperature, production time and strength
of recombinant gene expression(21). Recently, it has been demonstrated that IBs can be
successfully used to generate nanotopographies on polystyrene surfaces able to
stimulate cell adhesion and proliferation(22).

In this report, we focus on mesenchymal stem cell (MSC) differentiation on the IB
patterned materials. They are self-renewing cells that can form mature cells from bone
(osteoblast), cartilage (chondrocyte), fat (adipocyte) and reticular (fibroblast)
lineages(23, 24). To survey differentiation we have adopted a metabolomic approach
coupled to microscopy to identify adhesion and cytoskeletal changes and quantitative

(q)PCR to study phenotypical marker expression at transcriptional level.

Materials and Methods.
Bacterial cell culture and 1B production

The Escherichia coli strains used in this work for the production of IBs were
MC4100 (araD139 (argF-lac) U169 rpsL150 relAl flbB5301 deoCl ptsF25 Rbs®, Sm®)(25)
as a wild type (wt) strain regarding the protein quality control system and its derivatives
JGT4 (clpA:kan, Sm®), JGT19 (clpP:cat, Sm®) and JGT20 (dnak756 thr:Tn10, Sm?",
Tc")(26). These strains, referred to as MC4100, CIpA’, ClpP” and DnaK’, were transformed
with the pTVP1GFP (Ap") which encodes mGFP(27) placed under the control of an IPTG-
inducible trc promoter.

All bacterial strains were cultured in shaker flasks at 37°C and 250 rpm using LB
rich medium supplemented with the corresponding antibiotics, ampicillin (Ap) for
plasmid maintenance and streptomycin (Sm) as a strain selection marker. Tetracycline
(Tc) was also added in DnaK™ E. coli cultures. Bacterial cultures for IB production were
started at an optical density at 550nm (ODsso) of 0.05 and cultured in the conditions
mentioned above till they reach an ODssp of 0.5. Then protein expression was induced by
the addition of 1 mM IPTG (final concentration) and further incubated for 3 hr under the

same conditions.

IB purification
At the desired time, lysozyme and PMSF were added at 1 mg/mL and 0.4 mM

respectively, and incubated for 2 hr at 37 °C. After bacterial cell wall digestion, samples
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were frozen at -80 °C to disrupt the weakened bacterial cells and release the IBs. Then,
IBs were washed in Triton X-100 1% (v/v) for 1 hr at RT and frozen again at -80 °C. An
additional washing step was carried out by adding Nonidet P-40 detergent 0.03 % (v/v)
and incubating I1Bs 1 hr at 4°C. Next, samples were treated with DNAse 1 pg/mL in
presence of MgSO, 1mM during 1 hr at 37°C in order to remove contaminant DNA.
Finally, bacterial cell growth was tested by plating 100 uL of sample on LB plates and
cultured overnight at 37°C. Samples were frozen/thawed till no viable bacteria were
observed. All the incubations were done under agitation conditions.

Purified IBs were quantified by Western blot using Quantity One software (Bio-
Rad) to analyze band intensity and infer protein concentration from a GFP standard

curve.

Surface preparation

Polycaprolactone (PCL) (SIGMA) discs were obtained by melting PCL beads (MW
45000) placed between two glass slides, at 80 °C. Pressure was applied to the upper
glass slide till a smooth circular layer (13 mm @) was obtained. PCL discs were then
sterilised in 70 % ethanol for a minimum of 30 min and washed in 1xPhosphate Buffered
Saline (PBS). mGFP IBs from all producing E. coli strains were resuspended in PBS and
500 pL of IB suspension at 64 ug/mL was added to 24 well plates where the PCL discs
had been previously placed. Plates were incubated overnight at 4°C allowing IB
deposition. IB-modified PCL discs were washed with PBS, blocked using a 3 % bovine
serum albumin (BSA)/PBS (w/v) solution and washed again in PBS. PCL adhesive controls
were obtained by a 30 sec plasma clean treatment of the PCL discs.
Contact angle measurements

Wettability of wild-type (MC4100), DnaK’, CIpA™ and ClpP" IB-PCL surfaces, as well
as planar PCL controls, was determined in an OCA15+ (Dataphysics, Germany)
goniometer. Three sets of static contact angles were measured per surface using
droplets of ultrapure water (18.2 MQ-cm) (Millipore). Three replicas of each surface type

were measured and significance analysed by t-test.
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Mesenchymal stem cell culture

MSCs (Promocell) were routinely maintained in a-MEM supplemented with 10 %
fetal bovine serum (FBS) (PAA), 1% (v/v) 200 mM L-glutamine (Gibco), and antibiotics
(6.74 U/ml Penicillin-Streptomycin, 0.2 ug/ml Fungizone) (PAA) at 37°C and 5% CO, in a
humidified incubator. Medium was changed every 3 days. For all the experiments 1x10*

cells in passage 2 - 3 were seeded per well on PCL or IB-covered PCL discs.

Immunofluorescence

MSCs cultures growing on IB-PCL and PCL adhesive controls were processed at 24
hr and 96 hr for vinculin immunodetection and 21 days for osteogenic marker detection
(osteocalcin (OCN) and osteopontin (OPN)). For staining, they were washed with pre-
warmed PBS and fixed in 10 % formaldehyde/PBS (v/v) with 2 % sucrose (w/v), 15 min at
37 °C. Then, cells were permeabilized by the addition of buffer P (10.3 g sucrose, 0.292 g
NacCl, 0.06 g MgCl,, 0.476 g HEPES buffer, 0.5 ml Triton-X, in 100 ml PBS, pH 7.2), for 5
min at 4°C. Samples were blocked in 1 % BSA/PBS (w/v) for 5 min at 37 °C and the
primary antibody added (in 1 % BSA/PBS (w/v)), 1 hr at 37 °C. Mouse monoclonal
antibodies h-vin (vinculin 1:150) (Sigma), anti-OCN (1:50) and anti-OPN (1:50) (Santa
Cruz Biotechnology) were used. Also rhodamine-phalloidin, in the case of focal adhesion
detection or FITC-phalloidin for OCN and OPN analysis (1:500 in 1 % BSA/PBS (w/v))
(Molecular Probes) were added at this step. After incubation, samples were washed 3
times in 0.5 % Tween 20/PBS (v/v) for 5 min. The secondary biotinylated horse anti-
mouse antibody (Vector Laboratories) (1:50 in 1% BSA/PBS (w/v)) was added for 1 hr at
37 °C. Samples were washed 3 times in 0.5 % Tween 20/PBS (v/v) before they were
incubated at 4°C for 30 min in Cy3-conjugated streptavidin (Insight Biotechnology, 1:100
in 1 % BSA/PBS (w/v)). The samples were then washed as previously and a drop of
Vectashield mountant containing DAPI (Vector labs), for DNA staining of the nucleus,
was added. Observation was carried out by fluorescence microscopes Zeiss Axiovert 200

M and Zeiss Axiophot 200 M.

Confocal microscopy
Samples for confocal imaging were processed as described above after 4 days of

culture on IB-PCL surfaces. Anti clathrin (Sigma-Aldrich no. C1985) was added as the
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primary antibody, diluted 1:50 in 1% BSA/PBS (w/v). These samples were observed in a
TCS SP2 confocal laser scanning microscope (Leica Microsystems, Mannheim, Germany)
using a Plan-Apochromat 63X 1.4 N.A lens. Up to 20 confocal plans were captured every
0.7 um along the z-axis in order to perform in silico 3D reconstruction. Imaris v 6.3.1
software (Bitplane; Zirich, Switzerland) was then used to process the data and generate

the final reconstruction.

Scanning electron microscopy

Purified IBs were resuspended in 1xPBS and deposited on Nucleopore Track-Etch
membranes with a pore size of 0.2 um (Whatman, United Kingdom). Samples were fixed
in 2.5 % glutaraldehyde-0.1 M phosphate buffer (v/v) for 2 hr at 4 °C and after
appropriate washing dehydrated in an increasing concentration ethanol series (50, 70,
80, 90 and 95 % for 10 min each and twice with 100 % ethanol). After dehydration, CO,
critical point drying was carried out and samples were mounted on adhesive carbon
films. Prior to observation, mounted samples were coated with gold. Samples were
examined in a S-570 scanning microscope (Hitachi Ltd., Japan) at an accelerating voltage

from 15kV to 20kV.

MSC morphology

MSC morphology analysis was carried out using images from cultures at 24 hr
and 96 hr, stained as described above. Imagel (version 1.34s; Rasband, W.S.,Image J,
U.S. National Institutes of Health -http://rsb.info. nih.gov/ij/) was used to select
positively stained cells and calculate cell area and cell perimeter. In all the samples a
minimum of 50 cells were analyzed. T- test was performed to analyze variances between

samples.

RT-qPCR

MSCs cultures at 7 and 14 days of culture on IB-PCL and PCL plasma-cleaned discs
were lysed and total RNA was extracted using a Qiagen RNeasy Kit. Samples were
treated with DNAse and RNA quantified by nanodrop (Thermo Fisher). Equal amounts of
total RNA were then reverse-transcribed using Omniscript RT kit (Qiagen), according to

manufacturer’s instructions. Real-time qPCR reaction was performed in order to
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determine the expression of the following genes: GapDH, ALCAM, PPARG, SOX9 and
OPN (table 1). GapDH was used as constitutive gene, thus the expression of the genes of
interest was normalized to GapDH expression value. SYBR green (Applied Biosystems)
method was used to measure gene amplification and gene expression was quantified by
the comparative analysis of cycle-threshold procedure. Sequences of the primers used in
this study were validated by the analysis of the melting curves. Real-time gqPCR was
performed using the 7500 Real Time PCR system (Applied Biosystems). Gene expression
levels were represented as the relative value obtained when comparing IB-PCL samples
to PCL plasma cleaned controls. All samples were performed in triplicate and t-test was

used to analyze variances between samples.

Metabolomic analysis.

Cell cultures were collected at day 7 and washed in pre warmed 1x PBS. Then,
400 pL of ice-cold extraction solvent (chloroform: methanol: water, 1:3:1) was added
and incubated for 1 hr at 4 °C with gentle agitation. Solvent was next transferred to
clean sterile eppendorf tubes and centrifuged at 13000G for 5 min at 4°C. After
centrifugation supernatants were transferred to new eppendorf tubes and stored at -80
°C till processing by LC-MS. The samples were then used for hydrophilic interaction
liguid chromatography-mass spectrometry (UltiMate 3000 RSLC (Thermo Fisher) with a
150 x 4.6 mm ZIC-HILIC column running at 300 ul/min and Orbitrap Exactive (Thermo
Fisher) respectively). Total protein content was measured by Nanodrop (Thermo Fisher)
and was found identical for all samples, thus no further standardization was required.
Raw mass spectrometry data was processed using the standard pipeline, consisting of
XCMS(28) (for peak picking), MzMatch(29) (for filtering and grouping) and IDEOM(30)
(for further filtering, post-processing and identification). This was followed by core
metabolite IDs validation against a panel of unambiguous standards by mass and
retention time. Further putative identifications were assigned by mass and predicted
retention time(31). Means and standard errors of the mean were generated for all
groups of picked peaks. The resulting data was uploaded to Ingenuity pathway analysis

software for pathway analysis and Metaboanalyst for heatmap production.
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Results.

Inclusion Bodies. A range of I1Bs were produced using bacterial mutant strains as shown
in table 2. The average diameter for the particles used in this study range from 340 nm
(wt) to 531nm (DnaK’) being of 435 nm and 459 nm for ClpA and ClpP" variants
respectively. A low negatively charged zeta-potential was exhibited by IBs resuspended
in PBS indicating a tendency to aggregate with time. Please note that this data is pooled
from previous analysis with the same 1Bs(32, 33).

Surface Topographies. Surfaces were successfully fabricated that were decorated with
bacterial IBs (figure 1). Reasonably homogenous IB distribution was observed in the four
types of IB-based surfaces despite the appearance of some particle supraggregates;
these were more evident when IBs were produced in the wt, MC4100 cells.
Measurement of contact angle demonstrated that all surfaces (planar PCL and
decorated PCL) were hydrophilic, but that the wt and ClpP~ were most hydrophilic with

ClpA™ and DnaK strains having similar contact angle to control PCL (figure 2).

Fluorescence & Confocal Microscopy. MSCs on planar control surfaces were well spread
with many adhesions and well-organised actin cytoskeleton (figure 3). MSCs on the IB
nanotopographies also had large adhesions (apart from wt) and supported more
contracted cell morphologies (on wt IBs the cells tended to be more bipolarized,
elongate) (figure 3 and supplementary figure 1). An interesting observation was that on
ClpP" the cells appeared to have cleared areas for themselves amongst the topography
(arrows in figure 3, also see supplementary figure 2), this was not the case on the other
surfaces (DnaK™ showed slight evidence of this).

Confocal comparison of ClpA™ and ClpP" demonstrates this further (figure 4). On ClpA
surfaces, the MSCs grew over the IBs (figure 4B) with the proteinacious IB nanoparticles
appearing to penetrate the cell membrane with no toxic effect (figure 4A). On ClpP’,
however, cells occupied cleared areas (figure 4C-E). There was little evidence of free
ClpP" IBs within the cell cytoplasm suggesting the particles were not internalised (figure
4E). Clathrin staining in the figures supports this as no evidence of strong clathrin tracks,

indicative of high levels of endocytosis, were visible for ClpA™ or ClpP" (figure 4).
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QPCR Differentiation Analysis. At transcript level, OPN (bone), SRY (sex determining
region Y)-box 9 (SOX9, cartilage), peroxisome proliferator-activated receptor gamma
(PPARG) and activated leukocyte cell adhesion molecule (ALCAM, progenitor phenotype)
were studied to identify differentiation (or lack of) of the MSCs on the IB
nanotopographies.

At day 7 all the test nanotopographies prompted an initial increase in OPN mRNA
expression; only CIpA  supported prolonged expression to 14 days of culture (figure 5A).
No significant up-regulations in SOX9 or PPARG transcripts were noted at either time
point (figure 5B&C). Finally, For ALCAM no increase in expression was noted suggesting
the MSCs on all materials were losing stem cell phenotype at similar rate to MSCs on the
control surfaces. The osteospecific differentiations were confirmed by

immunofluorescence of OPN and OCN at 21 days of culture (supplementary figure 3).

Metabolite Analysis. Building heatmaps of differentially regulated metabolites (red = up-
regulated, green = down-regulated, black = no change to planar control) demonstrates
large changes in expression (figure 6). CIpP” was revealed as most similar to control with
a number of down-regulations, but few up-regulations. Wt (MC4100), DnaK and ClpA
showed similar profiles and whilst there were a small number of down regulations, the
trend was very much up-regulation.

Studying individual metabolic pathways (please note that we don’t provide statistics as
the groupings are made from different metabolites with highly varying expression and
unless otherwise stated statistics are quoted for the most osteogenic, CIpA” compared to
control), some large changes were noted. Trends for carbohydrate (significantly
changed p<0.05 are D-sorbitol, 2-hydroxy-3-oxoadipate and D-erythrose important in
fructose / mannose metabolism and glyoxylate / dicarboxylate metabolism), nucleotide
(almost all metabolites detected as significantly up-regulated (10 of 16) are involved in
purine and pyrimidine metabolism) were significantly up-regulated and this group is
significant as a whole to p<0.05 for all IB nanotopographies), lipid (1 of 3 significantly up-
regulated, CDP-ethanolamine involved in glycerophospholipid metabolism) and fatty
acid biosynthesis (7 of 19 significantly up-regulated) reflect the general heatmap
changes with large up-regulations for wt, DnaK™ and CIpA™ and slightly lower up-

regulations for ClpP (figure 7).
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Some key pathways, however, e.g. amino acyl t-RNA biosynthesis and amino acid
metabolism were unchanged overall compared to control (figure 8). However, probing
amino acid metabolism further for the most osteogenic material, CIpA’, it was seen that
within these key metabolic pathways, some amino acids were up-regulated and others
down-regulated producing the overall neutral result. Figure 8 shows a KEGG (Kyoto
Encyclopedia of Genes and Genomes) map for amino-acyl tRNA biosynthesis of the
amino acids and noted on it are up-regulations in glutamine, serine, valine, leucine,
proline, phenylalanine and tyrosine and down-regulations in asparganine, glycine,
methionine, arginine, histidine and tryprophan tRNA complexing for protein synthesis.
Note that the KEGG map for arginine and proline is shown in supplementary figure 4 to
further exemplify how breakdown of ‘unchanged’ metabolic pathways can reveal large

changes.

Discussion.

Our data shows that IB nanotopographies have large effect on MSC spreading,
metabolism and differentiation. The MSCs on the nanotopographies tend to form large
adhesions and have contractile morphologies. They also tend to specifically target
osteogenesis; this was most notable for ClpA’ IBs. These results are in agreement with
current theory that large adhesions(34-36) and high levels of intracellular tension
mediated by myosin/actin contraction(37, 38) are required for osteogenic
differentiation.

Metabolite analysis may prove to be particularly powerful for stem cell experiments as
they have a low basal metabolism. In their niche, stem cells are metabolomically quiet
with stocks of unsaturated metabolites and this may be speculated to allow for self-
renewal and growth without differentiation and provide metabolite chemical plasticity
(in terms of redox) in response to regenerative cues(9, 39, 40).

That stem cells activate their metabolism in response to differentiation allows us
another way to view their activity. Here, on the IB nanotopographies, a general trend of
metabolic up-regulation was noted, especially on the most osteogenic, ClpA’, surface.
Responses in carbohydrate and fatty acid (energy), nucleotide (DNA/RNA synthesis, cell
signalling, energy storage in respiration e.g. ATP) and lipid metabolism (energy, cell

structure) suggest increased energy demand on the MSCs as they activate to become
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osteoblasts. The differential amino-acid-related regulations may be due to the different
proteins used by different lineages. That individual amino acid tRNA pathways were
altered, but overall there was no change from control demonstrates that there can be
need to dissect ‘omics’ pathways with appropriate analysis, e.g. Pathos, before simply
considering there to be no changes.

It has previously been shown that IB nanotopographies can increase adhesion and
growth of a range of fastidious mammalian cells(33, 41) mediated by ERK signalling(22)
(as has been noted on other nanotopographies(36, 42)). In this report we demonstrate
that MSC differentiation can be targeted to bone formation and that this happens
through metabolomic signalling events with osteogenesis producing a high-metabolic
demand on the MSCs and hence driving energy-related pathways.

It is interesting to note from this new study that some IBs work better as functional
topographies for osteogenesis than others. ClpA™ IB surfaces performed best in terms of
osteogenesis and this is sensible in terms of the IBs’ high elastic modulus, bimodal
5.01/10.99 MPa compared to wt 3.73 MPa (stiffness has been demonstrated to be key
to osteogenesis(43)). However, the ClpA” contact angle was one of the highest (i.e. most
hydrophobic) with no difference from planar PCL. Theoretically, it could be postulated
that ClpP" IBs should have been the most osteogenic as they can achieve the highest
stiffnesses (up to ~ 13.5 MPa) and they have the lowest contact angle (~ 27°
significantly lower than planar PCL). However, the IBs did not appear firmly fixed to the
surface. As the ClpP" particles were not seen to be internalised and were not bunched
around the cells (as if they had been pushed together) we assume they were removed
into suspension in the cell media. It can thus be speculated that their bioactivity was
limited due to the number of particles left in contact with the cells (i.e. number of
particles available to influence the cells) stressing the importance not only of the
features of the particles per se, but also their ability to effectively coat the surface of the
biomaterial. In this case, the difference in hydrophilicity between ClpP™ IBs topographies

and PCL controls is postulated to prevent the formation of stable IB-surface interactions.

Conclusions.
We have shown that IBs can work as functional nanotopographies supporting MSC

growth and differentiation. Furthermore, we have used the surfaces to illustrate that
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osteogenesis places high-energy demand on the cells compared to the assumed default
fibrogenesis on the planar controls. This adds to the evidence that osteogenesis is a
highly active process requiring adhesion, high levels of cytoskeletal contraction and
raised signalling in pathways such as ERK. The study further delineates metabolomics as

a good way of dissecting MSC behaviour on biomaterials.
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Figure Legends.

Figure 1. On top, fluorescence micrographs of IB-based topographies used in this study.
IB coverage is highly homogenous despite the appearance of some particle clusters.
superaggregation is clearer in wt IB type. Below, SEM images of isolated IB illustrating
their morphology and fine structure (note the IBs are not on planar PCL, but on a
support membrane used just for morphology SEM). ClpP" IBs show a significantly
different “tear-shape” morphology compared to the other more spherical IB types. CIpA

ClpP’, DnakK’, and wt correspond to the IB variant used to generate each surface.

Figure 2. Contact angle measurements for planar PCL and IB decorated surfaces. All
samples were hydrophilic, with ClpP” and wt having the lowest contact angles. N=3,

*=p<0.05 by t-test.

Figure 3. Focal adhesion staining. Control cells were well spread with numerous focal
adhesions. On ClpA’, ClpP” and DnaK" IBs cells had large focal adhesions and contractile
morphologies. Cultured on wt IBs, MSCs adopted bipolarised, fibroblastic morphologies
with smaller adhesions. It was noteworthy that MSCs on ClpP™ were situated within

‘cleared’ areas.

Figure 4. Cytoskeletal confocal microscopy showing differences between MSCs on ClpA
and ClpP". On CIpA’, the MSCs grew on top of the IBs (A&B) and it could be seen that the
IBs appeared to be able to be transmembranous (A), appearing fixed to the surface but
inside the plasma membrane. On ClpP, however, cells occupied clear areas with little

evidence of particle internalisation (C-E). Red = clathrin, green = IBs, blue = nucleus.

Figure 5. QPCR data for MSC differentiation. (A) OPN (osteogenesis), all the
nanotopographies induced OPN expression at day 7, but only CIpA" maintained
expression to day 14. There were no significant changes in SOX9 and PPARG suggesting
no adipose or chondrogenic differentiation (B&C). For ALCAM there was no change to
control, suggesting that the cells were differentiating at a similar rate to those on
control (likely progression to fibroblasts). It was notable that wt had reduced ALCAM

expression at day 7, tied into the morphological observations in figure 2, this could
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suggest rapid fibrogenesis as no other differentiation markers were flagged. Results =

meanzSD, n=3, *=p<0.05, **=p<0.01 by ANOVA. Red = actin, green = IBs, blue = nucleus.

Figure 6. Heatmap of metabolomic data (red = up-regulation, green = down-regulation).
MSCs on ClpP" showed mainly down-regulation compared to cells on control whereas
cells on ClpA’, DnaK and wt showed mainly up-regulation. This upwards trend was most

prominent on ClpA".

Figure 7. Metabolomic groupings for amino acyl tRNA biosynthesis, amino acid,
carbohydrate, nucleotide, lipid and fatty acid metabolisms. Largest changes in all
nanotopographies compared to control were in carbohydrate and nucleotide

biosynthesis related to cell energy. Results = mean, n=3.

Figure 8. Amino acyl tRNA KEGG pathway for ClpA” with regulations illustrated through
PATHOS bioinformatic software (Blue = up-regulation, yellow = no change and red =
down-regulation compared to MSCs on planar control). Within this metabolic pathway,
shown overall as similar to control, it can be seen that there was a complex balance of

up and down-regulations for different amino acids.

Table 1. gPCR primer details for SYBR green analysis.

Table 2. Description of IBs used in this study. Through use of mutants, control of size,

stiffness, shape and zeta potential can be controlled(22, 33).
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Figure 3
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Figure 4




>
[=1]
> — %,
(=] A
@ %,
g+
aF
n — -
@ A,
.w B
) B
z e s 18
‘B |oujuod 09 aayead aBueyd plog
-
5 11]
c
[
m . SRS .u i
| S
(V]
-
: ] -
b  —— Q.r..—.
(i
o —
n = « — N
c o Y
.m T %
] 2
© T 3 ‘o
= s
Y .
© 4 ao...“.
- i e R e
w 1ouuod 0 asnepas aBueyd plog
() Lo
E <
5
2 5
o L

2
L] o nw_\n_—:_
2 -
3
- —
1 —— J n,
(=]
o
-
n* o
l %
- R M o = & nw_,.v
01303 o) asgejad afueys pjoj
1|.._|m ..\.uw,.u

PPARG

= 14d

jeu3ues o3 aapea afueys pjog

o

Figure 6

v
-nH
=
O

DnaK~

CIpP-




Figure 7

% control
g

Results

“ ClpA~
& ClpP~
DnaK"™

o owt
(MC4100)



Biomedical applications of bacterial Inclusion Bodies

Figure 8

|
|
- it gy s (EEREET) mw

e 271 IfS2
O.Fhes SN -xd [EAER o m
!.H.uﬁ
[, T
e - TEE L (v ke
m -
" : up-regulation

i down-regulation

TP



Table 1

Results

Gene Forward Primer

Reverse Primer

ALCAM ACGATGAGGCAGACGAGATAAGT

CAGCAAGGAGGAGACCAACAAC

SOX9 AGACAGCCCCCTATCGACTT CGGCAGGTACTGGTCAAACT
PPARG TGTGAAGCCCATTGAAGACA CTGCAGTAGCTGCACGTGTT
OPN AGCTGGATGACCAGAGTGCT TGAAATTCATGGCTGTGGAA

ACCTGGTGCTCAGTGTAGCC

GapDH GTCAGTGGTGGACCTGACCT

Table 2
IB relevant properties regarding the genetic background of the fabricating strain
Diameter | Stiffness populations Z-potential
Phenotype Morphology

(nm) (MPa) (mV)

Wild-type 342 3.73 Spherical -16.7

Dnak 531 3.56/7.75 Spherical -18.2

ClpA 435 5.01/10.99 Spherical -17.8

ClpP 459 3.33/7.10/13.45 Tear-Shaped -26.5
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Supplementary Data
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Supplementary figure 1. MSC areas measured in Imagel showing that cells on the

nanotopographies tended to be smaller than on planar control.

20 ym
Supplementary figure 2. Further illustration of cells clearing areas on the ClpP" surfaces.

(Red — Osteocalcin, green — ClpP" and actin, blue = nucleus).
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osteocalcin osteopontin

| -

control

ClpA

ClpP§

MC4100

Supplementary figure 3. Osteocalcin and osteopontin staining after 21 days of culture.
Cells on planar control, DnaK’, ClpP" and MC4100 (wt) had little expression of the
osteoblast markers. However, MSCs on ClpA” formed multicell aggregates and expressed
intense foci of the marker proteins. (Red — clathrin, green — ClpP" and actin, blue =

nucleus).
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Supplementary figure 4. KEGG pathways with up-and down-regulations noted (using
Pathos) for argenine and proline metabolism for MSCs cultured on ClpA™ vs control. Blue

= up-regulation, yellow = no change, red = down-regulation.



Supplementary table 1. Quantitative metabolite data.

Name

L-Alanine

L-Asparagine

L-Proline

L-Glutamate

L-Arginine

L-Glutamine

L-Serine

L-Threonine

L-Histidine

Map

Amino Acid

Metabolism

Amino Acid
Metabolism
Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid
Metabolism

Amino Acid

Pathway

Alanine and aspartate
metabolism__Cysteine
metabolism__Taurine and hypotaurine
metabolism__Selenoamino acid
metabolism__D-Alanine
metabolism__Carbon fixation__Reductive
carboxylate cycle (CO2 fixation)

Alanine and aspartate
metabolism__Tetracycline
biosynthesis__Cyanoamino acid
metabolism__Nitrogen metabolism
Arginine and proline
metabolism__Novobiocin biosynthesis
Arginine and proline
metabolism__Glutamate
metabolism__Histidine metabolism__D-
Glutamine and D-glutamate
metabolism__Glutathione
metabolism_Butanoate metabolism_C5-
Branched dibasic acid
metabolism_Porphyrin and chlorophyll
metabolism_Nitrogen metabolism
Arginine and proline
metabolism__Clavulanic acid
biosynthesis__D-Arginine and D-ornithine
metabolism

Glutamate metabolism__Purine
metabolism__Pyrimidine metabolism__D-
Glutamine and D-glutamate
metabolism__Nitrogen metabolism
Glycine, serine and threonine
metabolism__Methionine
metabolism__Cysteine
metabolism__Cyanoamino acid
metabolism__Sphingolipid
metabolism__Methane
metabolism__Sulfur metabolism
Glycine, serine and threonine
metabolism__Valine, leucine and
isoleucine biosynthesis__Porphyrin and
chlorophyll metabolism

Histidine metabolism__beta-Alanine

Results

Wit
CpA”  ClpP  DnakK  MC4100

0.3 0.1 0.2 0.2
0.1 0.0 0.1 0.1
0.6 0.4 0.5 0.8
0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.1
0.8 0.5 0.7 1.0
0.1 0.1 0.1 0.1
0.1 0.0 0.3 0.1

3.6 2.2 3.2 2.7
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L-Lysine

L-Carnitine

L-Methionine

L-Phenylalanine

L-Tryptophan

L-Valine

L-Leucine

L-Tyrosine

L-Alanine

L-Asparagine

O-Acetylcarnitine

Creatinine

Metabolism

Amino Acid
Metabolism
Amino Acid
Metabolism
Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid
Metabolism
Amino Acid
Metabolism

Amino Acid

metabolism
Lysine biosynthesis__Lysine

degradation__Biotin

metabolism__Alkaloid biosynthesis Il 14 0.8 15
Lysine degradation 4.4 2.2 3.9
Methionine metabolism 0.4 0.2 0.3

Phenylalanine

metabolism__Phenylalanine, tyrosine and

tryptophan

biosynthesis__Phenylpropanoid

biosynthesis__Alkaloid biosynthesis Il 0.0 0.0 0.0
Tryptophan metabolism__Phenylalanine,

tyrosine and tryptophan

biosynthesis__Indole and ipecac alkaloid

biosynthesis 0.7 0.5 0.5
Valine, leucine and isoleucine

degradation__Valine, leucine and

isoleucine biosynthesis__Penicillin and

cephalosporin biosynthesis__Propanoate

metabolism__Pantothenate and CoA

biosynthesis 0.0 0.0 0.0
Valine, leucine and isoleucine

degradation__Valine, leucine and

isoleucine biosynthesis 0.0 0.0 0.0
Tyrosine metabolism__Phenylalanine,

tyrosine and tryptophan

biosynthesis__Novobiocin

biosynthesis__Thiamine

metabolism__Phenylpropanoid

biosynthesis__Alkaloid biosynthesis | 0.2 0.2 0.3

Alanine and aspartate

metabolism__Cysteine

metabolism__Taurine and hypotaurine

metabolism__Selenoamino acid

metabolism__D-Alanine

metabolism__Carbon fixation__Reductive

carboxylate cycle (CO2 fixation) 0.3 0.1 0.2
Alanine and aspartate

metabolism__Tetracycline

biosynthesis__Cyanoamino acid

metabolism__Nitrogen metabolism 0.1 0.0 0.1

Alanine and aspartate metabolism 0.1 0.0 0.1

Arginine and proline metabolism 0.3 0.2 0.2

1.1

3.0

0.5

0.0

0.9

0.0

0.0

0.2

0.2

0.1

0.1
0.3



L-Proline

L-Glutamate

L-Arginine

L-Cystine

L-Glutamine

Glutathione

Choline

L-Serine

L-Threonine

Ethanolamine phosphate

L-Histidine

L-Lysine
4-

Metabolism
Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid
Metabolism
Amino Acid

Metabolism

Amino Acid
Metabolism
Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid
Metabolism
Amino Acid

Metabolism

Amino Acid
Metabolism

Amino Acid

Arginine and proline
metabolism__Novobiocin biosynthesis
Arginine and proline
metabolism__Glutamate
metabolism__Histidine metabolism__D-
Glutamine and D-glutamate
metabolism__Glutathione
metabolism_Butanoate metabolism_C5-
Branched dibasic acid
metabolism_Porphyrin and chlorophyll
metabolism_Nitrogen metabolism
Arginine and proline
metabolism__Clavulanic acid
biosynthesis__D-Arginine and D-ornithine

metabolism

Cysteine metabolism

Glutamate metabolism__Purine
metabolism__Pyrimidine metabolism__D-
Glutamine and D-glutamate
metabolism__Nitrogen metabolism
Glutamate metabolism__Cysteine
metabolism__Glutathione metabolism
Glycine, serine and threonine
metabolism__Glycerophospholipid
metabolism

Glycine, serine and threonine
metabolism__Methionine
metabolism__Cysteine
metabolism__Cyanoamino acid
metabolism__Sphingolipid
metabolism__Methane
metabolism__Sulfur metabolism
Glycine, serine and threonine
metabolism__Valine, leucine and
isoleucine biosynthesis__Porphyrin and
chlorophyll metabolism

Glycine, serine and threonine
metabolism__Glycerophospholipid
metabolism__Sphingolipid metabolism
Histidine metabolism__beta-Alanine
metabolism

Lysine biosynthesis__Lysine
degradation__Biotin
metabolism__Alkaloid biosynthesis Il

Lysine degradation

0.6

0.0

0.0

0.9

0.8

1.2

0.1

0.1

0.1

14.4

3.6

14
46.7

0.4

0.0

0.0

0.6

0.5

0.7

0.1

0.1

0.0

9.0

2.2

0.8
30.1

Results

0.5

0.0

0.0

0.7

0.7

0.7

0.1

0.1

0.3

8.7

3.2

15
34.1

0.8

0.0

0.1

13

1.0

1.1

0.2

0.1

0.1

9.3

2.7

11
28.8
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Trimethylammoniobutanoate

L-Carnitine

L-Methionine

L-Phenylalanine

L-Tryptophan

L-Valine

L-Leucine

L-Aspartate
L-1-Pyrroline-3-hydroxy-5-

carboxylate

L-Glutamate 5-semialdehyde

Glycine

Creatine

Metabolism
Amino Acid
Metabolism
Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid
Metabolism
Amino Acid
Metabolism
Amino Acid

Metabolism

Amino Acid
Metabolism
Amino Acid

Metabolism

Lysine degradation

Methionine metabolism

Phenylalanine
metabolism__Phenylalanine, tyrosine and
tryptophan
biosynthesis__Phenylpropanoid
biosynthesis__Alkaloid biosynthesis Il
Tryptophan metabolism__Phenylalanine,
tyrosine and tryptophan
biosynthesis__Indole and ipecac alkaloid
biosynthesis

Valine, leucine and isoleucine
degradation__Valine, leucine and
isoleucine biosynthesis__Penicillin and
cephalosporin biosynthesis__Propanoate
metabolism__Pantothenate and CoA
biosynthesis

Valine, leucine and isoleucine
degradation__Valine, leucine and
isoleucine biosynthesis

Alanine and aspartate
metabolism__Arginine and proline
metabolism__Glycine, serine and
threonine metabolism__Lysine
biosynthesis__Arginine and proline
metabolism__Histidine
metabolism__beta-Alanine
metabolism__Cyanoamino acid

metabolism__Carbon fixation

Arginine and proline metabolism

Arginine and proline metabolism
Bile acid biosynthesis__Purine
metabolism__Glycine, serine and
threonine metabolism__Lysine
degradation__Cyanoamino acid
metabolism__Glutathione
metabolism__Methane
metabolism__Thiamine
metabolism__Porphyrin and chlorophyll
metabolism__Nitrogen metabolism
Glycine, serine and threonine

metabolism__Arginine and proline

4.4

0.4

0.0

0.7

0.0

0.0

0.3

0.1

0.5

1.6

0.2

2.2

0.2

0.0

0.5

0.0

0.0

0.2

0.1

0.4

1.0

0.1

3.9

0.3

0.0

0.5

0.0

0.0

0.3

0.1

0.4

1.6

0.1

3.0

0.5

0.0

0.9

0.0

0.0

0.2

0.2

0.8

2.3

0.1



Urocanate
N6,N6,N6-Trimethyl-L-lysine
1-Aminocyclopropane-1-

carboxylate

Sulfoacetate

L-Tyrosine
[FA hydroxy,oxo(7:0/2:0)] 4-
hydroxy-2-oxo-Heptanedioic

acid

(3R)-beta-Leucine

4-Guanidinobutanoate

Methylimidazole

acetaldehyde

N6-Acetyl-L-lysine

(S)-3-Methyl-2-oxopentanoic

acid

Fumarate

Succinate

D-Sorbitol

Amino Acid
Metabolism
Amino Acid
Metabolism
Amino Acid
Metabolism
Amino Acid

Metabolism

Amino Acid

Metabolism

Amino Acid
Metabolism
Amino Acid
Metabolism
Amino Acid
Metabolism
Amino Acid
Metabolism
Amino Acid

Metabolism

Amino Acid

Metabolism

Carbohydrate

Metabolism

Carbohydrate
Metabolism

Carbohydrate

metabolism

Histidine metabolism

Lysine degradation

Methionine metabolism__Propanoate

metabolism

Taurine and hypotaurine metabolism

Tyrosine metabolism__Phenylalanine,

tyrosine and tryptophan
biosynthesis__Novobiocin

biosynthesis__Thiamine

metabolism__Phenylpropanoid

biosynthesis__Alkaloid biosynthesis |

Tyrosine metabolism

Valine, leucine and isoleucine degradation

Arginine and proline metabolism

Histidine metabolism

Lysine degradation

Valine, leucine and isoleucine

degradation__Valine, leucine and

isoleucine biosynthesis

Citrate cycle (TCA cycle)__Oxidative

phosphorylation__Arginine and proline

metabolism__Glutamate

metabolism__Alanine and aspartate

metabolism__Arginine and proline

metabolism__Tyrosine

metabolism__Phenylalanine metabolism

Citrate cycle (TCA cycle)__Oxidative

phosphorylation__Glutamate

metabolism__Alanine and aspartate

metabolism__Tyrosine
metabolism__Phenylalanine
metabolism__gamma-
Hexachlorocyclohexane
degradation__Glyoxylate and
dicarboxylate metabolism

Fructose and mannose

0.4

4.7

8.0

0.2

0.1

1.1

0.9

62.1

0.4

1.0
38.7

0.6

33

1.5

12.0

0.2

19.0

0.1

333

0.7

0.7

35.0

0.2

0.6
15.0

Results

0.5

4.8

8.4

116.1

0.3

17.9

0.1

57.7

0.8

1.2

60.6

0.4

0.7
26.3

0.3

5.9

6.9

28.5

0.2

17.0

0.2

60.7

0.9

0.7

47.2

0.3

11
26.7
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2-Hydroxy-3-oxoadipate

D-Erythrose

2-Acetolactate

myo-Inositol

Allantoin

Hypoxanthine

Xanthine

Inosine

Guanosine

Cytosine

Cytidine

Urate

Deoxyguanosine

Orotate(Fragment)

Thymidine

Uridine

5-Amino-4-imidazole

carboxylate

5-Amino-4-imidazole

carboxylate

Deoxyinosine

Deoxycytidine

Taurine

Metabolism
Carbohydrate
Metabolism
Carbohydrate
Metabolism
Carbohydrate

Metabolism

Carbohydrate

Metabolism

Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide
Metabolism
Nucleotide

Metabolism

Lipid Metabolism

metabolism__Galactose metabolism

Glyoxylate and dicarboxylate metabolism

Butanoate metabolism__Pantothenate

and CoA biosynthesis

Inositol metabolism__Galactose
metabolism__Ascorbate and aldarate
metabolism__Streptomycin

biosynthesis__Inositol phosphate

metabolism

Purine metabolism

Purine metabolism__Caffeine metabolism

Purine metabolism

Purine metabolism

Pyrimidine metabolism

Pyrimidine metabolism

Purine metabolism

Purine metabolism

Pyrimidine metabolism

Pyrimidine metabolism

Pyrimidine metabolism

Purine metabolism

Purine metabolism

Purine metabolism

Pyrimidine metabolism

Bile acid biosynthesis__Taurine and

16.1

2.7

3.0

0.3

0.8

300.4

1.6

2.8

572.2

3.1

110.1

141.7

1.2

15

13.7

0.8

14.7

11

0.6

8.0

1.4

1.5

0.2

0.5

28.2

170.3

13

1.9

344.1

1.4

38.3

21.1

60.8

1.4

0.9

10.6

0.4

7.1

0.6

0.3

13.2

23

34

0.2

0.7

42.9

216.3

15

2.5

362.9

1.8

82.2

1.4

0.9

11.7

0.6

9.2

0.8

0.4

2.1

2.9

0.4

11

37.5

177.3

1.0

1.7

322.6

24

49.7

31.1

73.6

1.8

0.9

0.7

10.2

0.7

0.4



2-C-Methyl-D-erythritol 4-
phosphate

CDP-ethanolamine

3-Hydroxydodecanedioicacid
[FA amino(20:4/4:2)] N-
(52,82,112,14Z-
eicosatetraenoyl)-L-gamma-
amino butyric acid
Docosahexaenoicacid

[FA hydroxy(9:0)] 2-hydroxy-
nonanoic acid

[FA (18:1)] 92-
octadecenamide

Traumatic acid

[FA amino(20:4/4:2)] N-
(52,82,11Z,14Z-
eicosatetraenoyl)-L-gamma-
amino butyric acid

[FA amino(20:4/4:2)] N-
(52,82,11Z,14Z-
eicosatetraenoyl)-L-gamma-
amino butyric acid

10,16-
Dihydroxyhexadecanoic acid
[FA trihydroxy(2:0)]
9S,11,15S-trihydroxy-2,3-
dinor-thromboxa-52,13E-
dien-1-oic acid
2-Oxooctadecanoic acid

[FA hydroxy(18:0)] 2S-
hydroxy-octadecanoic acid
[FA hydroxy(18:1)] 9,10-
dihydroxy-12Z-octadecenoic
acid

[FA hydroxy(18:0)] 9,10-
dihydroxy-octadecanoic acid
[FA (20:0/2:0)] Eicosanedioic
acid

[FA methyl(5:1/5:2/8:0)]
methyl 8-[3,5-epidioxy-2-(3-
hydroperoxy-1-pentenyl)-
cyclopentyl]-octanoate

[FA (18:1)] 9Z-
octadecenamide

[FA (20:4)] 52,82,11Z,14Z-

Lipid Metabolism
Lipid Metabolism

Lipids: Fatty Acyls

Lipids: Fatty Acyls
Lipids: Fatty Acyls

Lipids: Fatty Acyls

Lipids: Fatty Acyls
Lipids: Fatty Acyls

Lipids: Fatty Acyls

Lipids: Fatty Acyls

Lipids: Fatty Acyls

Lipids: Fatty Acyls
Lipids: Fatty Acyls

Lipids: Fatty Acyls

Lipids: Fatty Acyls

Lipids: Fatty Acyls

Lipids: Fatty Acyls

Lipids: Fatty Acyls

Lipids: Fatty Acyls
Lipids: Fatty Acyls

hypotaurine metabolism

Biosynthesis of steroids

Glycerophospholipid metabolism

Amino Fatty Acids

Biosynthesis of unsaturated fatty acids

Fatty Acids and Conjugates

Fatty amides

alpha-Linolenic acid metabolism

Amino Fatty Acids

Amino Fatty Acids

cutin biosynthesis

Eicosanoids

Fatty Acids and Conjugates

Fatty Acids and Conjugates

Fatty Acids and Conjugates

Fatty Acids and Conjugates

Fatty Acids and Conjugates

Fatty Acids and Conjugates

Fatty amides

Fatty amides

0.0
6.4

2.2

0.3
0.7

276.2

0.0
0.0

0.1

0.0

267.9

0.0
0.9

304

2.1

6.0

4.7

1.2

0.4
0.3

0.0
3.7

1.2

0.2
0.5

175.2

0.0
0.0

0.1

0.0

145.6

0.0
0.5

16.5

1.3

3.7

2.4

0.7

0.2
0.2
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0.0
6.4

1.6

0.2
14

217.2

0.1
0.0

0.1

0.0

235.5

0.0
0.8

24.1

1.5

5.0

4.7

0.9

0.3
0.3

0.0
6.3

2.7

0.2
0.5

350.9

0.1
0.0

0.2

0.0

183.0

0.0
0.7

21.2

2.2

4.2

3.2
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eicosatetraenoyl amine

[FA
methyl,hydroxy,ethyl(20:4)]
N-(1-methyl-2-hydroxy-2-
phenyl-ethyl)-52,87,117,14Z-

eicosatetraenoyl amine

[PC (16:0)] 1-hexadecanoyl-
sn-glycero-3-phosphocholine
[PC (18:0)] 1-octadecanoyl-
sn-glycero-3-phosphocholine
[PS (18:0/19:0)] 1-
octadecanoyl-2-
nonadecanoyl-sn-glycero-3-
phosphoserine

[PR] 3beta-(3-methyl-
butanoyloxy)-villanovane-
13alpha,17-diol

[SP (17:0)]

heptadecasphinganine

Nicotinamide

1-Methylnicotinamide

4-Hydroxybenzoate

6-Hydroxynicotinate

4-Methyl-5-(2-
phosphoethyl)-thiazole

Lipids: Fatty Acyls

Lipids:
Glycerophospholipids
Lipids:
Glycerophospholipids

Lipids:
Glycerophospholipids

Lipids: Prenols

Lipids: Sphingolipids

Metabolism of
Cofactors and
Vitamins
Metabolism of
Cofactors and

Vitamins

Metabolism of
Cofactors and
Vitamins
Metabolism of
Cofactors and
Vitamins
Metabolism of
Cofactors and

Vitamins

Fatty amides

Glycerophosphocholines

Glycerophosphocholines

Glycerophosphoserines

Isoprenoids

Sphingoid bases

Nicotinate and nicotinamide metabolism

Nicotinate and nicotinamide metabolism
Ubiquinone biosynthesis__Phenylalanine

metabolism__Benzoate degradation via

hydroxylation__Bisphenol A

degradation__Toluene and xylene
degradation__2,4-Dichlorobenzoate

degradation__Benzoate degradation via

CoA ligation

Nicotinate and nicotinamide metabolism

Thiamine metabolism

0.2

9.8

438.7

45.7

44.3

0.1

0.4

2.1

6.5

0.2

33.6

5.2

303.1

28.8

9.5

28.2

0.1

0.2

1.0

4.1

0.3

8.4

348.3

0.1

0.3

14

4.8

0.3

38.0

8.0

329.7

303

9.6

33.6

0.1

0.2
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Bacterial 1Bs have been proved to mechanically stimulate cell adhesion, cell
proliferation and cell differentiation when cultured on IB-based topographies. These
particles have also been observed to retain biologically active or partially active protein.
Moreover, these “active building blocks” are capable of being released from the IB
supramolecular structure to carry out their function (see annex nanopills). In this study
we have explored the possibility of combining the appealing mechanical effect of the IB-
based nanotopographies with the biological activity of proteins with a therapeutic
interest. In this regard, we have proved that IBs forming nanostructured topographies
on a cell culture surface can penetrate the membrane of the on growing cells providing
bioavailability of the IB forming protein. Specifically, we have tested the activity of two
different bio-active IB-based topographies (Bio-scaffolds) formed by either Hsp70
protein or the hFGF-2 growth factor. In both cases the protein forming the IB was able to
develop its therapeutic effect, rescuing cells in chemically induced apoptotic cultures
(Hsp70 bio-scaffolds) or stimulating cell growth in cultures under serum starvation
conditions (hFGF-2 bio-scaffolds). These results prompt to the generation of bio active
scaffolds able to provide multiple stimuli to achieve a highly efficient cell response. This
approach could prove specially useful in tissue engineering applications in which the

scaffolds should mimic the complex natural environment of the damaged tissue cells.
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ABSTRACT

Bacterial inclusion bodies (IBs) are protein-based, amyloid nanomaterials that
mechanically stimulate mammalian cell proliferation upon surface decoration. Using
fluorescent proteins, we have here demonstrated significant membrane penetration of
surface-attached IBs and a corresponding intracellular bioavailability of the protein
material. When IBs are formed by protein drugs, such as the intracellular acting human
chaperone Hsp70 or the extracellular/intracellular acting human basic fibroblast growth
factor (FGF-2), IB components intervene on top-growing cells, namely by rescuing them
from chemically-induced apoptosis or by stimulating cell division under serum
starvation, respectively. Protein release from IBs seems to mechanistically mimic the
sustained secretion of protein hormones from amyloid-like secretory granules in higher
organisms. Therefore, we propose bacterial IBs as bio-mimetic nanostructured scaffolds
(Bio-scaffolds) suitable for tissue engineering that, while acting as adhesive materials,
partially disintegrate for the slow release of their biologically active building blocks. The
bottom-up delivery of protein drugs mediated by Bio-scaffolds offers a highly promising

emerging platform in regenerative medicine.



Results

Introduction

In tissue engineering, cell colonization of bioinert substrates can be enhanced by
functionalizing them to produce desired bioactivity with chemistry (motifs and proteins
such as RGD peptides, vitronectin or mussel proteins) (1.23) topography to influence e.g.
stem cell behaviours (through lithographic procedures or by decoration with particulate

materials) @ or by the external supply of growth factors, including epidermal growth

factor ® fibroblast growth factors ©, osteoprotegerin \”), insulin like growth factor 1 ©,

nerve growth factor B (1011 3nd vascular endothelial growth factor (6), among others.
These three strategies (all targeted to influence cell adhesion and subsequent growth
and differentiation) should be combined to synergistically exploit control of cell

behaviors for regenerative therapies.

In this context, bacterial inclusion bodies (IBs) are proteinaceous and regular-shaped
nanoparticles usually ranging between around 50 and 500 nm in diameter, that are

produced in bacteria by the deposition of recombinant proteins when synthesized at

(12)

non-physiological high rates *“'. Essentially, any protein species can be produced in

(13)

bacteria as IBs "', and IB formation can be favored by the fusion of peptidic aggregation

(14,15)

tags . In these protein clusters, amyloid-like cross-beta sheet-based molecular

architecture coexists with native-like conformations of the forming recombinant protein

(15,26 Being mechanically stable, biocompatible and many of their biomechanical

7)

properties tunable by genetic approaches @7 we have previously demonstrated that as

nanostructured materials, IBs are suitable for bottom-up surface modification in tissue
engineering (1819200 This is simultaneously achieved by the natural adhesiveness of IBs,
that promotes strong cell attachment, combined with pERK-mediated stimulation of cell
division through topographical modification, subsequent cell-sensing and

(21)

mechanotransduction events . The properties of IBs as self-organizing microbial

(22,23,24,25,17,26,27,28)

materials have been extensively discussed elsewhere . Since they
contain important amounts of functional proteins (293017) 3nd in addition, show an
unexpected cell membrane penetrability (31’32), IBs rapidly enter into exposed

mammalian cells and release significant amounts of the forming protein, namely, its
natural building block. Acting as nano-sized pills (Nanopills), IBs formed by a therapeutic

protein significantly restore viability of exposed mammalian cells when challenged with
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different types of stresses (31,32) Therefore, we wondered to which extent, surface-
attached IBs used for decoration in tissue engineering could also deliver active
components to the top-growing cells, permitting the use of these nanoparticles as fully
bio-functional scaffolds. Following this reasoning, we provide here evidences of bacterial
IBs as nanostructured bio-adhesive and bio-functional scaffolds that, when formed by
protein drugs, promote, in such immobilized form, the bottom-up intracellular (or
extracellular) delivery of the drug in a biologically usable way. This seems to mimic the
natural release of peptidic hormones from amyloid protein repositories (secretory
granules) recently disclosed in higher organisms as a basic functional mechanism of the

(833435)  The concept of a protein-based nanostructured material

endocrine system
formed by releasable bio-active components (Bio-Scaffold), which additionally promotes
cell adhesion and mechanical stimulation of division, opens intriguing possibilities for
the development of drug-releasing substrates in which all the mechanical and biological
stimuli required for tissue regeneration could be simultaneously achieved with the use

of such a single multifunctional material.
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Material and methods

Bacterial cells and plasmids

A His-tagged version of the human chaperone Hsp70 and the human basic
fibroblast growth factor (FGF-2, 155 amino acid isoform, 18 kDa) were produced as IBs in
Escherichia coli BL21(DE3), transformed with the commercial expression vector EX-
R0O068-B01 (OmicsLink ORF Expression Clone, from GeneCopoeia) and the vector
pET29¢c(+)-hFGF-2 ©®® respectively. VP1GFP and VP1LAC IBs were produced in the
Escherichia coli K-12 derivative MC4100 [araD139 (argF-lac)U169 rpsL150 relAl flbB5301
deoC1 ptsF25 rbsR Str'] transformed with either pTVP1GFP or pTVP1LAC ©®?. In these
GFP and B-galactosidase fusions, the foot-and-mouth disease virus VP1 capsid protein

acts as a protein aggregation tag.

IB production and purification

Bacterial cells were cultured in shaker flasks with LB medium supplemented with
the required antibiotics at 37 °C and 250 rpm, until the culture optical density at 550 nm
reached 0.5. Then, recombinant protein production and IB formation were induced by
the addition of isopropyl-D-thiogalactoside (IPTG), at a final concentration of 1 mM.
Hsp70 IBs were produced during 5 h at 37 °C, FGF-2 IBs during 3 h at 25 °C, and VP1GFP
and VP1LAC IBs during 3 h at 37 2C (in all cases at 250 rpm). All IBs were purified as
described ®” with the exception of FGF-2, for which sonication steps were replaced by
cell freeze/thaw cycles to prevent inactivation. After purification IBs were treated for 3 h
with an antibiotic mixture containing tetracycline (0.5 mg/mL), kanamycin (2 mg/mL),
chloramphenicol (0.8 mg/mL) and streptomycin (1.2 mg/mL), at 37 °C and under
agitation. IB proteins were quantified by western blot using the Quantity One software
(Biorad), by inferring the amount of protein from standard curves with known amounts

of each protein.

Preparation of Bio-Scaffolds with different IB species
Different amounts of Hsp70 IBs diluted in PBS were added to polystyrene 24-well
plates (Nunclon™) ranging from 0.36 to 3.6 pg of Hsp70 protein per well. Hsp70 IBs

binding was allowed to occur overnight at 4 °C, and after that, supernatants containing
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non-bound IBs were carefully recovered. Such supernatants were used to estimate the
amount of aggregated protein effectively attached to the wells by SDS-PAGE and further
western blot, using original IB samples as references. Protein amounts in each sample
were densitometrically determined using Quantity One software (Biorad) and
percentages of effectively bound protein calculated by comparing the amounts of
recovered protein to the initial quantity of IBs added.

FGF-2 IBs were resuspended in PBS and different amounts (ranging from 0.02 to
20 ug of FGF-2 protein per well) were added to polystyrene non-treated 96-well plates
(Costar®). Then, plates were incubated overnight at 4 °C, supernatants were removed
and plates were washed twice with PBS. Surface decoration with VP1GFP and VP1LAC
IBs was done following the same procedures. All assays were performed in triplicate and

variance between samples determined by a t-test.

Cell culture

HL-60 cells (acute promielocytic leukaemia, ATCC no. CCL-240) were routinely
cultured in suspension in RPMI 1640 medium plus 10 % (v/v) fetal bovine serum (FBS), at
37 °Cand 5 % CO; in a humidified incubator. NIH-3T3 cells (mouse embryo fibroblasts)
were routinely cultured in DMEM supplemented with 2 mM L-glutamine and 10 % FBS
(v/v) at 37°C and 10 % CO, in a humidified incubator. For starvation experiments the
medium was switched 24 h prior to the addition of IBs or soluble FGF-2 with a low serum
DMEM containing 1 % FBS (v/v). Human mesenchymal stem cells (hMSCs, from
Promocell) were routinely cultured in a-MEM supplemented with 10 % FBS (v/v), 1 %
(v/v) 200 mM L-glutamine, and antibiotics (6.74 U/ml Penicillin-Streptomycin, 0.2 ug/ml
Fungizone) at 37°C and 5 % CO; in a humidified incubator. Medium was changed every 3
days. Cells used in this work were at passage 2-3. Hela cells (human cervical
adenocarcinoma, ATCC no. CCL-2) were cultured in a-MEM supplemented with 10% FBS
(v/v) and 2 mM L-glutamine at 37°C and 5 % CO; in a humidified incubator. Newborn
hamster kidney (BHK) cells (kindly supplied by Prof. E. Domingo) were regularly cultured
in DMEM supplemented with 10 % FBS (v/v) and 2 mM L-glutamine at 37 °C and 10 %

CO, in a humidified incubator.
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Apoptosis Assay

Cell apoptosis was induced by exposure of HL-60 cells to 15. 6 uM cisplatinum
and determined by flow cytometry analysis of the cells stained with Annexin V-FITC57,
by using an Annexin V-FITC Apoptosis Detection Kit (Roche). The anti-apoptotic effect of
Hsp70 IBs was alternatively determined with Hsp70 Nanopills (that is, IBs added to
previously seeded cells) and also when using Hsp70 scaffolds (IBs used to decorate the
well surface before cell seeding). To check the effect of Hsp70 Nanopills, exponentially
growing HL-60 cells were adjusted to 3 x 10° cells/ml and seeded in 24-well plates with 1
ml/well. Then, 40 uL of different IBs dilutions, (9 ng/uL and 90 ng/uL), were added to
each well, simultaneously with cisplatinum to induce apoptosis. To determine the
antiapoptotic effect of scaffold IBs, cells were seeded in previously IBs-decorated wells
(as described before), and then cisplatinum added to induce apoptosis. In both
strategies, cells were subjected to staining with Annexin V-FITC and propidium iodide
after 24 h as detailed by the manufacturer. The amount of apoptotic cells was analyzed
with a FACSCalibur flow cytometer (BD Biosciences, San José, CA). All the cell culture

experiments were carried out in triplicate and variances analyzed by a t-test.

Determination of FGF-2 biological activity

Biological activity of FGF-2 was tested by measuring cell proliferation of NIH-3T3
fibroblast cells in presence of FGF-2 IBs compared to cell growth in absence of these
particles. For that, 4 x 10% NIH-3T3 cells were seeded either in IB-modified polystyrene
plates (as described above) or in regular 96-well culture plates (BD Falcon ™) followed
by the addition of FGF-2 IBs 5 min later. The amounts FGF-2 IBs added to the culture
medium as Nanopills were the same as those used for Bio-Scaffold preparations. The
estimation of cell proliferation was determined after 48 h of cultivation at 37 °C and 10
% CO, in a humidified incubator by the 3- (4,5-dimethylthiazol-2-yl) -2,5-
diphenyltetrazolium bromide assay, using the EZ4U kit (Biomedica, GmbH, Vienna,
Austria) following manufacturer’s intructions. Data were recorded in a Victor3V 1420
(Perkin Elmer™) reader as described (8 " All the cell culture experiments were carried

out in triplicate and variances analyzed by a t-test.
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Clathrin immunostaining and confocal imaging

32 pg of VP1GFP IBs resuspended in PBS were deposited on smooth
polycaprolactone (PCL) discs of 13 mm diameter that were incubated overnight at 4 °C.
The decorated disks were then washed in PBS and blocked by adding a 3 % BSA/PBS
(w/v) solution, for 1 h at 37 °C. Finally discs were washed in PBS. MSCs cultured for 4
days on IB-decorated PCL discs were fixed with PBS supplemented with 10 %
formaldehyde (v/v) and 2 % sucrose (w/v) for 15 min at 37°C. A permeabilizing solution
consisting in 10.3 g sucrose, 0.292 g NaCl, 0.06 g MgCl2, 0.476 g HEPES, 0.5 ml Triton X-
100, in 100 ml PBS, pH 7.2, was then added and incubated at 4°C for 5 min. Cells were
blocked in 1 % BSA/PBS (w/v) solution for 5 min at 37°C and anti-clathrin antibody
(Sigma-Aldrich no. C1985) was added, diluted 1:50 in 1% BSA/PBS (w/v). After 1 h at
37°C the first antibody was removed and samples were washed 3 times in 0.5 % Tween
20/PBS (v/v) (PBST) for 5 min at room temperature. Then, a biotinylated horse anti-
mouse antibody (Vector Laboratories) was added as diluted 1:50 in 1 % BSA/PBS (w/v)
and incubated for 1 h at 37 °C. After convenient washing steps with (PBS-T) samples
were incubated for 30 min at 4 °C in a 1:100 dilution of Cy3-conjugated streptavidin
(Insight Biotechnology) in PBS-BSA. Finally, samples were washed again in PBS-T and
mounted for confocal microscopy observation in Vecta shield with DAPI fluorescence
medium (Vector Laboratories). Samples were examined with a TCS SP2 confocal laser
scanning microscope (Leica Microsystems, Mannheim, Germany) using a Plan-
Apochromat 63X 1.4 N.A lens. For 3D reconstruction, stacks of 20 sections taken every
0.7 um along the z axis were captured. These data were then processed using the Imaris
v 6.3.1 software (Bitplane; Zirich, Switzerland) to generate 3D reconstructions.

Confocal images of hMSC cultured for 4 days on VP1GFP IB-based scaffolds
(obtained as described above) were processed with Imagel software to analyze IB area
and fluorescence intensity. IBs situated out of cell reach and IBs placed below cells were
processed. Any particle with an area value higher than 1.5 pm? was considered to be IBs

superaggregates and was excluded from the analysis.

Quantitative analysis of IB protein internalization
Fluorescence in Hela cells was analyzed after treatment with trypsin under two

alternative conditions. A “Harsh” treatment consisted in adding 1 mg/mL trypsin (final
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concentration), in HBSS and incubating the cells for 15 min at 37°C in a humidified
incubator at 5 % CO,. A “Mild” treatment used 0.5 mg/ml trypsin (final concentration) in
HBSS for 1 minute at 37°C in a humidified incubator at 5% CO,. After trypsin treatment
cells were processed on a FACSCanto system (Becton Dickinson), using a 15 W air-cooled
argon-ion laser at 488 nm. Fluorescence emission was measured with a 530/30 nm band

pass filter.

Cell attachment assay
The ability of IB-based surfaces to retain BHK cells was determined by measuring
the amount of cells after an increasing number of washings steps in PBS as described

elsewhere Y.

Scanning electron microscopy

IBs were deposited on Nucleporelf Track-Etched polycarbonate membranes with
a pore size of 0.2 um (Whatman Ltd., United Kingdom). After that, samples were fixed in
2.5 % (v/v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), washed 4 times (10 min
each wash) in 0.1 M phosphate buffer, washed in water and dehydrated in an ascending
ethanol series (50, 70, 80, 90, and 95 % for 10 min each and twice with 100% ethanol).
Samples were further dried by CO, critical point procedure. All samples were mounted
on adhesive carbon films and then coated with gold. Images were taken with an EVO®
MA 10 scanning electron microscope (Zeiss) at an accelerating voltage of 20 kV and an

EDS Oxford INCA detector.
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Results

We have recently shown that bacterial IBs are able to cross the cell plasma membrane
with no signs of toxicity when added in suspension to cell cultures (2], Excitingly, as the
IBs are formed by releasable functional proteins (38’39), these nanoparticles show great
potential in cell therapy (in form of Nanopills), acting extracellularly but also in both the
cytoplasmic and nuclear compartments. Thus, this report moves to investigate the
nature of the interaction between cell membranes and IBs when these particles remain
attached to a 2D surface when used as bottom-up topographical modifiers in cell culture
@ 1o explore this issue, we analyzed by confocal microscopy cell cultures
(mesenchymal stem cells as a typical cell type used by tissue engineers) growing on
surfaces decorated with fluorescent IBs (formed by the fluorescent protein VP1GFP). As

8 mammalian cells flattered and grew on IB-decorated polystyrene

previously shown
plates in absence of toxicity (Figure 1a). In confocal cell sections scanning for the
endocytosis marker clathrin, we clearly identified surface-attached IBs showing partial
penetration into the cells cultured on top of the nanotopographies (Figure 1 b, c). Higher
magnification of the sections clearly showed that many immobilized IBs emerged
through the cell membrane without clathrin coating (Figure 1 d), some even contacting
the nucleus (e.g. Figure 1 c, vertical arrow). Detached IBs could also be observed as fully
internalized in clathrin-coated vesicles (yellow merging in e.g. Figure 1 c, horizontal
arrow) but this was a rare event and most of IBs remained fully linked to the surface
during the progression of the cell culture. To quantitatively determine the number of
cells that internalized IB material from the decorated surface, we analyzed the
percentage of fluorescent cells after mild or harsh trypsin treatments. In the last case, in

(40)

which externally linked protein is fully removed by the protease ™, around 20 % of cells

were observed to be fluorescent by flow cytometry (Figure 1 e).

The bottom-up penetration of surface-linked IBs and the intracellular availability of the
IB material led us to explore the potential biological effects of IBs, when formed by
protein drugs, on the top growing cells an, Specifically, we considered if the protein
scaffold could release sufficient protein for clear physiological effects, as the integrity of

bacterial IBs seemed unchanged at least during 4 days of culture (Figure 1). For that, we
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prepared Hsp70 IBs (and latter FGF-2 IBs, Figure 2), which have recently been observed
as having an anti-apoptotic effect when administered as Nanopills 52 Fora comparative
analysis of Hsp70 administered as Nanopills (top-down) or as a scaffold (bottom-up), we
first determined the efficiency of the surface coating with Hsp70 Nanopills. An almost
linear dependence between the amounts of added IB protein and the final amount of IB
protein retained after the final washing steps was observed with approx. 60% of the
initial protein retained in the IB protein range tested (Figure 3 a). This relation was
considered for further comparison. The anti-apoptotic effect of Hsp70 on the model HL-
60 cells challenged with cisplatinum was determined when administered as both
Nanopills or topographically as a biofunctional scaffold. It was seen (Figure 3 b) that
Hsp70 Nanopills indeed rescued cell viability as expected 62 thus providing control to
our experiment. In a new observation, it was also seen that the topographical Hsp70
scaffold also rescued cells from apoptosis. Cell viability on the Hsp70 nanotopography
was significantly higher than in absence of IBs (C bars), or when the surface had been
functionalized with non-functional IB controls (made from VP1LAC, denoted as IR,
irrelevant). These data confirmed the concept of functional scaffolds based on bacterial

IBs and formed by a releasable, bioavailable form of protein drugs.

The more moderate effect of the Hsp70 nanotopographical scaffold compared to that of
Hsp70 Nanopills could be due to the fact that the model cells used in this assay normally
grow in suspension. Rather than forming strong cell adhesions, they rather simply
sediment to the bottom when seeded in polystyrene plates. In this situation, the
intimate contact presumed to occur between cell membranes and adsorbed IBs will be
reduced. Therefore, we decided to move to another IB model of immediate applicability
in biomaterials and tissue engineering coupled to using anchorage-dependant
fibroblasts (NIH3T3 — form large cell adhesions) for further analysis. IBs formed by the
basic fibroblast growth factor (FGF-2) were produced in E. coli (Figure 2) and their
biological activity compared when administered, again, in the forms of Nanopills or as a
topographical substrate. To first assess the biological activity of FGF-2 IBs they were
added as Nanopills under serum deprivation conditions. As observed (Figure 4 a), FGF-2
IBs and soluble FGF-2 (but not non-functional IR IBs) were able to stimulate cell

proliferation. Furthermore, FGF-2 IBs presented as a nanotopography also stimulated
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cell proliferation at levels over those promoted by non-functional IB controls (Figure 4 b)
and more efficiently than when presented as Nanopills, proving a synergistic action
(physical and biological) of the bio-functional FGF-2 scaffolds. This was not due to any IB-
linked toxicity event as soluble FGF-2 added to cells growing on IB-formed scaffold by an
non-functional (IR) protein was also able to stimulate cell proliferation (Figure 4 c).
Interestingly, all the IBs tested in this study, both biologically active (formed by Hsp70
and FGF-2) and those formed by inert (IR) proteins increased base-line cell adhesivity to
the substrates upon which they were fixed and thus it is conceivable that
nanotopographical biomaterial structures that can control one cellular facet (adhesion)
or multiple cell activities (e.g. adhesion and proliferation) could be fabricated (Figure 4
d). In agreement, the fluorescence emission of VP1GFP IBs observed down cultured cells
4 days after seeding was significantly reduced when compared to the emission of cell
free, substrate adsorbed IBs, although the average IB volume was poorly affected
(Figure 5 a). This is indicative of protein release without strong implications in the global
morphology of the material. Therefore, this strongly supports the concept of that the
bioactive scaffolds formed by Hsp70 and especially by FGF-2 effectively combined

positive physical and biological stimuli, indeed acting as Bio-Scaffolds.



Results

Discussion

Biomaterial scaffolds generated for regenerative medicine should ideally mimic the
intricate milieu of natural stimuli (mechanical and biological) to favour cell adhesion,
migration, positioning, differentiation and proliferation in unnatural environments. So
far, this is being achieved through the generation of biocompatible substrates and
matrices acting as mechanical effectors, the use of cell attachment peptides or
bioadhesive materials and by the external supply of cell growth factors that potentiate
cell differentiation, growth or colonization of material surfaces. Hybrid scaffolds
combining synthetic and natural materials should synergistically provide mechanical
support and biological stimuli and are a matter of rapidly growing importance in the
context of their regenerative potential. In addition, scaffolds loaded with releasable
growth factors, again targeting regeneration, are under continuous development. In this

(41), electrospun fibers loaded with growth

context, polyurethane-fibrin complexes
factor-encoding expressible DNA ¥ TGF-B-loaded fibrin scaffolds “*, PDGF-loaded
electrospun PLGA/PEG-PLA composite 4% and FGF-1-loaded PEGDA hydrogels @) are a

few recent among the wide spectrum of examples illustrating these approaches.

Since the discovery of bacterial IBs formed by biologically active proteins %1638 these
protein particles have been initially explored as functional materials in biocatalysis (48)
and nanomedicine %% The development of improved protocols to separate fully
functional IBs from potentially toxic bacterial remains (87.27) a5 permitted to use IBs in
intimate contact with mammalian cells as bioadhesive scaffolds for cell culture *Y.
However, we note that to achieve the ideals of third-generation biomaterials, that

“7) " we need to move beyond cell

deliver reproducible molecular control of cells
adhesion per se and into targeted control of desired cell functions to achieve

sophisticated tissue regeneration.

IBs are self-organizing protein particles (22) produced by cost-effective bioprocesses that
show high porosity and mechanical stability 8 Here we demonstrate that when IBs
formed by bioactive building blocks (protein drugs) are used as biofunctional scaffolds in

cell culture, sufficient amounts of the protein drug are released outside or even inside
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the cell to allow significant physiological impact. In particular, the nuclear acting
chaperone Hsp70 and the 155 amino acid (18 kD) form of FGF-2, when exposed to cells
as stable IB scaffolds, reach their target sites to rescue cell viability under pro-apoptotic
or serum-starvation conditions respectively. The 155 amino acid form of FGF-2 (the low
molecular weight isoform (48)) can act both extracellularly by binding its receptor for

conventional cascade signaling but it can be also translocated into the nucleus (49), were

in association with CK2, stimulates cell proliferation in a direct mitogenic activity (50)
These biological effects promoted by the bio-active IB scaffold (Bio-Scaffold)
demonstrate bioavailability of the IB components outside the cultured cells but also in
the cytoplasm and nucleus. The release of IB components occurs without significant
changes in the IB morphology, remaining stable at least up to 94 h (Figure 1), time
enough to deliver the drug-based effector to impact on cell behavior (Figure 3 and 4).
How the protein building blocks are organized in the IB material to allow drug release
whilst maintaining mechanical stability remains an unsolved question, but it might
represent a parallel mechanism to that supporting protein hormone secretion from

(3335 Al least 30 protein

almyloid granules in endocrine glands of higher organism
hormones are stored in amyloid fibrils forming tight granular particles, from which
functional building blocks (the protein monomers) are steadily released during secretion
B4 Although the generic interest of amyloids as bionanomaterials is rapidly increasing
(5124 the inner structure of this material supporting protein release properties remains
unsolved. For bacterial IBs we hypothesize that protein particles are formed by a limited
amount of amyloidal fibrils acting as tensor agents, creating a cotton-like matrix 28 filled
by functional proteins in native or native-like conformations (Figure 5 b). These fibrils

have been indeed indentified as minor IB components that remain after extensive

digestion with proteinase K 520 while native-like architecture seems to be a common

| (53,54,55,56) (38,57,30)

trait in IB, as supported by both structura and bio-activity analyses
Such loosely linked proteins are expected to be releasable under appropriate
physiological conditions (39,58) (Figure 5), while the amyloidal scaffold would remain
unchanged. Eventually, misfolded protein species could be refolded once delivered into
the cell cytoplasm (Figure 5 b, inset). This model would be in full agreement with
experimental findings suggesting that fiber-based scaffolds are supportive of the IB

(52,59,28,60)

architecture with the coexistence of amyloid-like and properly folded protein
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species in the IB clusters 18 This concept is also supported by the loss of VP1GFP IB
fluorescence without significant alterations of IB volume, as experimentally
demonstrated here (Figure 5 a). Further dissection of the fine IB molecular architecture
(in progress) should permit us to expand the fields of application of these promising
protein nanoparticles in nanomedicine and material sciences. However, irrespective of
other potential applications of IBs, we show here that they are excellent bio-active
materials formed by releasable and bioavailable components able to target desired cell
functions (Bio-Scaffolds). This means that the IB decorated surfaces go beyond merely
promoting adhesion to inert surfaces but that they fit the requirements of third

generation biomaterials.

Conclusions

We have demonstrated that bacterial IBs can act as bioactive scaffolds (Bio-Scaffolds),
accelerating surface colonization and cell proliferation by a combination of adhesion and
subsequent biological stimuli. This occurs when the building blocks of the IB material are
protein drugs, with effects on the biology of the top-growing cells. At least a significant
fraction of the IB material in the form of active protein species is made available to cells,
and due to an unexpected ability of (even immobilized) IBs to penetrate the cell
membrane it is also available inside of the cells without toxicity. The design and
fabrication of nanostructured, protein-only biomaterials in form of bacterial IBs, with
partial degradation properties, offers a spectrum of possibilities for the use of growth
factors, mimicking the natural hormone release properties of the endocrine system. In
this context, a combination of physical and biological stimuli are offered by the use of a
single material species produced by cost-effective bioprocess with tunable potential,
without the need of external addition of soluble cell effectors. Work in our laboratories
continues to explore their potential for utility in tissue engineering because of their

excellent regenerative potential.

Future perspective
Amyloids are being considered as intriguing functional materials, some of them, in

nature, acting as slow secretory agents in the endocrine system. Bacterial inclusion
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bodies are nanoscale amyloid particles produced by cost effective processes whose bio-
physical properties (including the protein species that form them), can be easily tailored.
When used to decorate substrates for topographical modification they penetrate top-
growing mammalian cells and deliver their functional building blocks for a biological
impact. This fact opens a wide spectrum of possibilities for the controlled release of
selected protein drugs, growth factors and hormones. Tunable bacterial amyloids can be
then envisaged as promising platforms in tissue engineering and regenerative medicine
to provide both physical and mechanical stimuli to target cells under pre-defined

profiles.

Executive summary
Inclusion bodies formed by different proteins mechanically stimulate mammalian cell

attachment and proliferation when used as topographies.

Surface—attached bacterial inclusion bodies penetrated cultured mammalian cells,

resulting embedded in the plasma membrane, without any sing of toxicity.

A fraction of the polypeptides forming inclusion bodies are released from these

nanoparticles and become biologically available to top-growing cells.

When inclusion bodies are formed by protein drugs, a biological effect on the cultured

cells is evidenced, as a result of the functionality of the released protein monomers.

The partial protein release of building blocks from inclusion bodies occurs without
significant los of their volume, the particles keeping their scaffolding potential during the

slow disintegration.

Bacterial inclusion bodies formed by protein drugs act as robust bio-active scaffolds, that
being fully tunable by genetic and process engineering, mimicking natural slow protein

delivery systems based on amyloidal protein granules.
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Figure 1. A. 3D-confocal analysis of hMSC cells growing for 96 h on IB-decorated PCL
discs. Clathrin is labelled in red, the cell nucleus in blue and IBs, formed by VP1GFP, are

naturally green. Two different cells are dissected in either left or right columns. B. Cell
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sections at different angles showing green fluorescence emitted by surface attached IBs,
emerging through the clathrin layer. C. Magnification of the same cells from a slightly
different angle showing intracellular IBs embedded in the clathrin layer. A few detached
IBs were seen to be internalized in clathrin-coated vesicles (yellow signal, indicated by
horizontal arrows), while some surface attached IBs appear inside or practically inside
the cell nucleus (vertical arrow). D. A detail of IBs embedded in the intracellular clathrin
of the cell analyzed in the left column observed from the cytoplasmic side. 10 um scale
bars are showed as white sticks. E. Percentage of fluorescent Hela cells, cultured at
different times on IB scaffolds, after a mild (M) or harsh (H) trypsin treatment. C

indicates control cells grown on IB-free equivalent surfaces.
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Figure 2. SEM images of isolated Hsp70 IBs (of around 50 nm in diameter) and FGF-2 IBs

(of around 100 nm in diameter).
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Figure 3. A. Linear range relationship between starting IB protein amount (as Hsp70 IBs)
at the start and the end of IB adsorption protocol on polystyrene 24-well plates (y =
0.6136x + 0.1187; r = 0.9897; p = 0.0103). B. HL-60 cell viability upon exposure to
cisplatinum (C) for 24 hours (non treated cells were used as a reference and were given
100 % viability), and challenged with cisplatinum but either treated with Hsp70 Nanopills
(white bars) or growing on the equivalent amount of Hsp70 topographical scaffold (black
bars). Non-functional (or irrelevant, IBs) were formed by protein VP1LAC and used at 3.6
ug/ml. The significance (p values) of cell viability in the presence of Hsp70 scaffold when
compared to the controls (C and IR) is shown. Differences of viability between Nanopill-
treated and untreated cells were always significant (p<0.004). Differences between C

and IR pairs were not significant (p=0.502 for the IB scaffold and p=0.163 for Nanopills).
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Figure 4. A. Recovery of cell viability by exposure to FGF-2 Nanopills under serum
starvation (1 % fetal serum). The control (not shown, 100 %) corresponds to non-treated
cells growing under the same conditions. sFGF-2 indicates the soluble version of the
growth factor (10 ng/ml) and IR, irrelevant IBs formed by VP1GFP. Levels of significance
between relevant pair-wise comparisons (through p values) are shown. B. Rescue of cell
viability by FGF-2 scaffolds in presence of fetal serum (10 %) and under serum starvation
(1 %). C. Dose-dependent rescue of cell viability under serum starvation promoted by
FGF-2 scaffolds, compared to cell growth on IR IBs and on IR IBs with the supplementary
addition of soluble FGF-2 (10 ng/ml). D. Cell attachment analysed through sequential
washing steps on polystyrene surfaces decorated with different types of bacterial IBs as

scaffolds. C indicates data from control cell cultures growing on IB-free surfaces.
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Figure 5. A. Integrated density of fluorescent emission (intensity units, 1.U.), corrected
per area, in 2D maximum intensity confocal images (obtained by the sum of
fluorescence intensity from every confocal plane) of IBs adsorbed to PCL surfaces, and
observed to be down or out cultured hMSC cells, 4 days after cell seeding. The estimated
IB volume is also represented in both cases. B. A model of IB scaffolds for tissue
engineering in which the IB architecture and mechanical properties are sustained by
amyloidal forms of the protein drug (black lines). The cotton-like architecture 8 that
these fibers create is filled in with active forms of the drug, with a native or native-like
secondary structure (green material). Part of these protein forms can be released inside
(and also outside) the cells cultured on top due to the high penetrability of bacterial IBs

into mammalian cell membranes. This is conducive to biological effects associated with
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the bottom-up drug delivery, which occurs during a slow disintegration of IB without
destruction of its scaffold structure. Native-like but partially misfolded protein species
(green lines) could be refolded inside the cell (inset) into a fully active form of the drug
(crosses). Alternatively, IB protein could also act on the extracellular cell side. Protein
release from IBs could be similar to that proposed for amyloids in mammalian secretory

glands (54
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Discussion

1. IBs as tunable biomaterial for tissue engineering

Tissue engineering is a promising field in regenerative medicine since it could
represent a promise in the treatment of many diseases and injuries, in which damaged
tissue compromise the health of the patients. In this regard, it is important to note that
tissue engineering success will depend, in a high degree, on the development of suitable
scaffolds for sustaining cell growth but also for actively directing cell response at a
molecular level in terms of cell adhesion, proliferation and differentiation. Thus,
biomaterials used to build scaffolds for tissue engineering applications should not only
being able to integrate themselves with the tissue surroundings, exhibiting
biocompatibility, similar mechanical features and degradation rates than the targeted
tissue, but also they should be able to be sensed by the cells and interact with them in
order to achieve the desired cell responses in a tightly controlled manner (third

144195 |n order to obtain better materials for tissue

generation of biomaterials)
engineering, the study of the surface topography has been proved crucial. Scaffolds
should mimic the environmental conditions of the targeted tissue cells trying to provide
a similar range of stimuli, mechanical and biochemical, than those found in their natural

niche™*

. In this regard, simple studies on 2D nanotopographies have been proved
extremely powerful to investigate the influence of mechanical nanocues in cell response.
Particularly, lithographic methods have been largely employed for generating controlled
nanotopographies providing consistent results*®. However, this technique is quite
limited by the chemical nature of the material to modify. On the other hand, deposition

of nanoparticles to fabricate nano-topographical modified surfaces is more independent

of the material chemical composition but, so far, has provided less consistent data.

Recently, a study carried out by Garcia-Fruitdés and co-workers proposed
bacterial IBs as a protein-based material for surface nano-topographical modification by
a simple particle deposition procedure’®. Bacterial IBs are protein nano-sized particles
generated during recombinant protein production processes. These protein clusters can
be obtained by cost-effective biofabrication procedures and their protein composition
analysis indicates that the recombinant protein represents up to 95% of the total protein

56, 147

content . In addition, they have been shown to provide positive stimuli when used
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to generate random topographies in cell culture surfaces. However, very little has been
explored about mechanical and chemical properties of bacterial IBs. Nevertheless, the
plasticity of the IB formation suggested by the structural diversity of IB forming proteins
as well as the evidence that properties such as IB size are influenced by production

time®*, genetic background and culture conditions®* *°

prompted us to hypothesize the
possible formation of structurally distinct aggregates, showing different patterns of
protein self-organization within the particle.

In this regard, we have identified an important E. coli cytosolic protease (ClpP)
which inactivation has a clear incidence in the IB deposition pattern, as shown by the
aberrant ((unusual) final morphology of the aggregate. This fact indicates a genetic
control of the IB shape. Thus, IBs produced in E. coli ClpP" strains exhibit a tear-shaped
morphology (see figure 2, results, paper 1), contrarily to what has been observed for most
of the IBs so far described, which usually present a spherical, or in a minor extent ovoid-
cylindrical morphologies. IB shape regularity can be explained by the nature of protein
deposition in recombinant bacteria, in which the balance between deposited protein
and protein removed from the IB surface, by a network of chaperones and proteases,

32,150 Therefore, IB formation can be

determine the volumetric growth of the aggregate
understood as the result of a destruction/reconstruction process occurring at the
surface level of the aggregate suprastructure likely rendering their common spherical
morphology®.

In this scenario, the ClpP" bacterial cell environment would alter the mentioned
balance. Thus, a part of the DnaK-mediated released polypeptides, prone to be
proteolysed by ClpP, would aggregate again on the IB surface, generating a polar
protrusion on the protein cluster. The unidirectional growth observed for ClpP™ IB is
probably due to the polar situation of the aggregate within the bacteria. It has been
described that E. coli accumulates aggregated protein in the cell poles by an energy-

dependent manner®!

. Therefore, the own bacterial cell wall could be acting as a steric
impediment forcing the deposition of the unproteolysed polypeptides toward the inner
site of the cell (see figure 4C, results, paper 1).

Interestingly we observed a significant difference when comparing proliferation
of BHK (baby hamster kidney) and PC12 (rat adrenal pheochromocytoma) cells, cultured

on two different types of IB-based nano-topographies, which were fabricated with
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VP1GFP IB in either tear-shaped (ClpP’) or spherical (DnaK’) form. Cells cultured on ClpP’
IBs showed faster proliferation than the ones cultured on spherical IBs. This fact was
clearer for PC12 cells probably due to the low adhesion capability exhibited by this cell
line, by which any improvement on the cell-substrate interaction would have a higher
incidence. These data suggests that mammalian cells are able to sense and respond to
distinct IB geometry opening the possibility of enriching IBs capability as biomaterial by
producing genetically tailored particles.

According to this data, our group, in collaboration with Prof. Jaume Veciana’'s
team, from the department of molecular nanosciences and organic materials in the
material science institute of Barcelona, further investigated IB structural tunability by
analyzing several properties such as size, stiffness, zeta-potential, morphology and
wettability in four different types of IBs. E. coli MC4100 (wt) strain and its defective
mutants DnaK’, ClpA™ and ClpP” were used to produce IBs formed by the VP1GFP model
protein. These strains have respective mutations inactivating key genes in the protein
quality control network. As we previously speculated, the absence of these modulators,
devoted to control protein quality and therefore intervening in protein deposition as IBs,
significantly altered the aggregation pattern originating IBs with distinct structural
properties (see table 3). Interestingly, besides the differences observed in the studied
parameters’ values, a general transition from monomodal to bimodal distributions was
also observed for some properties such as stiffness or wettability, in IBs produced by
DnaK and ClpA” mutant strains, or to trimodal in the case of ClpP" IBs stiffness. These
data reflect more than one population of structurally distinct IBs that can be formed
during the same biofabrication process, adding a new degree of complexity to the
produced particles. Thus, this study provides new insights to IB tailoring by
demonstrating that IBs not only can be optimized regarding the content of biologically
active protein, but also that their mechanical features at the nanoscale level can be
genetically determined. Tissue engineering could take advantage of this mechanically
tunable material since the different IB structures could lead to the modulation of the

mechanotransductive cell response.
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IB relevant properties regarding the genetic background of the fabricating strain.

. . ; Contact angle at
Diameter Stiffness Z-potential --ang
Phenotype (nm) opulations (MPa) Morphology Maximum IB
hop (mv) Coverage
Wild-type 342 3,73 Spherical -16,7 80°
DnaK’ 531 3,56 /7,75 Spherical -18,2 75°/>90°
ClpA 435 5,01 /10,99 Spherical -17,8 60°/ >90°
CIpP' 459 3,33/7,10/13,45 Tear-shaped -26,5 60°/ >90°

Table 3. IB nanoscale properties. Values separated by bars indicate that more than one value was
obtained for the same IB sample, suggesting the co-existence of different IB populations within the same
biofabrication process.
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2. IB-mediated cell growth mechanisms

Bacterial IBs have been successfully used to engineer micro- and nano-
environment on cell culture surfaces. This results in a dramatic enhancement of
substrate colonization”>. by a mechanism not yet elucidated. In this regard, some studies
performed on inert polymeric nanotopographies, generated by lithographic approaches,
demonstrated the incidence of mechanical environmental stimulation'*?, suggesting that
an analogous mechanism could be acting for the cells cultured on IB-based
topographies. In order to work out the mechanism by which IBs trigger cell colonization
upon surface decoration, a battery of different cell types, each one with their own
features and requirements, were analyzed when cultured on four structurally distinct I1B-
based topographies. Thus, despite that absolute cell number was higher for all the cell
lines tested on every IB-based topography compared to nude polystyrene controls, two
clear tendencies were observed when analyzing the relative cell numbers at the three
different culture times (namely 24h, 48h and 72h). This allowed us to identify two
differential behaviors exemplified by HepG2 and 1BR3.G cell lines (see figure 1, results,
paper 2). On one hand an increase of the relative cell number at early culture times (24h)
for both cell types was observed, suggesting a primary positive effect probably due to an
enhanced cell adhesion. On the other hand, while the relative cell number is maintained
nearly constant in the HepG2 case at the three tested times, an active induction of cell
proliferation is observed for 1BR3.G cells, denoted by higher relative cell numbers at
long cell culture times than at early cell cultures. This cell behavior leads us to speculate
with a dual effect of IB-based topographies, namely bioadhesiveness and mechanical
stimulation of cell proliferation. To further explore mechanical stimulation of cell
proliferation, activation of ERK pathway was analyzed. In this regard, ERK has been
proved a convenient reporter of cell growth activation by mechanical stimuli in

independent studies >

.. Accordingly with the previous results (see figure 1, results,
paper 2) ERK in its active phosphorylated form was clearly detected for 1BR3.G cells
growing on IBs while non-significant amounts were observed in the case of HepG2 cells.
Additionally, bioadhesiveness of IB-based topographies was stronger for HepG2 cells

than the one observed for 1BR3.G (see figure 2, results, paper 2).
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All these data corroborates the dual effect provided by IB-based topographies,
improving cell adhesion compared to cells cultured on polystyrene nude surfaces and

actively stimulating cell growth via mechanotransductive events (see figure 7).

El) Cell adhesion

—®
I ;_Mi-{iﬁx‘_ I o .

Cell Proliferation

< I /i. I

+ IBs - IBs

Figure 7 Representation of the dual effect provided by IB-based topographies being a) cell adhesion and b)
cell proliferation responses

In this regard, as expected, global cell response is highly dependent on the nature
of the tested cell line but interestingly it can also be modulated by the IB structural
properties. Thus, the main physico-chemical properties influencing cell response in IB-
based topographies are size, maximal stiffness and zeta potential. Therefore, in theory it
would be possible to fabricate IB with physicochemical properties on demand depending
on the final application of the biomaterial and the cell type requirements. However,
despite the identification of some important features with incidence in cell surface
colonization, IB tunability still presents major inconvenients since genetically determined
IB biofabrication supposes a whole structural modification of the protein cluster that
may alter at the same time several relevant particle features in an undesired manner.
Thus, in order to overcome this limitation in the potential use of bacterial IBs, it would
be highly advisable to generate in a near future a structural IB database, broad enough
to screen in every application which structurally distinct IB join the best combination of

properties to carry out each specific function. Alternatively, it would also be interesting
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to explore chemical modifications to specifically modulate the desired particle feature.
In addition, a deeper analysis of these results also raises bioadhesiveness as a
characteristic feature of IB as biomaterial, since higher relative cell numbers are
observed at early culture times in the four tested cell lines when cultured on IB-based
topographies. On the contrary, those topographies are only able to actively enhance cell
division rates depending on the specific cell line, as it has been observed by activated

ERK detection.

From a tissue engineering point of view, IB protein biomaterials are able to
generate topographies presenting physicochemical properties in the same range than
the one found in natural tissue environments, probably better than other particulate
materials explored for surface engineering such as ceramics or carbon nanotubes. In
addition, the selective modulation of the two described independent effects exhibited
by the different IB variants, and especially by ClpP" IBs, could be interesting in order to
enrich primary cell cultures with defined cell types. Nevertheless, in general terms IB-
based topographies have been shown to effectively increase cell surface colonization by
enhancement of cell adhesion or the synergistic action of IBs bioadhesiveness and
mechanotransduction-mediated cell growth activation. Therefore, IBs are a promising

self-assembled protein material for tissue engineering.
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3. MSCs response to IB-based topographies

Stem cells exhibit very promising properties in regenerative medicine such as
their self-renewal capacity and their ability to generate multiple cell lineages. Therefore,
important efforts have been carried out in order to influence stem cell gene expression
and subsequently, cell response, with the aim of directing differentiation of these cells
to specific cell types able to restore tissue or organ functionality. In this regard, many
researchers have developed well defined nanotopographies to control cell response. For

1'>> and embryonic stem cells*® have been shown to be affected in

instance mesenchyma
their self-renewal capacity and differentiation processes when cultured on
nanotopographical modified environments. However, these studies have been often
limited by the technical procedure used to obtain the 2D nanotopographies, being
material dependent lithographic methods the most used. Thus, bacterial IBs could
become a good alternative to generate nanotopographies able to direct stem cell
response. IBs have been proved mechanically stable protein particles ranging from
around 50 nm to 1000 nm in diameter. Additionally, their nanoscale properties have
been shown tunable by the selection of the proper genetic background of the producing

bacteria and by the modulation of production process variables such as temperature or

expression time.

In this report we have explored the effect of IB nanotopographies, patterned on
PCL, on MSCs response. MSCs are able to generate several cell lineages such as
osteoblast, chondrocytes and adipocytes® while PCL is a degradable polymer extensively
used to generate scaffolds for tissue engineering157. In this regard, our study has been
focused in adding IB-based random surface nanostructure to the PCL in order to
stimulate MSC differentiation. In this regard, other studies, show that MSC osteogenesis
can occur in response to disordered nanotopographies fabricated by lithographical

117
procedures™".

IB-PCL topographies provide significant stimuli to MSCs in terms of cell spreading,
metabolic activity and differentiation. These cells, when cultured on IBs, tend to
establish large focal adhesions. Focal adhesions (FA) are protein complexes that connect

the extracellular environment with the cell cytoskeleton providing cell anchorage to the
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substrate, as well as a signaling platform from the extracellular matrix to inner cell.
These structures have been shown to trigger non-receptor tyrosine kinases signaling
pathways that regulate transcription factor activity being ERK signaling cascade one of

158

them™". Thus, formation of focal adhesions is crucial for physical stimuli transduction

and mechanotransduction-mediated MSC differentiation®> ¢°

(see figure 8). Induction
of osteogenesis by IB-based topographies was further observed by the detection of
osteoespecific transcriptional markers such as Osteopontin. Significant up-regulations,
relative to planar PCL controls, of this marker were observed for the four IB-based
topographies tested at seven days of MSC cultures. The osteogenic capacity was

additionally assessed by the immunodetection at 21 days of cell culture of the protein

marker Osteopontin and Osteocalcin.

Nucleus

\

\'.

Cytoplasm

ECM

Figure 8 Simplified scheme of mechanotransduction signaling mediated by non-receptor tyrosine
kinases.

Besides, activation of stem cell metabolism in response to differentiation has

. 161
been also described®®

and it can represent a promising tool for stem cell response
analysis, since these cells exhibit a low basal metabolism. In this regard, a general
metabolic up-regulation was observed on the IB-based topographies. Interestingly, the
metabolomics profiles obtained for carbohydrate, nucleotide and lipid metabolisms
suggest an increased energy demand on the MSCs cultured on IB indicating a higher

requirement of these cells to carry out the differentiation process. Moreover, despite
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the overall aminoacid metabolic pathway remained unchanged, a deeper dissection of
the data revealed differential up and down regulations of specific amino acids, probably

due to the distinct proteins expressed by different lineages.

Finally, it is important to note that some IBs types performed better in terms of
osteogenic induction, being CIpA the genetic background providing the most
osteogeneic IBs. These results are in agreement with previous studies in which
structurally distinct IB induced differential cell responses depending on the tested cell
type (see results, paper 2). In addition it has been proved that substrate stiffness play an
important role in osteogenesism. Thus, it would be expected that IBs with the highest
elastic young modulus stimulate the strongest MSCs differentiation to osteoblasts.
Although CIpA’ IBs show higher stiffness than wt and DnaK" IBs, we would expect ClpP" to
have the bigger influence in MSC differentiation. Nevertheless, ClpP" IBs were not
observed to be firmly attached to the PCL as it can be observed by the absence of this
type of IBs present under the cells (see figure 4, results, paper 3). Since there is no clear
evidence of ClpP™ IBs in the cell cytoplasm or partially internalized, contrarily to what is
observed in the ClpA™ IBs-based topographies and the particles have not been bunched
around the cells it is plausible to think that a low adhesion of these particles to PCL has
prompted their release to the cell media during the MSC spreading and therefore the
low incidence of ClpP" IBs on ostegenesis would probably due to a reduced number of
particles in contact with the cells. This fact could be easily overcome by immobilizing the
particles to the substrate by for instance adding an elastomer such as
poly(dimethylsiloxane) (PDMS), classically used in micro contact printing approaches

acting as a sticky Iayer163.
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4. IB topographies as protein drug delivery platforms

Regenerative medicine and specifically tissue engineering applications have been
benefited of the development in nanotopographical surface modulation to control

cellular response’®

. Nevertheless, although physic stimuli have been shown crucial, cells
in their natural niches are also exposed to biochemical signaling. In this regard, substrate
functionalization or external supply of bioactive proteins, have been explored. Some
examples are the use of epidermal growth factor (EGF)'?, fibroblast growth factor

130

(FGF)**°, vascular endothelial growth factor (VEGF)™°, osteopotegerin®®, insulin like

growth factor | (IGF)**® and nerve growth factor p (NGF)*’

among others, in cell cultures
to direct cell behavior. All these bioactive proteins have been shown to influence cell
response in terms of cell growth and/or differentiation, key events in tissue engineering
applications. Thus, the combined action of topographical modification and controlled

delivery of bioactive protein would be a powerful tool in the regenerative medicine field.

In this context, bacterial IBs are protein aggregates in which amyloid like
structure coexists with globular protein in several folding states. These nanoparticles
have also been shown to retain a certain degree of biological activity, being the quality
protein conformation of the forming polypeptides easily modulated by controlling
parameters such as process variables like temperature or the genetic background of the
producing strain. Moreover, our group has recently proved that IBs, fabricated with
therapeutic proteins, when added in challenged cultures can rescue stressed cells by
providing enough amount of bioactive protein to restore their functionality. In
particular, four different proteins with distinct therapeutic activities, the enzymes
dihydrofolate reductase and catalase, the chaperone Hsp70 and the leukemia inhibitory
factor were fabricated as IB and tested in differently injured cultures. Moreover, also
IB’s tolerance was evaluated via oral administration of these nanopills in mice, observing
no evidence of any toxic effect. Thus, IBs formed by therapeutic protein can be
engineered as protein nanopills able to provide a steady availability of the active
therapeutic agent (see annex 4). Very recently, another example of IBs used as carriers of
bioactive protein was provided by Liovic and co-workers. Accordingly to our results they

fabricated Keratin 14-formed IBs able to provide their bioactive forming protein to
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epithelial cells™®®

. All these data, coupled to the amyloidal properties of bacterial IBs
suggested a similar mechanism than the natural delivery system observed for peptide
hormones from amyloid reservoirs (secretory granules), with a slow release purpose in

the endocrine system™* *®°.

In this work, we have proved that IB-based topographies formed by protein with
potential therapeutic effects provide the bioactive forming protein (building blocks) in
enough amounts to influence the cell response. Interestingly, we observed a high degree
of IB cell penetrability without compromising the nanotopography integrity. This fact
could explain protein bioavailability, particularly relevant in Hsp70 IB-based
topographies since this protein function is carried out in the cell cytosol and nucleus®’.
Nevertheless, when comparing the effect of these IB between substrate delivery and by
nanopills cell media supplement, we observed a clear higher effect on the second
strategy. This fact it is probably due to the low adhesion capability of the model cell type
used (HL60 cell line) in this experiment. Since these cells usually grow in suspension and
are unable to spread, the cell-substrate contact is limiting the number of particles in
contact with the cells and therefore the forming protein bioavailability. In addition, it is
important to note that the amount of effectively attached IBs onto the plate surface is
lower than the quantity of protein added to generate the IB-based topography (around
60% of the initial protein is retained). The rest is removed with the washing steps

present in the fabrication procedure.

In order to corroborate these results, hFGF-2 IB based topographies were tested
and compared to its nanopill strategy counterpart. In this regard, hFGF-2 has been
shown to stimulate cell proliferation in starved NIH3T3 fibroblast cultures, among many

other functions®”*

. Noteworthy, unlike HL60 cells, NIH3T3 fibroblasts tend to strongly
adhere to the cell culture surface exhibiting good levels of cell spreading. Sensibly with
our previous hypothesis, we observed a higher extent of cell proliferation in serum-
starved cells, cultured on hFGF-2 IB-based topographies. In this case, IB availability
shouldn’t be impaired by a low cell membrane-surface contact. Moreover the extra
difference observed is probably due to a dual effect of the hFGF-2 IB based

topographies, combining mechanical stimuli with the biological activity of the hFGF-2

protein. Interestingly, nanotopographies formed of both hFGF-2 and Hsp70 showed a
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higher bioadhesiveness reinforcing the hypothesis of combined cell stimulation by both

physical and biochemical cues.

The mechanism by which IBs release their building blocks is not fully understood.
However, we have observed that IBs can provide bioactive polypeptides without
compromising the mechanical integrity of the aggregates (see figure 5, results, paper 4). In
addition, some studies have suggested a “cotton like” structure of bacterial IBs in which
loosely linked building blocks would be expected to be released under physiological
conditions'’%. On the other hand, the presence of amyloid fibrils has been extensively
observed in this kind of aggregates. In this regard, an interesting study performed by
Maji and co-workers showed how amyloids, produced from analogs of the
gonadotropin-releasing hormone, were able to develop a sustained release of the
peptide drug from the termini of the fibril. Moreover, the released peptides were found
to be fully active upon their release’”. All these data led us to hypothesize, based on the
previously described cotton like architecture, an IB structure in which amyloid fibrils act
as tensor agents devoted to preserve mechanical stability of the particle but also
providing a scaffold where the globular protein could be trapped. Thus, other IB building
blocks loosely attached could be released without compromising the structural integrity
of the particle. In addition, a possible release from the termini of the amyloidal fibrils
cannot be disregarded although given their relatively low presence it would probably

suppose a secondary delivery pathway.

The possibility of generating scaffolds able to provide multifaceted stimuli
combining adhesion, mechanical modulation and biochemical control of cell response
could be the solution to fulfill third generation ideal biomaterials, being the control of
the cell response at a molecular level a crucial function of them. In this regard, hybrid
scaffolds, combining synthetic and natural materials are under constant investigation, as
well as scaffolds with controlled release properties to deliver bioactive agents. All these
studies provide an ever increasing spectrum of sophisticated materials very promising
for tissue engineering applications. In this regard, IBs have been shown to be able to
generate nanotopographies, increasing cell adhesion as well as providing mechanical
stimuli in order to induce cell growth or control cell differentiation, additionally to their

previously described utility as immobilized biocatalyzers (see annex 5). In this study, we
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prove how these topographies could incorporate an additional level of complexity and
cellular response control, by the delivery of biochemical regulators. Therefore bacterial
IB cell substrate coatings could be considered as a third generation biomaterial even if
further research should be necessary for the clinical application of tissue engineering

devices based on IB technology.
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E. coli ClpP" strain is able to generate tear-shaped IBs, clearly distinct form the
classical spherical-like geometries generally observed for these particles. In
addition, we have provided evidence of altered physicochemical properties such
as size, stiffness, z-potential and hydrophobicity in other E. coli strains defective
for key regulators of the protein quality machinery such as CIpA and DnakK, when
comparing with those observed in the wild type strain. Therefore, IBs are tunable
in terms of morphology and physicochemical properties since these features are

genetically determined.

Four mammalian cell lines used in this study have shown higher adhesion on IB-
based topographies compared to those seeded on nude polystyrene surfaces.
This fact indicates IB bioadhesiveness as an intrinsic feature of these
nanoparticles that favor cell attachment when they are used for surface

decoration.

. Additionally, 1B-based topographies have been shown to actively stimulate cell
growth in two of the tested cell lines. It has been proved, by the analysis of the
active form of the ERK protein, that such stimulation of cell division is related to a
mechanical sensing of the IB-topography that triggers the signaling

mechanotransductive cascade.

Both cell adhesion and stimulation of cell proliferation can be modulated by
producing the nano-topography with physicochemically distinct IBs.
Nevertheless, as expected, distinct cell lines respond in a different way to the IB-
based topography being necessary to consider cell type requirements in order to

direct the desired cell response.

IB-based topographies can stimulate osteogenesis in mesenchymal stem cells. In
addition, the degree of stimulation have been shown to be linked to the
physicochemical properties of the nanotopography-forming particles, being

those based on ClpA’ IBs the strongest inducer of the osteogenic response.
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6.

IB-guided MSC differentiation is an energetically demanding process that can be

analyzed by metabolomic approaches.

IB-based topographies fabricated with proteins with therapeutic interest are able
to rescue challenged cell cultures, improving cell viability in chemically induced
apoptotic cells in the case of Hsp70 IBs, or stimulating cell growth under
starvation conditions in the case of FGF-2 IBs. In this case the rescue was carried
out by two simultaneous mechanisms: the stimulus to growth due to topography

and the physiological effect of the therapeutic protein released from IBs

The intracellular activity of Hsp70 combined with the high degree of cell
membrane penetrability of IB-based topographies prompt us to suggest bacterial
IBs as a drug delivery system based in the sustained release of the IB active

building blocks (the forming functional protein) into the growing cell.
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Disulfide Bond Formation and Activation of Escherichia coli
B-Galactosidase under Oxidizing Conditions

Joaquin Seras-Franzoso,*™* Roman Affentranger,”® Mario Ferrer-Mavarre,® Xavier Daura,*? Antonio Villaverde,*™ and

Elena Garcia-Fruitds™®

Irstitu e Bloteonolooia | de Biomedicing, Universital Autonoma de Barcetona, Bellatena (Cerdamyols del Vallésl, Barcelona, Spain®, Departament de Genitica | di
Microbiokoga, Undversmat Autinoma de Barcelona, Bellaterma (Cerdanyola ded Valits), Barcedona, Spam™ CBER de Blolngenieria, Biomatoeriales y Nanomedicina {CIBER
BENY £; and Institpcsd Catalana de Recenca | EBstude Avancats GCREA). Barcelong, Spaln™

Escherichia coli (§-galactosidase is probably the most widely used reporter enzyme in molecular biology, cell biology, and
biotechnology because of the easy detection of its activity. Its large size and tetrameric structure make this bacterial pro-
tein an interesting model for crystallographic studies and atomic mapping. In the present study, we investigate a version of
Escherichia coli fi-galactosidase produced under oxidizing conditions, in the cytoplasm of an Origami strain, Our data
prove the activation of this microbial enzyme under oxidizing conditions and clearly show the occurrence of a disulfide
bond in the B-galactosidase structure. Additionally, the formation of this disulfide bond is supported by the analysis of a
homology model of the protein that indicates that two cysteines located in the vicinity of the catalytic center are suffi-

ciently close for disulfide bond formation,

Since the inception of recombinant DNA technology, a large
number of proteins of economic and therapeutic interest have
been produced using Escherichia coli as a cell factory. The confor-
mational quality of the proteins expressed is controlled by a com-
plex network of chaperones and proteases, and in fact, this param-
eter determines the potential biotechnological use of the product
obtained (31, 35, 50, 52},

Nowadays, the wide spectrum of cloning and gene expression
vectors and mutant strains, and the knowledge of bacterial metab-
olism, allows the expression of an enormous range of proteins,
whether prokaryotic or eukarvotic, Specifically, genetically mod-
ified E. coli strains have contributed significantly to the expression
of soluble recombinant proteins, proving that the genetic back-
ground is extremely important for recombinant protein expres-
sion (29, 49, 50, 53). In this context, since prokaryotes have a
reducing cytoplasm and since proteins that require disulfide bond
formation to reach their functional conformation cannot be active
under these conditions (9), many strategies have been developed
for the production in E. coli of proteins containing disulfide bonds
in their stable native structure (7). It has been reported that a
considerable number of factors are invelved in the thiol-disulfide
balance in the E cofi eytoplasm (37); the thioredoxin system
{which consists of thioredoxin reductase [encoded by fexB] and
thioredoxin [treA]) and the glotaredoxin system (which consisis
of glutaredoxin reductase [gor], glutathione |gshA, gsh#], and
three glutaredoxins | gred, grel, graC] ) are the main pathways (32,
37). One of the most common approaches that allow the folding of
proteins requiring the formation of disulfide bridges is the use of
the Origami strain, Origami (gor trxll mutant) is a double mutant
strain in which the thioredoxin/glutaredoxin reductase pathway is
knocked out, resulting in an oxidizing cvtoplasm, compatible with
the folding of proteins whose structure and function depend on
the correct formation of cysteine-cysteine bridges (7). Besides the
use of the Origami strain as a host cell, other strategies are also
used to promote the production of proteins with disulfide bonds
in bacteria. Since the periplasm is an oxidizing compartment, the
export of proteins from the cytoplasm to the periplasm is a widely

2376 aemasm.ong

used alternative (23, 31). In many cases, however, this strategy
results in a lower protein yield than that obtained by expression in
the cytaplasm. 1t has also been shown that, in addition to produc-
ing the protein in an Origami strain or in the periplasm to allow
the formation of disulfide bonds (27), the fusion of solubilizing
carriers {e.g,, Sumo) to the desired protein can improve the qual-
ity of the expressed protein (53), Another frequently used method
is the coexpression of chaperones/foldases during the production
process (44).

Disulfide bond formation is, in many cases, essential for the
production of functional proteins (5, 9, 38, 47) and, in other sit-
uations, for the improvement of folding and therefore for en-
hancement of the activity of the desired protein (1} Although
disulfide bonds are rarely formed in bacterial cytoplasmic pro-
teins, there are some surprising exceptions to this general rule (1,
18, 28, 51 ). In this context, some studies performed by our group
{unpublished data) and data published by others (39, 46) seem to
suggest that thiols inactivate E coli B-galactosidase, It is
noteworthy that all the known structures of B-galactosidase
have been solved in the presence of the reducing agent dithio-
threitol (IYTT) {19-21), and the activity and structure of B-ga-
lactosidase have never been explored under oxidizing condi-
tions. E celi B-galactosidase (EC 3.2.1.23) forms a tetramer and
has been one of the most widely used reporter enzymes for many
applications, such as analysis of the regulation of gene expression,
characterization of protein function/structure, and analysis of tar-
get gene expression (6, 48). On the other hand, bacterial 8-galac-
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tosidases also have enormous potential in the food industry (14,
16). Moreover, B-galactosidase can hydrolyze not only lactose,
resulting in glucose and galactose, but also other substrates, yield-
ing colored products, thus making the enzyme a suitable reporter
for the applications mentioned. Considering the enormous po-
tential of B-galactosidase and the possible effects of redox condi-
tions on protein functionality, we decided 1o investigate whether a
suitable genetic background might improve its folding. In this
study, we measured the activities of a recombinant E coli B-galac-
tosidase (r3-galactosidase] in two E coli strains: a wild-type and
an Origami strain. A recombinant green fluorescent protein
(rGFP], which does not form any disulfide bond, was used as a
control in all the experiments performed. Our data show that the
specific enzymatic activity of B-galactosidase is unexpectedly im-
proved under oxidizing conditions and strongly support the idea
that cysteines 500 and 536 of £ coli B-galactosidase form a disul-
fidde bond i vive when produced in the Origami strain,

MATERIALS AND METHODS

Strains and plasmids. The Eecherichin colf strains wied in this work were
the K-12 derivatives MCH100 [uralD139 AlargF-lac) U169 sl 150 relA L
JIBBS300 deoC] ptsF25 rbsi Sur'| (43), Origami 2 |Alara-lew) 7697
AncX74 AphoA Penll plok arald] 39 ahpC gal® galk rpsl. F'{lac™ facl
pro| (DE3) gor522:Tal0 xR Str" Tet'| (hioMNova Chentifica s}, and
XLY0-Gaobd {Tet" Almerd) 183 AlorerCB-lsd SME-mreed 173 endA D supE44
thi-1 recAl geeAR6 refA T lac Hre F'[ proAf lacMZAMI5 Tl Tet") Kan'])
{Stratagene).

The plasmids used were pTVPILAC (Ap"} and pTVPIGFF (Ap") (10],
encoding rf-galactosidase and rGEP, respectively, fused to the [oot-and-
mouth disease vines VP capsid protein, The expression of recombinant
genes in both plasmids is under the control of an isopropyl-g-o-thiogal-
actoskde (IPTG)-inducible tre promoter.

Culture conditions, cell disruption, and ccll fractionation. Protein
was produced in shake fask bacterial cultures growing at 37°C and 250
rpm in rich LB medium (43) with the required antibiotics. Once the ab-
sorbance at 550 nm reached 0.5, gene expression was induced by addition
of | mM IPTG. Cell samples were collected 2 b later for further analysis.
Data were obtained from three or more independent experiments and
were sthmitted to a ¢ test analysis.

Protein fractionation. Cells from 2-ml culture samples were collected
by low-speed centrifugation at 4°C (15 min at 15000 x g) and were
resuspended in 500 pl phosphate-buifered saline (PBS) buffer with pro-
tease inhibitor cocktail (reference no. 1L836,170; Roche). These samples
were disrupted with a MagNA Lyser instrument (Roche) for 20 5 a1 3,000
rpm. After centrifugation at 4°C for 15 min at 15,000 * g, the supernatants
were collected and were used directly for analysis of the soluble protein

Determination of fluorescence and specific fluorescence. Fluores-
cence was measured in a Cary Eclipse fAluorescence spectrophotometer
(Varian) ot 510 nm by using an excitation wavelength of 450 nm. Fluo-
rescence measurements were carried out in triplicate and were corrected
by elther biomass or amounts of rGFP {determined as described below),

Determination of enzymatic activity and specific enzymatic activity.
B-Galactosiduse activity wis determined in PBS through a variant of Mill-
er's protocol [ 33) by monitoring the colorimetric signal produced by ar-
tho-nitrophenyl- B-galactoside (ONPG) degradation at 420 nm. To deter-
mine the presence of disulfide bonds, a B-galactosidase enzymatic assay
was performed with increasing concentrations of DTT (10 mM and 20
mM ) amd in the absence of reducing agents, The results presented are
averages for ot least three independent experiments, Activity values are
corrected by either biomass or amounts of rff-galactosidase protein (de-
termined as described below).

Quantitative protein analysis. Samples were diluted in denaturing
buffer (26} at appropriate ratios. After the soluble fraction was boiled for
15 min and the total fraction for 30 min, samples were loaded onto dena-
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turing gels for Western blot determination, using as primary antibodics a
polyclonal serum against GFP (Santa Crue Biotechnology ) ora polyclonal
serum against @-galactosidase (MP Biomedicals, [nc.), depending on the
protein to be analyzed. The secondary antibody was always an anti-rabbit
antibody ( Bio-Rad). Once the blots were dried, they were scanned at high
resolution, and bands were quantified with Quantity One software { Bio-
Rad), using known concentrations of commercial GFP or B-galactosidase
as controls. Protein concentrations were used to caboulate specific activity
or fluorescence,

Native gels. To determine disulfide bond formation, rfi-galactosidase
{135-kDa) samples in either 0,25 M Tris-HCl-87% glycerol- 6 mg bro-
mophenol blue and distilled water or a 20 mM DTT boffer (23) were
imcubated at 37°C for 15 min and were loaded onto a nondenaturing 6%
polyacrylamide gel for Western blot determination as described above.
Three replicas were loaded onto each gel (251, and samples A and B were
run in the same gel under the same exact conditions. As a reference (C4 ),
we wsed a commercial E colf beta-galactosidase with a molecular mass of
116 kDa,

Modeling. Homology models of the B-galactosidase used in this work
were constructed using MODELLER 92 soltware (42). As a template
struciure, we wsed the coordinates of the E. coli B-galactosidase with entry
1YV (19) in the Brookhaven Protein Data Bank (PDB). In what follows,
we adhere 1o the numbering of residues corresponding 1o the sequence
deposited for 1YV, Alignment of the 1,011 residues (R13 to K1023) cov-
ered by 11YV o the sequence of the protein used inthis work resilts in 983
(97.2% ) identical residues, We computed 50 different homology models
of the reduced B-galactosidase using a very thorough VTEM (variable
target function method with conjugate gradient) schedule and very thor-
ough maolecular dynamics refinement (molecular dynamics with simu-
Lated annealing ), The following settings of MODELLER s automodel class
were used: library schedule, autosched, slow; max_var_iterations, 300
md_level, refine_veryslaw: repeat_optimization, 5 max_molpdf, lc6.
The resulting models were ranked using the discrete optimized protein
energy (DOPE) potential (45),

The part of the B-galactosidase sequence covered by the alignment
with 1YV contains 15 cysteine residues. Generating the distance matrix of
all pairs of cysteine sulfur atoms, we identified two pairs separated by a
distance of < | nme C300-C536 (0,52 nm) and C382-C402 (0.68 nm). To
evaluate the structural changes involved in, and possibly necessary for,
disulfide bond formation, we generated 50 homology models incorporat-
ing either the disulfide bond C500-C536 alone or both C300-C536 and
389-CA02 simultaneously. In both cases, the same settings were used as
in the calculation of the homology models of the reduced form of the
protein, Again, the resulting models were scored using the DOPE poten-
tial.

f-Galactosidase mutagenesis. A single mutation in C500 of rf-galac-
tosidase was carried out by inverse PCR producing a single nucleotide
replacement (Cys to Ala). The PCR primers used were CCACCGATATT
ATTGCOCCGATGTACGCGE (forward ) and GUGUGTACATCGGGG
CAATAATATCGGTGG (reverse) (underlining indicates nudeotides that
change Cys to Ala).

The PCR product was then treated with Dpnl for 2 hat 37°C 1o remove
parental DINA and was transformed into E coli XL10-Gold cells. Positive
clones were selected by sequencing and were transformed to the E coli
MCA 100 and Origami strains for further analysis,

Chemical modification of B-galactosidase. 3-Galactosidase was re-
duced by adding 2 ul of a 44 mM DTT solution o 2 gl of a solution
containing 4 pg of B-galactosidase, Reduction was performed for 1 hoat
AT B-Galactosidase was oxidized using 4 mM H.O, ot room tempera-
ture as follows: 2 pl of 8 mM H,O, (in 100 mM NH HCO,) was added to
a 2-pl solution containing 4 ug of B-galactosidase, For B-galactosidase
carbroxamidomethylation, three different samples were treated with iodo-
scetamide (JAA): B-galactosidase in Milli-Q) water, B-galactosidase
wreated with DTT, and B-galactosidase treated with H,0,. Two microli-
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FIG 1 Specific binlogical activity (measured by either absorhance or fluorescence]. The specific activities of r-galactosidase (A ] and cGFIP {B) produced in both
the wild-type (wt [MCA100]) and Origami E coli strains were determined. The absolute values for biological activity are given above the bars. The P values,

obtained by a f test, are 0184 (A and 0,060 ().

ters of each sample was incubated with lodoscetamide at a final concen-
tration of 100 mM in 50 mM NH HCO,,

Proteolytic degradations of S-galactosidase and its carboxamido-
methylated derivatives were carried out in 50 mM NH,HCO,, pH 8.
Trypsin (Promega, Madison, W1 was added 1o a final enzyme-to-sub-
strate ratio of 1:530. Digestions were performed for 3 b at 37°C. The reac-
tions were terminated by adding trifluoroacetic acid (TEA) to a final con-
centration of 0.2%,

MS analysis. For matrix-assisted loser  desorption  jonization
(MALD analysis, 1 gl of sample was mised with the same volume of a
saturated solution of a-cvano-4-hydroxy-trans-cinnamic acid matrix (0.3
mg/ml in H.O-acetonitribe=TFA at 6:3:1), and the mixture was spotted
anto 8 MALDD target plate (Bruker Daltonics, Bremen, Germany). The
drop was air dried at room temperature, MALDI mass spectra were re-
corded in the positive-ion mode on an Uliraflex Extreme time-of-flight
instrument | Bruker Daltonics, Bremen, Germany ). lon acceleration was
set to 25 kY. All mass spectra were externally calibrated using a standard
peptide mixture containing angiotensin 11 (1.046.54), angiotensin |
(1,296,68), substance P [ 1,347.74), hombesin ( 1.6019.82), rennin substrate
(1,758.93), adrenocorticotropic  hormone  fragment  residues  1-17
(2,093.09), adrenocorticotropic hormone  fragment  residucs  18-39
(246520}, and somatostatin 28 (3,147.47), Calibration was considered
good when a value below | ppm was obtained, The specira were processed
using Flex Analysis software, verston 2.2 (Bruker Daltonics). The SNAP
algorithm included in the software was used 1o sclect the monoisotopic
peaks from the isotopic distributions observed. For peptide mass finger-
printing (PMF) analysis, the MASCOT scarch engine (Matrix Science,
London, United Kingdom | was used with the following parameters: one
missed cleavage permission, 30-ppm measurement telerance, and at least
four matching peptide masses. Positive identifications were acoepted with
Palues lower than 0,05, In the searches, methionine residues modified 1o
methionine sulfoxide were allowed, and cysteine residues were allowed to
be reduced and alkylated by iodoacetamide to carboxyamidomethyl cys-
teine wherever necessary, For tandem mass spectrometry (MS-M5) anal-
ysis, the same equipment was used. For database searches, the MASCOT
search engine was also used with 50 ppm of error in M3 and 0.3 Da in
MS-M5. Modification of methionine sulfoxide and carboxyamidomethyl
cysteine was also allowed in the searches,

RESULTS

Although both Reithel and coworkers and Shifrin and collabora-
tors reported that B-galactosidase is rapidly inactivated in the
presence of thiols (39, 46), the possible presence of a disulfide
bend in the enzyme structure had never been explored in detail
before.

23ITR  pemasm.ong

Therefore, in this study, we have analyzed the effect of the
oxidizing/reducing background on the structure and functional-
ity of E. coli B-galactosidase by measuring the specific activity of
the enzyme under both conditions, when expressed in an Origami
strain and in a wild-type strain (Fig. 1A). Interestingly, r3-galac-
tosidase exhibited higher specific activity in the Origami strain
than in the wild-type strain (Fig: 1A), showing that the mutations
in thioredoxin reductase and glutaredoxin reductase clearly havea
positive effect on its activity. On the other hand, when determin-
ing the specific Muorescence of rGFP, used as a control, we ab-
served that the protein produced in the E coli wild-type strain
showed a higher specific fluorescence than that produced in the
Origami strain (Fig. 1B). This observation indicates that the in-
crease in the specific activity of protein is not a general event that
takes place in the Origami cytoplasm but a specific fact related 10
the redox environment,

Analyzing the amount of soluble protein produced under cach
condition, we observed that larger amounts of both rGFP (Fig. 2B)
and rf§-galactosidase (Fig. ZA) are produced in the Origami strain
than in the wild-type strain (Fig. 2B). Therefore, the expression of
this bacterial B-galactosidase in an oxidizing environment re-
sulted not only in higher specific activity (Fig. 1A) but also in a
higher soluble protein yield (Fig. 2A). Additionally, although the
soluble protein yield improves when the Origami strain is used,
the total-protein yield obtained is lower (7.28 = 1.28 ng/ul) than
that in the wild-type strain (21.77 = 417 pg/ul), indicating that
the degree of aggregation of r3-galactosidase is much higher un-
der reducing conditions. Thus, we can conclude that by using
oxidizing conditions, it is also possible o enhance solubility,
avoiding, at least partially, the formation of protein aggregates
known as inclusion bodies (10],

Since the data presented here indicate that an oxidizing back-
ground favors E coli B-galactosidase activity and productivity and
that this could be related to the formation of a disulfide bond, we
decided 1o study the possible presence of one or more cysteine-
cysteine bridges in r3-galactosidase when expressed in the Ori-
gami strain. For that purpose, native polyacrylamide gels under
reducing and nonreducing conditions were analyzed in order to
determine, by an alternative method, the eventual formation of
disulfide bonds in rB-galactosidase, Proteins containing cysteine-
cysteine bridges (oxidized form] migrate faster on a nondenatur-
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FIG 2 Amounts of soluble protein observad by Western blotting. r8-Galactosidase (A) and rGFP (B) were produced in the wald-type (wt [MC4100]) and

Ovrigami strains, The P values, obtained by a 1 test, are 0.0536 (A) and 0.076 (B),

ing gel than proteins in the reduced form (8, 9, 36). due 1o de-
creases in hyvdrodynamic volume and flexibility (24), Then, as
presumed (8, 36), and considering that protein migration on na-
tive gels depends not anly on the molecular weight but alsa on the
conformation of the protein, in the absence of a reducing agent,
the mobility of the reduced protein was clearly lower than that of
the protein produced in the Origami strain (Fig. 3A). Thus, the
results obtained prove that the redox environment during protein
expression can modify the protein conformation, presumably by
the formation of the target disulfide bond.

Interestingly, the differences observed in protein mobility be-
tween the two strains strongly decreased in the presence of DTT
(Fig. 3B). Therefore, since the difference observed in protein mi-
gration is due to a modification of production parameters, but not
of the protein amino acid sequence, all these data it with the
possible presence of a disulfide bond in the B-galactosidase strue-
ture.

Toadditionally confirm better protein folding in Origami cells,
we monitored the enzymatic activity of the enzyme with and with-
out DTT. We evaluated the enzymatic activity of 13-galactosidase
at different DTT concentrations, ranging from 0 to 20 mM. In Fig.
4 we show that, as previously reported, in the absence of DTT, E
coli rf-galactosidase produced in the Origami strain exhibited
higher activity than that produced in the wild-type strain. More-
over, our results also show that rf8-galactosidase activity was sig-
nificantly reduced in the presence of increasing concentrations of

Origami _ wi
RlI R2 R} R4 RS RA ¢+ Rl BRI RI R4 RS RS

FIG 3 Nondenaturing polyacrylamide electrophoresis gel of r3-galactosidase
produced in the wild-type (wt |[MC4100]7 and Origami strains. Gels were
amalyred in the absence (A) or presence (B) of the reducing agent DTT. BRI, B2,
and 13 correspond 1o three Origami replicas, while R4, B3, and R6 correspond
to three replicas from the wild-type strain, C+ cormesponds to o commercial £
coli PB-galactosidase. Arrows indicate the positions of the electrophoretic
hands,
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DTT and that this reduction was more progressive in the Origami
than in the wild-type strain (Fig. 4). Catalvtic activity decreased in
both cases in the presence of increasing concentrations of DTT,
reaching the same specific activity value at 20 mM DTT (Fig. 4).
Although this reduction was more marked in the Origami strain,
wild-type B-galactosidase is also affected by the presence of this
reducing agent. This could indicate that even in a reducing envi-
ronment, such as E coli cytoplasm, a fraction of the enzyme pro-
duced forms disulfide bonds, as has been reported for other pro-
teins (1, 18, 28, 51) and as might also occur with the natural
B-galactosidase protein,

To further investigate the possible formation of disulfide
bonds in E coli B-galactosidase, we modeled this protein under
oxidizing and reducing conditions. As expected from the very
large number of identical residues between the rf-galactosidase
used in this work and the sequence covered by PDB entry 11YV
(19), the homology models computed for the reduced form and
1YV are structurally nearly identical (Fig. 3A). Interestingly, in-
corporation of a disulfide bond between cysteines 500 and 536
does not require large conformational changes. In fact, both in the
maoddel of the reduced form and in 1YV, with a simple rotation

200 4

180
=
= &0 4
25|
a2 E 1204 -
2F . £3
Z5
Eo 100
-
o g #80
o =
=N
= 60 4
55
&

20 4

0 -
wi Orgami

FIG 4 Specific enzymatic activitics of rB-galactosidase produced in the wild-
type (wt [MC4100]) and Orlgami strains. Specific activity was determined
without DTT (filled bars) and with increasing concentrationsof IFTT: 10 mM
{light shaded bars) and 20 mM (dark shaded bars). The P values, obtained by
a ¢ test, are 0,028 for the wit strain and 0,043 for the Origami strain
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A

121000

=1 20500 =1 20000
DOPE score

118500

FIG 5 B-Galactosidase modeling under oxidizing conditions. (A) (Top) lhestration of the conformationa changes involved in the formaton of a disulfide bond
between cysteines C500 and C336, Represented are the residues with a minimum distance of <05 nm from the two cysteines, The carbon atoms of C500 and
536 are shown in green, and those of all other residues are displaved in white. Oxygen, nitrogen, and sulfr atoms are colored red, blue, and vellow, respectively.
Thick sticks represent the best model (according to its DOPE potential) with the disulfide bond formed; thin sticks represent the best model of the reduced form,
The template structure (PEB entry 1YV is drawn with black lines. ( Bottom) Histograms of the DOPE scores of the 50 models obtained for reduced f-galac-
tosidase and of the 50 models obtained with the disulfide bond between C300 and C536, (B) Hustration of the close proximity between the C500-C536 disulfide
bond and the active-site residues (E461, Y508, E537, H340, G794, The B-galactosidase backbone is drawn as 4 white canoon representation, The side chains of
the two cysteine residues involved in the disulfide bond (green) and of the active-sile residues {light red ) are shown as solid sticks surrounded by semitransparent

spheres. Oxygen, nitrogen, and sulfur atoms are colored red, blue, and yellow, respectively.

around the side chain (C-C,_-C,;-8) dihedral angle of the cysieine
residues in question, the two sulfur atoms can easily be brought
within bonding distance, The atomic packing in the surrounding
region is even low enough to allow such a position without atomic
overlaps. Therefore, not surprisingly, the quality of the models
(according to the DOPE potential ) with a disulfide bond connect-
ing residues 500 and 536 cannot be distinguished from that of the
models of the reduced form of the protein (Fig. AL

The situation is different for the second disulfide bond whose
formation was exploved (C389-C402). Although the two sulfur
atoms are only slightly farther apart in the reduced models than
those for the C300-C536 pair (0.68 nm in the formen; 0,52 nm in
the latter), disulfide bond formation is more difficult, because the
two residues are already oriented toward each other. Thus, it can
be anticipated that the disulfide bond between C389 and C402
cannot be formed without distorting the backbone conformation
at least locally, Indeed, defining a standard disulfide bond (with a
bond length of 0.2 nm) between the two sulfur atoms for the
maodeling procedure was not sufficient to bring them closer than
(.24 nm (results not shown). While this does not exclude the

2380 aem.anm.cng

possibility of disulfide bond formation between C38% and C402, 1t
indicates that a disulfide bond would not be formed as easily as
between G500 and C336.

These modeling calculations strongly suggest that at least the
disulfide bond between cysteines 500 and 336 could be formed in
a nonreducing environment. That the presence of this disulfide
bond might affect the activity of B-galactosidase is indicated by its
proximity to the catalytic center of the enzyme (Fig. 5B). C536 is
adjacent to glutamate 537, and C500 is very close in sequence to
tyrosine 503, The rigidity of this part of the active site brought
about by the formation of the disulfide bond might increase the
activity of the protein, in accordance with the experimental data
abtained ( Fig. 1A}, Indeed, rigidity appears to be an evolutionarily
favored characteristic of enzymatic active sites, since active sites
have been shown to be significantly more rigid than other protein
regions (3, 55). In this case, E537 acts as the nucleophile of the
hydrolysis reaction catalyzed by [-galactosidase (11, 54), while
Y503 plays the role of an acid catalyst for the cleavage of the cova-
lent bond between E337 and galactose (34, 40, 41). These two
catalytic residues act cooperatively on the same step of the hydro-
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FIG 6 Specific activities of rf-galactosidase (filled bars) and r-galactosidase
C500A (open bars), rB-Galactosicise activities (expressed as the percentage of
Hegalactosidase activity in r-galactosidase C30A with respect to the activity
of wild-type rf-galactosidase) were determined in both the wild-type (wt
IMCA4100]) and Origami E. coli strains. The P values, oldained by a £est, are
0,086 for the wi and 0,040 for the Origami strain.

lysis reaction (41), and rigidification of their relative positions by
a disulfide bond could explain the increased activity of the protein
when expressed under oxidizing conditions,

Since the results obtained seem 1o indicate that cysteines 500
and 336 play a key role in the formation of a disulfide bond, and
since it is widely accepted that the mutation of one of the two
cysteines is sufficient to determine the formation of a disulfide
bomed (13), C500 was changed to Ala. The results show that the
specific activity values observed for the mutated rg-galactosidase
are lower than those observed for the wild-type enzyme (Fig. 6).
Interestingly, we observed that this decrease is particularly marked
in the Origami strain (around 85%), Thus, all these data, in agree-
ment with all the previous results, strongly support the involve-
ment of C300 and C536 in the formation of a disulfide bond, It
should be noted that involvement of this cysteine in a disulfide
bond other than that proposed is unlikely without a large rear-
rangement of the monomeric protein structure,

Furthermore, in order to finally confirm the presence of a di-
sulfide bond between C500 and €536, a method based on mass
spectrometry was used (2). To obtain the peptide maps, B-galac-
tosidase in Milli-Q water, DTT-reduced B-galactosidase, and
H. O -oxidized B-galactosidase were carboxamidomethyvlated
and were subsequently cleaved proteolytically with trypsin, The
resulting peptide mixtures were analyeed by MALDI-MS peptide
mapping. Trypsin cleavage vielded a pattern of 55 different pep-
tides. Both cvsteine residues 500 and 536 were found com-
pletely alkylated in the reduced sample as well as in B-galacto-
sidase in Milli-Q water (Fig. 7). This indicated that these two
cysteine residues are not involved in the formation of a disul-
fide bridge under these conditions. In order to assign these ion
signals unequivocally, their M5-MS spectra were obtained (Fig.
71 MALDI-MS peptide mapping after tryptic digestion of the
oxidized B-galactosidase and the oxidized and alkylated 3-galac-
tosidase showed the presence of almost all individual peptides
except for the two jon signals containing residues CS00 (m/z,
3,127.51 Da) and C536 (m/z, 3,188,671 Da) (Fig. 8A). The absence
of these signals indicates that these two cysteines are linked with a
disulfide bridge under these conditions. Furthermore, an ion sig-

Apeil 2012 Volume 78 Number 7

Annex

Omidation of £ colf §-Galactosidase

nal of 6,234,546 Da was detected (Fig. 8B) and was assigned as a
disulfide-bonded dipeptide containing the peptides 47-SVDPSR
PVOQYEGGGADTTATDIICPMYAR-505 and 523-WLSLPGETR
PLILCEYAHAMGNSLGGFAK-551, where the two methionine
residues have undergone oxidation.

DISCUSSION

Since it is widely accepted that the formation of cysteine-cysteine
bridges is favored under oxidizing conditions, disulfide bonds of
recombinant proteins usually cannot be formed in the reducing
cytoplasm of bacteria, Thus, E. coli mutant strains lacking the
main components of the redox pathway are widely used in order
to produce heterologous proteins that require a proper oxidation
status of cysteine residues to attain their native structures. In fact,
the oxidation of cysteines in the E colf cytoplasm is highly disfa-
vired, due not only to the low redox potential but also to the ab-
sence of enzymes that catalyze protein thiol oxidation in the cyto-
plasm (4). In this context, it is generally accepted that the double
mutant TrxB Gor  strain (Origami), which has an intracellular
environment shifted toward a more oxidative state, is the most
useful cell factory for the production of proteins that contain di-
sulfide bonds (22} and a good tool for understanding the role of
disulfide bond formation in recombinant proteins,

On the other hand, B-galactosidase is a tetrameric bacterial
protein of four identical subunits essentially composed of a-heli-
ces (17) that has been used as a reporter for many years. In this
study, we report for the first time that the E coli B-galactosidase
enzyme forms a disulfide bond when produced in an oxidizing
background, such as the cytoplasmic environment provided by
the E. coli Origami strain, In this context, our model suggests not
only that a disulfide bond is formed but also that it is located close
to the catalytic center. Our results prove that B-galactosidase pro-
duced in the Origami strain shows the highest specific activity,
suggesting that the absence of thioredoxin reductase and glutare-
doxin reductase clearly improves the microbial enzyme activity, In
a previous study, Derman and Beckwith (8) used a TrxB - mutam
strain to produce B-galactosidase, observing a decrease in the en-
gymatic activity of this strain compared to that of the control. This
behavior could be explained by considering that it is not clear that
proteins containing disulfide bonds are successfully produced ina
TrxB strain. The cytoplasm of this strain is at least partially re-
ducing due ta the presence of the still-functional glutathione re-
ductase (15), which has overlapping functions with thioredoxin
reductase in preventing disulfide bond formation (1), Therefore,
our data also confirm, as reported in the literature, that the for-
mation of disulfide bonds is more favorable in the cvtoplasm of a
TraB Gor  mutant strain than in that of a TraB ™ mutant strain
(4}

Although solubility has been taken universally as an indicator
of protein conformational quality, it has been proposed recently
that specific activity, and not solubility, should be used as a marker
of protein quality (12). It has also been shown recently that con-
ditions that enhance protein quality often reduce the final
amounts of protein produced (12, 30). The comparative analysis
performed in this study, surprisingly, shows that conformational
quality and solubility are improved simultancously when E coli
rB-galactosidase is expressed in the Origami strain. In contrast to
that observation, it has been reported that both parameters cannot
be improved simultaneously for proteins that do not need post-
translational modifications (30}, such as disulfide bond forma-
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FIG7 (Top spectrum) Treatment of 8-galactosidase with iodoacetamide. Peaks containing C500 (m/z, 3,127.489) and €336 (m/z, 3,188.627 and 3,316.738) are
indicated, (Central and bottom spectra) MS-MS for the 3,127.489-Da (central) and 3,188,627-Da (bottom) peaks,
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FIG 8 (A) Details of the spectra obtained for different B-galactosidase treatments. (Top spectrum) B-Galactosidase treated with DTT and IAA. The carboxamidom- (@)
ethylated peptides containing C300 and €336 can be observed, (Central spectrum) B-Galactosidase treated with H,0.,. Under oxidizing conditions, the peaks containing m
€500 and €536 are not observed, (Bottom spectrum) B-Galactosidase treated with H,0, and IAA. Under oxidizing conditions, alkylation of C500 and C536 does not 6
take place. (B) Details of spectra obtained for different B-galactosidase After with DTT alone or DTT plus IAA (top and central spectra, >
respectively), the peptide containing the disulfide bridge formed by C300 and C536 is not detected, but it appears in the H,0 - treated sample (bottom spectrum), >

tion, Thus, our results show that in those proteins that can reach a To sum up, in this study we demonstrate, for the first time, an
more stable conformation under specific conditions, such as an  enhancement of r8-galactosidase activity when the enzyme is pro-
oxidizing background, both properties can be improved simulta-  duced in an oxidizing environment and, consequently, the forma-
neously. tion of a disulfide bond in E. coli B-galactosidase under these con-
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dittons, Our experimental data—supported and rationalized by
modeling calculations—show not only that the oxidative environ-
ment in the E colf cytoplasm provided by the Origami strain pro-
maotes disulfide bond formation in rf-galactosidase but also that
this phenomenon tends to enhance the biological activity of rj-
galactosidase, Moreover, our data also suggest that, although the
formation of disulfide bonds is not favored under reducing con-
ditions, a small percentage of the natural B-galactosidase pro-
duced in a reducing E. coli cytoplasm could form a €500-C536
disulfide bond, as occurs with other proteins (1, 18, 28, 51). This
event would be compatible with the protein function, since we
have observed that, although B-galactosidase shows higher spe-
cific activity under oxidizing conditions, it can also carry out its
function under natural reducing conditions.
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ARTICLE INFO ABSTRACT

The chemical and mechanical properties of bacterial inclusion bodies, produced in different Escherichio
coli genetic backgrounds, have been characterized at the nanoscale kevel, In regand to wild type, Dnak

and ClpA strains produce inclusion bodies with distinguishable wettability, stiffness and stiffness
distribution within the proteinaceous panticle. Furthermore it was possible 1o observe how cultured
mammalian cells respond differentially to inclusion body vanants when used as particulate materials to
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engineer the nanoscale topography, proving that the actual range of referred mechanical properies is
:::l'jlum:udm sensed and discriminated by biological systems.
Nanapanicles The data provide evidence of the mechanistic activity of the cellular quality control network and the
sailfness regulation of the stercospecific packaging of partially folded protein species in bacteria. This inclusion
Wettability body nanoscale profiling offers possibilities for their fine genetic tuning and the resulting macroscopic

Tissue engineering

effects when applied in biological interfaces.

1. Introduction

Inclusion bodies are non-enveloped and mechanically stable
nanoparticulate entities mainly constituted by proteins, which are
generated in vivo during the production and further deposition of
a wide catalogue of recombinant polypeptides [1]. Early alter the
implementation of recombinant DNA technolagies in both pharma
and biotech industries, the formation of inclusion bodies has been
observed as a major obstacke in protein production processes | 1.2],
as important amounts of target polypeptides commonly precipitate
as such water-insoluble protein clusters, For long, inclusion bodies
have been seen as undesirable by-products to be discarded for
further application, as believed o be formed by misfolded,
nonfunctional polypeptides escaping the cell’s quality control
machinery [2]. However, a dramatic turn in the understanding of
the bacterial control of protein aggregation at the cell systems level
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has recently shown inclusion bodies as formed by properly folded,
functional species 3] that are not excluded from cell surveillance
regarding their conformational quality [4.5]. This has prompted the
straightforward use of inclusion bodies formed by enzymes in
different kind of catalytic processes [G]. In addition, inclusion
bodies have shown o possess an unexpected amyloid-based
muolecular architecture structurally comparable to that ohserved in
eukaryotic amyloids |7].

At a nanoscale level, inclusion bodies are pseudo-spherical,
quite pure proteinaceous  particles ranging  from  around
50-500 nm |8]. Their mechanical stability is high enough to
preserve the integrity and morphology upon mechanical, chemical
and enzymatic cell disruption (or combined treatments) and upon
long term storage under different conditions, including Iyvophili-
sation [9]. Being the size of inclusion bodies within the range of
mammalian cell micro- and nano-environment topology influ-
encing mammalian cell proliferation. random surface decoration
and patterning with inclusion bodies has a significant and positive
impact on cell growth, making them promising biomaterials for
tissue engineering [9). Despite their enormous potential as non-
cytotoxic nanomaterials producible by cost elfective, scalable
procedures, the chemical and mechanical properties of inclusion
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bodies remain essentially unexplored. In this regard, only some
hibliographic references to their density [ 10], hydratation tevel [11]
and pH responsiveness |12] are available, For that, we have here
approached the physicochemical characterization of Escherichia coli
inclusion body materials regarding surface chemistry and nano-
scale mechanical properties, such as stiffiness or hydrophobicity.
which might be critical in inclusion body—cell interactions.

L Materials and methads
2.1, Materiol

Al materials used are displayed on the Supplementary information.

22 Methods

221, 8% size and 2 patential determinarion by dynmiic Mght sconering (DLS)

The particke siees and £ potential of 1R were determined in a dynamic lght
scattering (DLS) device [Malvern Manosizer Z) in suspension on PRS buffer
(pH = 74, it final copcentration was 20 wg/ml L To Gacilitate the dispersion an the
liquid, 2 mi ol the mixiure were sonicated for 1 min. DLS measurements were
carried out at 37 °C using 1 mil, of freshly prepared s suspension into a disposable
astic cubette, Each Ms sampile was analyzed by triplicate averaging thirty single
MEIsUrEmenis.

232 Mixed thiol self auenbled monoloyer prepariion

hiferent molar ratios of ydrophilic {<0H rerminated | and hydemophobac | <CHy
terminated ) alkanethiols were used o obtain mixed sell asembled monolayers
[SAMS) with different degree of hydrophobdcity, as shown by statke contact angle
measurements [(Table 510 SAM: with different proportions of 1-undecenethiol
[=CHy terminated] and 1= meércapho=l-tndecaned [-0H terminated) were
pepared by immierskon of the freshly cleaned gold substrates inan ethanslic salu-
tion of the organic thiols with the appropriate molar ratio for 24 b, Thus, substrates
were rinied with clean sthanod and sonicated for 5 min in ethanol 1o remeve the
ysisorbed molecules. Afterwands the substrates were dned under a stream of Ny
amd immediately used (see 51,

223 Comimet angle measiremens

Weettability of the self assembled monolayer of the mixed thets before and after
Being in conact with 1B was determined with an OCA 15+ (Dataphysics, Germany)
contact angle gonbometer. Data treatment and angle determination were carmied ot
with the software SCAZD [ Dataphysics, Germany | Four sets of static contact anghes,
at different positions on each sample, were measured (see 511

224, Coverage of IBs on the mixed SAMs

Freshiy prepared mixed monolayers of the thiols were immersed for 2 h into an
I8 suspension in FBS buiffer (18 suspension was sonicated for 5 min prior o the
introdisction of the substrate]. Aflerwands, (he 185" covered substrates were gently
rinsed with MiliQ water [ 18.2 M0} and dried under a stream of My

Optical flusrescence microsoope images of the deposited 18: were performed
using an OLYMPUS BxS1 microscope with an OLYMPUS DF20 camera with 3 s
shutter time, and an OLYMPLS L-EFL-T mercury Lamp accessory. In order to remave
background Hght a GAP pass filter was used, Image] [GHU] soltwane wis utilized 1o
perform the particle couming.

225 Atpmic forve micrescapy (ARM)

2250 AFM imaging Atomic force microscopy (AFM] images were taken with
a commencial AFM {MFP-3D-5A, Asylum Reseanch, Santa Barbara, USAL Samples
were analyzed in dynamic mode working a8 B kHz of frequency and in g liguid
environment {FBS bulfer media pH = 74) kv order to mimic the cytoplasmic envi-
ronment of the cell. Pyramidal NSCI5[AIRS silicon tips (Mikromash, USA} having
naminal spring constants of 028 Nim were wsed, Samiple pregaration was done by
dong casiing of an B suspension in the same PES buffer (20 pg/ml) over freshiy
cheaved mica,

2252 ARM force specmoscopy. AFM indentation measurements were done with
a commercial AFM (MFP-3D-5A, Asylum Research, Santa Barbara, USA} equipped
with 4 close loop tracking system and working on Hguld environment. Myramidal
WSCIS/AIES silicon tips (Mikromash, USA) having nominal spring constants of
0.28 Nim were used, The spectroscopic calibration of the raw cantilever on liquid
melis { PBES buller soliution pH = 74) was developed |y measuring lorce ve, distance
curves, on freshly cheaved mica. Samiple preparation was done by drop casting of an
18 suspension in the same PES buffer [ 20 pgimL] over freshly cleaved mica. The force
curves, conskting of 2048 dara points were obtained fmposing 4 maximuam applied
force of 50 o at a frequency of 8 kHe, AFM mechanical properties data were
calculated fram force distance curved acoonding (o the procedures described in
113,04 (e 1L

In order to achbewve spatial resolution of the spectroscopical measurements,
dymamic AFM images of the studied 1By were developed prior and after foroe v
distance measurements. Therelare observathons albowed us 1o follow any movement
or deformation produced on the sample during the experiment.

226 Cell prohjermtion assay

188 produced and purified from dilferent bacterial strains were sterlized by
eupasiine to a 253 nm UV light gesmicidal Limp for 4 he The Bl were resuspended in
PBS, and 265 = 107 1Bs (partickes) wene added per well to coat untreated Costar 3370
plates, which were left overnight at 4 “C Wells were washed in PBS and bocked
with 3% BSA in PBS for 1 h at 37 C. Afterwards, 3 = 10” newborn hamster kidney
(BHK} cells or 2 « 10* rat pheochromocytoma (PC12) cells were added per well and
incubated i Dulbecoo’s Modified Eagle's Medium [DMEM) supplemented with
nnessential amino acids and fetal ealf serum (5%, 3 37 °C for differen thimes. Blank
wells undberwent exacly the same treatment as described but withowt [Bs. After
incubation, cell proliferation was determined using the EZ4U kit | Biomedaca GmbH)
following the manufacturer’s instructions, and analyzed i the maltlabel reader
IEMS MF [Labsystems, Helbsinki, Finland ), The reading absorbances were 450 nm and
B20 nm & reference, and the values were standandicced with resped 10 mediume-
containing wells. A pre-iest to select incubation thne before saturatken was carmed
out with the kit reagents, All assays were done in triplicate, Data were expressed as
the mean + standand errod of the mean (SEM) of the valies obtained per condition
anid evaluated statistbcally by a T-test analysis. Cultured cell pictunes under different
conditions were taken with a Nikon Eclipie TS 100 inverted microscope by using NIS-
Elemnents F 3.00 imaging soltwarne.

3. Results

Recent studies on the functionality and applications of 1Bs have
shown their enormous potential, not only from the industrial
catalysis point of view, but also in the field of biomaterials [9]. In
this regard, IB-decorated or 1B-patterned surfaces provide an
appropriate topological environment for mammalian cell prolifer-
ation [9). Nevertheless, despite their promising properties as non-
eytotoxic and particulate materials, very little is still known about
their chemical and physical nanoscale properties |5,15] and how
their rational modification at this scale may influence their
macroscopic impact on living cells in B-cell interfaces,

To deeper explore these issues, we have characterized 1Bs
produced in a conventional K-12 wild type (wt) E coli strain, and in
derived genetic backgrounds showing deficiencies in the protein
quality control netwark, that is known to regulate, at the systems
level, not only protein folding but also aggregation. For that, we
have chosen two paradigm mutations affecting different arms of
the quality control system, resulting in deficiencies of either Dnakl
(the main cytosolic chaperone and negative regulator of the heat
shock system) or ClpA (foldase and ATPase of the protease ClpP). In
these mutants, |Bs are distinguishable from those produced in wt
cells, in size and biological activity of the embedded proteins [16].
Therefore, we presumed that surface chemistry and mechanical
properties of 1Bs might be eventually affected in these strains,

3.1. Smudy of the hydrophilic/hydrophobic nature of the IB

Model surfaces with known physicochemical properties have
been widely employed for studying not only material surface
properties but also complex events such as protein adsorption or
cellular responses. Previous studies have already shown how of
different surface chemical properties entail variations on the
macroscopic behavior of a biomaterial [17], being those related
with changes on the chemical charge or material wettability among
the most inflluencing | 18,19],

In order to study the wettability properties of 1B variants
{mamely those produced in Dnak™ or ClpA mutants vs wt strain),
s5ix SAMSs on gold substrates were obtained by functionalizing them
with different molar ratios (X) of —<0H terminated [ hwdrophilic) and
=CHy terminated (hydrophobic) alkanethiols. As a result, an array
of modified gold surfaces bearing controlled contact angles,
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ranging from 110 o 20°. were fabricated (sece Materials and
methods section).

Subsequently, the arrays were immersed in suspensions (20 pg/
mL) of 1B variants for 2 h and contact angle and IB coverage of the
different functionalized gold substrates [Xou) were determined
before and after [B deposition. While prior to 1B deposition, an
increase of 10% in the concentration of the hydroxyl terminated
thiol with respect to the —CHjy terminated ones, implied a decrease
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of 6 £ 1" on the contact angle of the functionalized surface, the
measurements performed alter the deposition of [Bs presented
amuch smaller reduction (Fig. 1, left), This fact was more intense for
Dnak™ and ClpA~ 1Bs where the decrement was 2.4 + 0.8 and
1.9 + 0.5° (Fig. 1b, c left) respectively, than for wt IBs where the
diminution was of 4.5 = 0.8" [Fig 1a, left]), Thus, the presence of 1Bs
on the functional surface, buffers the change of wettability of the
substrate at different extent.

g
o

1B coverage (10°% IBfum?)

Substrate
1.5 1 Dnak-
T I
%1.{: . I I l I }
- HE |
: I
g 0.54
3
3]
0.0 r - . — -
2 3 4 5 6
Substrate
B Clph-

1B coverage (107 IB/um?)

3 4
Subsirate

Fig. 1. Left; Contact angles of the & different fanctionalized, containing different malar ratio af =0 teeminated () alkanethiods, gold surfaces before and after deposition of [Bs,
Right: Dependence of the s coverage on the functionalized godd substrate wenability a) Wi, b) Dnakl , ¢) ClpA . Subatrate wettabilny ranging from 20 10 307 (1), 40-50° (2},

BO-=T00 (3], T0-80° [4), BO-00° (5) and 100-110" (6]



Biomedical applications of bacterial Inclusion Bodies

5608

18 surface coverage dependence with the substrate contact
angle was also determined by measuring the density of aggregates
per wm? using a optical Muorescence microscope. Results abtained
for wit 1Bs (Fig. 1a, right) showed the existence of a maximum of 1B
coverage reaching absolute values of 00015 1B/um?, correspanding
to a functionalized gold surface contact angle of approximately 800,
Therefore, it is possible to establish a preference of these materials
to join slightly hydrophobic surfaces, On the other hand, data
obtained from Dnakl and ClpA 1Bs (Fig. 1b, ¢ right, respectively)
exhibited significantly different tendencies. In both cases, the
maximum of interaction was slightly shifted to lower contact
angles (75 and 607, respectively) and a gradual increase of the
covering of 1Bs on the modified surfaces at high contact angles
(=90") could also be observed, pointing to the existence of more
amphiphilic behaviors of the Dnak ™ and ClpA~ IB surfaces, Thus, it
is possible to observe how, by changing the 1B variant, the substrate
contact angle coverage dependence varies from monomodal, with
a single maximum at 80° (wt), to bimodal, with tbwo peaks, one at
lower angles (75 and 60°) and the other one at higher values
(=80"), for Dnak ™ and ClpA respectively, indicating the existence
of two different wettability populations. However, looking at the
absolute 1Bs adsorption values, Dnak™ [Bs showed extreme simi-
larity to those obtained with wt IBs, reaching a maximum coverage
of 00012 1B/um?®, while ClpA~ 1Bs depict coverage levels up to 5
times higher {0,007 IB/um® ). This fact is of extreme importance, as
an increase on the |1Bs density entails the subsequent increase of
roughness of the treated surface, usually related to cell proliferation
properties modification | 20]. Therefore, it was possible to establish
that the wettahility of the IB surfaces is dependent of the genetic
background where they were produced, and that the modification
of this parameter has important effects on the interaction of IBs
with the media.

32, Size determination of 18

Even though the chemical nature of the surface of a material is
extremely important, physical features, such as size or mechanical
behavior, might also influence their macroscopic properties,
Particle size distribution and £ potential of freshly prepared 18s in
agueous suspension were determined by dynamic light scattering,
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revealing no significant differences between IBs variants in agree-
ment with previous screenings. Observed particle size ranged from
502 nm for Dnak  1Bs to 580 nm for ClpA~ IBs, while the low Z
potential values obtained (see Fig. 51) depict the tendency of all the
measured 1Bs to aggregate with time {2 potential values obtained
are lower of [30) mV).

In arder to study the influence of a solid interface on the particle
size, [Bs were imaged by AFM in liquid (PBS buffer solution), once
deposited over lreshly cleaved mica, Average dimensions obtained
from these images show no significant deviation from DLS data
previously obtained in PBS, This allowed discarding any strong
deformation of the protein aggregates during the adsorption
process, which might eventually alter the material properties.

3.3 Nonomechanical properties of 1Bs determined by AFM

It is known that the mechanical properties of a substrate
bigmaterial are critically affecting refevant features of mammalian
cells growing on it, such as cell morphology |21,22], proliferation
[21.22], motility |23] and differentiation |22.24], During the last
decade, AFM has proved its value not only for imaging biological
samples | 25,26, but also for probing inherent properties of biolog-
ical structures, like local interaction forces, mechanical properties or
dynamics in natural { physiological ) environments |27).

To determine how the different genetics of 1B bioproduction
affects their elasticity, force spectroscopic AFM was employed. This
rechnique consists of an AFM tip which is pressed into the elastic
object with a defined force (F). producing the subsequent inden-
tation (6) at the nanoscale, Spectroscopical measurements were
performed in liguid media (PBS buffer pH 7.4) in order to preserve
the natural state of the protein aggregates and to mimic the natural
cell environment. From the obtained Fvs, § data plot, and using the
Hertz model [28-33] {see 51, it was possible to fit the experimental
data with the behavior expected for conical (equation (1)) and
spherical {equation (2]) indenters, obtaining the Young modulus of
the sample. In Fig. 2, an example of the experimental data, together
with the subsequent fittings for conical and spherical indenters, is
shown. In our case, from the two plausible geometries the one
associated with a spherical tip presented the higher agreement, and
this compatibility of the experimental data with the model was

i zﬁ*ﬂ]ﬁa {,,F=[w]5m{2,
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Fig. 2. Conical [a} and spherical (b) fining of a seleoted approaching curve measurement over a selected 10 In red s represented the curve resulting from the approaching and
inelemtation of the tip on the T In bhue |5 iepresented the releasing curve generated while moving the AFM tip 1o it initial position,
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verified for the most part of the experimental curves. In order to
avoid substrate influence only the first 40 nm of indentation was
taken to further analysis.

Statistical studies, presented in Fig. 3, have been obtained after
analyzing more than 200 force curves for each aggregate on 7
different IBs obtained in each one of the three different bacterial
strains, resulting on different Young modulus distributions
according to the IB origin. Stiffness data obtained for wt IBs, rep-
resented on Fig. 3a, depicted a monomodal elasticity distribution
with a main peak value of 3.73 = 0.05 MPa and an fwhm (full width
at half maximum) of 2.9 + 0.05 MPa. On the other hand, for DnaK
and ClpA~ IBs results indicated the presence of two elasticity
populations. In the case of DnaK ~ IBs (Fig. 3b), the peak at lower
strength values was situated at 3,56 + 0.56 MPa with an fwhm of
3.6 + 048 MPa matching the one obtained for wt particles,
However the second population, shifted to harder areas, was placed
at 7.75 + 099 MPa with a broader shape of 5.8 + 037 MPa at its
fwhm. For ClpA  1Bs (Fig. 3¢), the peak distribution was shifted, for
both populations, to harder areas with mean peak values of
501 + 0.25 and 1099 = 0.30 MPa and fwhm of 3.2 + 028 and
6.6 = 0.25 MPa, respectively.

These data are in agreement with the results obtained by
contact angle measurements, indicating the appearance of two
differentiated populations with different wettability and stiffness,
in the case of 1Bs produced in specific phenotypes (DnaK  and
ClpA ), while only one was observed for wt IBs.

3.4, Nanomechanical mapping of the IBs by AFM

AFM spectroscopy might be a destructive technique depending
on the sample hardness and the applied force. AFM images of
selected IBs, before and after the spectroscopical measurements
produced no serious deformation on the 1B, which kept its initial
shape and structure (see Fig. S2). Therefore, and by the use of an
AFM equipped with a closed loop tracking system (see¢ Materials
and method), it was possible to obtain the spatial distribution of
the elasticity regimes over the different 1Bs and to develop stiffness
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maps (Fig. 4), where each force (F) vs. indentation (4) measurement
was spatially localised over the target 1B, Fig. 4a shows how the
Young modulus was homogeneously spread over the wt IBs, with
mean values of 3.6 + 0.56 MPa. In DnaK™ and ClpA  1Bs two elas-
ticity populations were observed, as entailed in Fig. 4, with the
harder areas segregated and localised on the centre of the DnaK
I1Bs and on the right side of ClpA~ particles. The above data indi-
cated that, the genetics of IB fabrication, determines the coexis-
tence of more rigid structures and softer ones, and that they seem
to be localised on determined areas of individual IB. This fact
confirmed the existence of structural diversity inside the protein
aggregates. Therefore, it is possible to affirm that the use of
modified bacteria for IB production might imply a significant
change on their mechanical properties,

3.5. 2D cell proliferation assays

To determine if the alterations in the nanoscale properties
observed among variant I1Bs could be sensed by biological systems,
we comparatively explored the abilities of these particulate mate-
rials to promote proliferation of mammalian cells, upon decoration
of 2D surfaces. In a previous study [ 14], we have demonstrated that
I1Bs (produced in a DnaK ~ strain), when deposited on polystyrene
plates, modify the nanoscale topology in a way that stimulated cell
proliferation, Therefore, IBs produced in either wt bacteria or in
DnaK and ClpA  backgrounds were comparatively tested in a cell
culture assay. Interestingly, the proliferation of baby hamster
kidney (BHK) cells was favored by all 1B variants although at
different extents (Fig. 5a). In particular, at 72h after the initiation of
the culture the cell density in plates decorated with wt and DnaK
1Bs was about twice than in plates without 1Bs. While both types of
I1Bs rendered cell density values statistically indistinguishable
(p = 0.538), ClpA  IBs dramatically enhanced cell density over the
values achieved by other IB variants, although at levels still out the
significance level (p = 0162 when comparing with DnaK  IBs;
p = 0.203 when comparing with wt IBs). To confirm the differential
properties of ClpA~ IBs in stimulating cell proliferation we

d

Fig. 3. Histogram representation of the number of events vs. Young modulus for 1Bs produced in bacterial mutants. a) Wt IBs showing only one peak at 3.73 MPa: b) DraK - IBs show
two overlapped Young modulus distributions which centered a1 356 and 7.75 MPa: ¢) CpA 18 show the presence of two different young modulus distributions, at 501 and

10,99 MPa; d) 30 representation of the Liter histograms,
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Fig. 4. 2D software deveioped reconstruction of the elasticity maps of selected 185 from the three genetic backgrounds. a) wt 1Bs, b) Dnak  IBs, ¢) OpA * 18s. Observatioas infer the
existence of a homogencously spread distnibution of Young modulus values over the wt [Bs. On the other hand, maps obtained for DnaK  and ClpA ™ 1Bs indicate the existence of two
elasticity populations, with the harder areas segregated and localised on the centre of the DnaK  [8s and on the right side of GpA  particles.

extended the study to rat pheochromocytoma (PC12) cells, that
tend to grow as floating clusters rather than as firmly attached
monolayers. In this model, ClpA  1Bs enhanced cell proliferation
over DnakK'™ 1Bs in a still more evident way (Fig. 5b; p = 0.004). This
confirms that these particles display improved nanoscale proper-
ties regarding tissue engineering-oriented topographical modifi-
cation and that cell proliferation responds to the stiffness increase
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of the surface decorating material. The progressive temporal
increase in the differences in MTT assays promoted by the IB vari-
ants indicates that they act stimulating cell proliferation rather
than cell adhesion. interestingly, the similarity between the
macroscopic eco of DnaK™ I1Bs and wt IBs in I1B-cell interfaces and
the divergent behavior of ClpA - IBs is highly coincident with the
profile of the nanomechanical properties (including wettability and
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Fig. 5. Cell profiferation determined by a conventional MTT assay monitoced in polystyrene plates. Plates were untreated (control) or decorated with 265 « 10* 1Bs per well of
different 1B variants, The analysis was dooe (n triplscate using BHK (A) and PCI12 (B) cell lines. Differences of cell density between [B-decorated wells and IB-free wells [control) were
always significant (p< 0.006, pot shown) in all the experiments. As an exception, growth of PCI2 cells on DnaK 185 was stimulated over the control in the limits of statistic
significance (p ~ 0132 at 48 h and p' < 0047 at 72 h), The significance as p values of the differences between growth on OpA — and DnaK 185 are depicted over the corresponding

bars,
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stiffness) exhibited by the IB variants, again very proximal when
comparing 1Bs produced by wit and Dnak  cells.

4. Discussion

IBs are formed in recombinant bacteria submitted to confor-
mation stress [9], and are now seen as extremely dynamic protein
clusters | 34| that contain an important extent of polypeptides with
native-like secondary structure and are biologically active |5). At
least a significant fraction of polypeptides embedded in 1Bs are
functional |5]. How functional species can coexist with the
amyloid-like pattern (governed by cross molecular beta-sheet
interactions) is still unsolved. However, the influence of environ-
mental conditions on the folding state of 1B proteins [ 3,35] indicates
an important degree of molecular flexibility. In addition, being the
IB protein quality tightly surveyed by the quality control system [4]
is not unexpected that functional medifications in the bacterial
folding machinery would result in 1Bs with altered physical
properties, as protein folding and degradation, but also protein
deposition as IBs and removal from these particles would be
mechanistically affected. However, the mechanical properties of 1Bs
at the nanoscale have never been explored as these protein clusters
have not attracted amy interest as biomaterials, although in
a different context, they have been recently observed as intriguing
catalizers when formed by enzymes [4,6]. Recent experiments
strongly supporting the biocompatibility of 1Bs as nanoparticulate
materials [6] has pushed for a fine characterization and eventual
tuning of the biophysical properties that might be relevant to
biomedical applications, such as the bottom-up topographic
surface modification in tissue engincering [9). In this context, GFP-
containing 1Bs have been fabricated in bacteria deficient in either
Dmak or ClpA, in the hope to identify significant modifications in
their properties as particulate nanomaterials, Dnak is the main
cytosolic chaperone of E coli, that being a negative regulator of the
heat shock system [9] and a potent proteolytic stimulator [36] also
show folding, holding and disaggregase activities [16]. ClpA is the
ATPase subunit of ClpP and possesses intriguing Toldase-like
properties [37]. GFP 1Bs produced in these specific backgrounds are
more Nuorescent than wt 1Bs [16), indicating at least conforma-
tional variations in the aggregated protein regarding to 1Bs formed
by a fully functional quality control. While 1Bs produced in wild
type E coli depict a maximum coverage at slightly hydrophobic
surfaces and a monomodal stiffness profile, those developed either
in the DnakK ™ or ClpA  derived background show a disrupted
wettability pattern (Fig. 1 right) where the coverage maximum is
splitted in two and shifted to higher and lower wettability regions,
Furthermore, although its coverage and subsequently the substrate
roughness of Dnak ™ 1Bs is similar to those of wt derivates, they
manifest an enhanced (but not statistically significant ) tendency to
favour mammalian cell growth (Fig. 5) in cell proliferation assays if
compared to wt ones, This could be related 1o the enhanced values
of the IR stiffness map suggesting a dual protein population, that
might increase the cell responsiveness to the altered topography.
The absence of the chaperone Dnak, that in IB-forming cells mainly
transfers polypeptides to the ClpP and Lon proteases for digestion
|16] on the surface of 18s | 16], results in 185, which contain a more
heterogenous  protein population regarding functionality and
conformation status than wt I1Bs [38], Interestingly, the absence of
the ATPase ClpA, that mediates protein translocation to its cognate
protease ClpP [39.40), results not only in a higher coverage and
therefore, a rougher system but also in an even mare stiff 18s in
which the dual stiffness mapping is even more evident than
in Dnak ~ cells (Fig. 4). In this case, the impact on biological systems
is dramatic, proving that the extent of the genetically determined
mechanical variations of 1Bs is within the range of the functional

capacity of the cells sensory elements that respond more actively to
harder [Bs.

Those results are in agreement with previous Fourier trans-
formed infrared spectroscopy analyses (FTIR) of Dnak™ and ClpA
IBs. in which a downshift in the fi-sheet peaks (at 1627 and
1693 ¢m ') was observed [41), indicating a more compact and
therefore stiffer cross-fi=-sheet architecture than in wt 1Bs. In addi-
tion, recombinant proteins are stabilized in these backgrounds as
a result of a global inhibition of the proteclytic activity of the
quality control machinery [16], leading to the incorporation of
otherwise degraded protein species into 1Bs. This dual deposition
could be linked to the heterogeneous stiffness maps obtained for
Dnak and ClpA~ 18s, and indicates that the conformational status
of the aggregated polypeptides determines the consistence of the
protein clusters at the nanoscale level.

As well as other biomaterials used for cell proliferation, such as
polymers or hydrogels, IBs have probed their efficiency as grow
vector. However, while regularly wsed non-biologic materials
require the use of complicated or expensive production technigues
of even some chemical compounds that may affect the target cells,
[Bs are naturally produced, highly flexible and non-toxic biomate-
rials which can be easily produced by bacteria on multigram scale.
Furthermore, whereas traditional materials properties are, usually.
hard to be modified, 1Bs properties can be easily tuned just by
changing its genetic background. 18s can, therefore, be considered
as multifunctional tunable biomaterials able to selectively modify
cell proliferation when used to decorate a solid substrate.

5. Conclusions

The conformation status of recombinant proteins in E coli, as
regulated by the proteins quality control, defines the nanoscale
physicochemical properties of inclusion bodies. Such proteinaceaus
particulate biomaterial exhibit a range of wettability and stiffness
when obtained inwild type, Dnak ™ and ClpA -~ strains, associated to
the style of protein packaging cocurring in absence of each of these
elements of the heat shock machinery. The inhibition of proteolysis
allowing the deposition of otherwise degraded protein species and
the associated condensation of the inclusion body cross-f-sheet
architecture in Dnak  and ClpA  backgrounds can account from the
up shift of particle stiffness from around 2 up to 16 MPa, Interest-
ingly, when using inclusion bodies for bottom-up surface decora-
tion in tissue engineering, such range of mechanical properties is
sensed by cultured mammalian cells, resulting in a dramatic
stimulation of cell proliferation, which increases with the stiffness
of the substrate material. Since bacterial inclusion bodies are fully
compatible nanomaterials that can be obtained at large scale by
cost-gffective procedures, their physiological modification during
hiofabrication in selected genetic backgrounds can be observed as
an intriguing possibility to generate improved versions tailored for
specific biological interfaces. The tuning opportunities offered
through adjusting the quality control, so much explored for
recombinant protein solubility issues, definitively expands the
spectrum of hiomedical applications of this novel bacterial
nanomaterial,
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Abstract

biological interfaces

protein folding features.

Background: Bacterial inclusion bodies are submicron protein clusters usually found in recombinant bacteria that
have been traditionally considered as undesirable products from protein production processes, However, being
fully biocompatible, they have been recently characterized as nanoparticulate inert materials useful as scaffolds for
tissue engineering, with potentially wider applicability in biomedicine and material sciences. Current protocols for
inclusion body isolation from Escherichia coli usually offer between 95 to 99% of protein recovery, what in practical
terms, might imply extensive bacterial cell contamination, not compatible with the wse of inclusion bodies in

Results; Using an appropriate combination of chemical and mechanical cell disruption methods we have
established a convenient procedure for the recovery of bacterial inclusion bodies with undetectable levels of viable
cell contamination, below 107 cfu/ml, keeping the particulate organization of these aggregates regarding size and

Conclusions: The application of the developed protocol allows obtaining bacterial free inclusion bodies suitable
for use in mammalian cell cultures and ather bialogical interfaces.

Background

Bacterial inclusion bodies (1Bs) are water-insoluble pro-
tein aggregates formed in the bacterial cytoplasm (and
eventually periplasm) during the overproduction of
recombinant proteins, especially those from viral or
mammalian origin [1]. The diameter of these insoluble
proteinaceous particles range from about 50 nm to
500 nm, depending on the background of the producer
strain, harvesting time, culture conditions and recombi-
nant protein [2]. Although [Bs have traditionally been
described as biologically inert protein clusters, recent
insights show that these nanoparticles have not only an
important level of molecular organization, but also that
they are formed by a considerable extent of functional
polypeptides [3-7]. In fact, I1Bs are pure [8], structurally
organized [9], mechanically stable and biocompatible
protein deposits 2], formed through stereospecific pro-
tein-protein cross-molecular interactions under amyloid-
like schemes [9,10]. This turn in the understanding of
IB biological nature has prompted to explore potential
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applications of such aggregates as straightforward bac-
terial products. One of the major IB applications is their
use as particulate catalysts for different bioprocesses
when formed by enzymes. It has been successfully
proved with different enzyme-based IBs that these
aggregates efficiently catalyse bioprocesses, becoming a
promising alternative to classical enzyme immobilization
[7.11]. In the completely different context of tissue engi-
neering and regenerative medicine, it is widely accepted
that the nano- and micro-modification of flat surfaces
by different procedures, such as etching, lithography and
particle decoration, can not only favour mammalian cell
binding but also improve cell proliferation and substrate
colonization [12]. In this regard, we have recently
explored the performance of 1Bs as biocompatible parti-
culate materials suitable for engineering surfaces rough-
ness at a micro- and nano-scale level to stimulate, by
mechano-transduction events, the growth of cultured
mammalian cells [2,13,14].

On the other hand, a wide range of protocols for the
purification of cytoplasmic 1Bs are available, all of them
including bacterial lysis and IB washing steps. Bacterial
lysis is achieved using either mechanical or non mechani-
cal methods, or a combination of both, while washing
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steps include, among others, detergent and/or DNase
treatments. These protocols have been mainly aimed to
obtain 1Bs suitable for in vitro protein refolding attempts
[15]. Since most of them permit the recovery of high
amounts of pure [Bs (usually representing between 90
and 95% of the total aggregated proteins), the presence of
viable bacteria in the final sample is not routinely veri-
fied. Residual bacterial contamination may not be a criti-
cal issue when using 1Bs as the starting material for
protein refolding procedures [16-18] (Table 1[19-58]).
However, for applications in which IBs act as materials in
biological interfaces, for instance in tissue engineering [2]
or as biocatalysts [11], the presence of living bacteria
would be not acceptable.

The aim of this study has been the development of an
B purification protocol rendering bacterial-free protein
particles, which could not compromise the applicability
of 1Bs as biomaterials for biomedical applications.

Results

To explore the efficiency of conventional 1B purification
protocols based on lysozyme treatment combined with
repeated detergent washing steps, we have determined
the number of viable bactertal cells before and after cell
lysis, using different bacterial strains (MC4100, Dnak’
and ClpP’) carrying plasmids encoding different recom-
binant proteins (VP1IGFP, VPILAC and VPINLSCt)
(Figure 1). Our results indicate that the used standard
protocol is inefficient concerning the complete removal
of viable bacteria (Figure 1). The integrity of bacterial
cells upon IB purification was confirmed by scanning
electron microscopy (SEM) (Figure 2). Comparing the
results obtained with Escherichia coli MC4100 carrying
different plasmids, we noticed that, being the initial
amount of bacteria around 1.10” cfu/ml in all cases,
remaining viable cells after the protocol application ran-
ged from 5:107 to 1-10" cfu/ml (Figure 1). In particular,
we noted that the Clpl” strain carrying pTVPLGFP plas-
mid was the most resistant to cell lysis, since more than
107 cfu/ml remained after IB purification (Figure 1).
Intriguingly, replicas of ClpP/pTVP1GFP and MC4100/
pTVPILAC cultures gave quite similar viable cell
counts, but the lysis of DnaK /pTVPLGFP, MC4100/
pTVPIGFP and MC4100/pTVPINLSCt showed an
important variability (Figure 1).

Because of the poor performance of the standard proto-
col cell lysis based on lysozyme, we decided to explore the
effectiveness of other cell disruption protocols (Table 1).
Viable bacteria were still observed after the application of
lysis methods such as the French Press and freeze-thawing
{data not shown). Specifically, we determined the viable
cell cancentration after using the French Press up to 7
rounds at 2,000 psi, observing a non significant decrease
in the viable cell counts. Additionally, the effectiveness of
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freeze-thawing rounds was also not relevant. Thus, neither
the physical nor the chemical methods tested were effec-
tive enough to obtain [Bs free from bacterial contamina-
tion. Therefore, as the bacterial lysis was a bottleneck of
the whole IB purification process, we decided to develop
an improved protocol by combining both sonication and
lysozyme treatment. After testing several combinations of
these procedures and determining cell counts at the end
of each process, the best protocol (Figure 3) combined
both physical and chemical lysis methods with some wash-
ing steps and a DNase treatment (Figure 3). After the soni-
cation step (Figure 3), no viable bacteria were observed in
the sample containing purified 1Bs, regardless of the strain
and plasmid used. However, the number of sonication
cycles needed to eliminate all viable bacteria clearly
depended on the particular protein encoded in the plasmid
(Figure 4). Full lysis of Escherichia coli strains overprodu-
cing VPIGFP needed 5 sonication rounds of 10 min at
40% amplitude under 0.5 s cycles, independently of the
genetic background (Figure 4). However, strains overpro-
ducing VP1LAC or VP 1INLSCt proteins required 6 and 9
disruption cycles, respectively (Figure 4).

Since the [B-forming VP1GFP protein, encoded in all
the plasmids used here, is a suitable model protein to
easily determine functionality, IB architecture and
mechanical stability [2,28], we evaluated the degree of
1B purity as well as the functionality of the embedded
protein, after 1B isolation from MC4100/pTVP1GFP,
Dnak /pTVP1GFP and ClpP /pTVPIGFP cells, by con-
focal microscopy. The obtained images confirmed that
isolated IBs were still fluorescent and their morphology
fully preserved. This demonstrates that the developed
protocol does not significantly alter the final protein
quality of highly pure 1Bs (Figure 5).

Discussion

The presence of bacteria in purified 1B samples can be a
major drawback when using these nanoparticles for bio-
medical and industrial applications. Although many IB
purification protocols have been developed, their effec-
tiveness regarding residual cell viability had not been
tested. In this study we have explored different 1B purifi-
cation methods, focusing our attention on the lysis step,
which seems to be decisive to obtain bacteria-free sam-
ples. The obtained results clearly show that IB purifica-
tion methods based on lysozyme treatment, French
press or freezing-thawing cyeles are not effective con-
cerning complete bacterial cell lysis, while the combina-
tion of both sonication and lysozyme treatments was the
most effective option (Figure 3). Even though these
methods have already been combined in different proto-
cols, cell lysis efficiency remained unproved. Menzella
and co-workers and Schrodel and collaborators used
5 min of sonication in order to obtain pure [Bs [54,56].
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Table 1 Bacterlal lysis methods for 1B purification
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Figure 1 Viable cells counts before (grey bars) and after (black bars) cell lysis, using a standard protocol based on lysozyme and
detergent treatment. £1. E2 and £3 correspond 1o three diffecent rephcas
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Figure 2 Scanning Electron Microscopy (SEM) images of MC4100, DnaK and ClpP overexpressing VP1GFP (top) and of MC4100
overexpressing VPILAC and VPINLSCt (bottom)
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bars) and sonication cycles needed to eliminate all viable

bacteria (white circles]

cycles are needed to reach a sample completely free
from contaminating bacteria. Furthermore, the obtained
results indicated that sonication cycles, sonication time
but also lysozyme concentration must be determined for
each specific protein (Figure 4).

As mentioned before, our results showed a surprising
variability among bacterial strains overproducing differ-
ent recombinant proteins. Villa and collaborators have
recently described that membrane lipids are dramatically
influenced by the stress resulting from recombinant
protein production [59]. Therefore, as the membrane
protein compaosition and permeability in recombinant
bacteria can be influenced by the specific produced
protein [59,60], the observed variability regarding lysis
efficiency could be accounted by different features of
the recombinant polypeptide, that dissimilarly causes
stress effects on the host cell,

Conclusion

Results presented here prove that the existing IB purifi-
cation protocols may be not appropriate when those
aggregates have to be used for both catalysis and biome-
dical purposes, due to residual but significant levels of
metabolically active bacterial cells. In this context, a
novel protocol developed in this study, which combines
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ClpP--VP1GFP

DnakK--VP1GFP

MC4100-VP1GFP

Baclerial cells

FPurified I1Bs

Figure 5 Confocal microscopy images of ClpP-, Dnak- and MCA100 cells overproducing VP1GFP [top)

both sonication-lysozyme treatment with DNase and
detergent washing steps, has proved to be highly effi-
cient regarding cell lysis and useful to obtain prepara
tions of cell-free [Bs.

Materials and methods

Strains and plasmids

The Escherichia coli strains used in this work were
MC4100 (araD139 AlargF-lac) U169 rpsL150 relAl
AbB5301 deaCl ptsF25 rhsk, Strep”) [61] and their deri
vatives |[GT19 (clpP:cat Strep™) and |GT20 (dnak756
thr:Tull, .'“.1rﬂp!:. Tc*) [62]. The strain MC4100 was
transformed with three different plasmids: pTVPIGFP,
pTVPILAC or pTVPINLSCt encoding engineered ver-
sions of GFP and f-galactosidase [7] respectively. The
three proteins were fused to the VP1 capsid protein of
foot-and-mouth disease virus that dramatically reduces
the solubility of the whole fusion, resulting in its aggre-
gation as 1Bs [22]. JGT10 and JGT20 were only trans-
formed with pTVPIGFP.

Culture conditions

Bacterial strains were cultured in shake flask cultures at
37°C and 250 rpm in LB rich medium [61] plus 100 pg/ml
ampicillin for plasmid maintenance. Recombinant gene
expression was induced when the optical density at

550 nm reached 0.5, by adding IPTG to 1 mM. Cell sam-
ples were taken at 3 h after induction of gene expression
and were processed for bacterial counts, |B sampling and
purification and microscopy analvses. Data for further ana-
lysis were obtained from three independent experiments.

Bacterial counts

The concentration of colony forming units {cfu/ml) was
determined on LB plates with the corresponding anti
biotics. After an appropriate dilution in Ringer 1/4,
samples were inoculated on LB plates and incubated at
37°C ofn. Cell counting was always performed in
triplicate,

IBs sampling and purification

Culture samples of 20 ml were taken 3 h after induction
and |Bs were purified by using two different purification
pre wocols as follows.,

Lysozyme and repeated detergent washing treatment
cells were harvested by centrifugation at 15,000 g at
4°C for 15 min and resuspended in 400 pl of lysis buf-
fer (50 mM TrisHCI (pH 8.1), 100 mM NaCl and
1 mM EDTA,) and kept at -80°C o/n. After thawing,
phenylmethanesulphonylfluoride (PMSF) (2.8 pl,
100 mM) and lysozyme (11.2 pl, 10 mg/ml) were
added. After 45 min of incubation at 37°C, 4 pl of
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Wonidet P40 (NP-40) were added and the mixture
incubated at 4°C for 1 h. Then, 12 pl of DNase | (from
a 1 mg/ml stock) and 12 pl of 1 M MgS0,; were added
and the resulting mixture was further incubated at
37°C for 45 min. Protein aggregates were separated by
centrifugation at 15,000 g for 15 min at 4°C. Finally,
1Bs were washed once with 1 ml of the same lysis buf-
fer containing 0.5% Triton X-100. After a final centri-
fugation at 15,000 g for 15 min at 4°C, pellets were
stored at -80°C until analysis. All incubations were
done under gentle agitation,

Lysozyme-detergent, sonication and repeated detergent
washing treatment: samples of bacterial cultures (20 ml)
were centrifuged at 4°C at 5,000 g for 5 min and resus-
pended in lysis buffer (20 ml, 50 mM TrisHCI (pH 8.1),
100 mM NaCl, and 1 mM EDTA) and frozen at -80°C of
n. After thawing, phenylmethanesulphonylfluoride
(PMSF) (100 pl, 100 mM) and 1 mg/ml lysozyme (400 pl,
50 mg/ml) were added. After 2 h of incubation at 37°C,
100 pl of Triton X-100 were added (0.5% Triton X-100)
and incubated at room temperature for 1 h. Then, the
mixture was ice-jacketed, and sonicated between 4 and
10 cycles of 10 min at 40% amplitude under 0.5 s cycles.
After sonication, an aliquot of 100 pl of the suspensions
were inoculated on LB plates with the corresponding
antibiotics and incubated at 37°C o/n. After that, 5 pl of
Nonidet P40 (NP-40) were added to the rest of the sus-
pension, and samples incubated at 4°C for 1 h. Then,
DNA was removed with DNase (15 pl, 1 mg/ml) and
Mg50, (15 pl, 1 M) for 45 min at 37'C. Finally, samples
were centrifuged at 4°C at 15,000 g for 15 min, and the
pellet containing pure 1Bs was washed once with 1 ml of
lysis buffer containing Triton X-100 (0.5%). Alter a final
centrifugation at 15,000 g for 15 min at 4°C, pellets were
stored at -80°C until analysis. All incubations were done
under agitation.

Microscopy analyses of bacteria and 18s

Fluorescence microscopy

At 3 h post-induction, VPIGFP-producing cells were
fixed with 0.1% formaldehyde in phosphate buffered sal-
ine (PBS) and purified [Bs were also resuspended in PBS
and stored at 4°C until observed. Samples of bacterial
cells or 1Bs were placed on a glass slide, lixed with a
slide cover and observed with a Leica TCS SP2 AOBS
confocal fluorescence microscope (Leica Microsystems
Heidelberg GmbH, Mannheim, Germany) using a Plan-
Apochromat objective (zoom 4 or 8; 1024 = 1024 pixels)
and optical lens magnification (63=, NA 1.4 oil). Photo-
micrographs were obtained after excitation at 488 nm
and at emission wavelengths between 500 and 600 nm.
Scanning Electron Microscopy

Bacterial samples and purified 1Bs were retained on
a nuclepore membrane (Muclepore Polycarbonate
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Track-etched Membrane, 0.2 pm pore size, Whatman
Ltd.) and fixed with 2.5% phosphate buffered glutaralde-
hyde (NazHPO, 0.9 M, Na,H; PO, 0.06 M, pH 8.0) for
1 h at 4°C. After that, the samples were dehydrated with
increasing concentrations of ethanol in water (30, 50,
70, 90 and 100%) by consecutive 5 min washing steps,
Ethanol was finally evaporated using the critical point
method in a K850 CPD desiccator (Emitech, Ashford,
UK). The dried membranes were sputtered with gold
using a K550 Sputter Coater (Emitech. Ashford, UK) for
observation. Microscopy was performed with a scanning
microscope Hitachi 5-570 (Hitachi LTD. Tokyo, Japan)
using an acceleration between 0.5-30 kY,
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Ester Ferndndez, Luis Ruiz-Avila, Elena Garcia-Fruitds,* and Antonio Villaverde*

Bacterial inclusion bodies (IBs) are pseudo-spherical protein
clusters, devoid of any coating layer that are often observed
in recombinant bacteria but not in wild-type cells!'l 1Bs are
majorly formed by the recombinant protein (representing
between 70 and 95% of thelr protein content), that self
assemble in pive through stereaspecific protein-protein interac
tions. ! This generates a cotton-like amorphous matrix® and
highly porous, mechanically stable protein particles with a
large protein-solvent interface.** The nanoscale properties of
1Bs have recently characterized in detail. ™ Bacterial cell pro-
teins, mainly chaperones, as well as lipids, lipapolysaccharides
and nucleic acids are minor I1B contaminants that might be fur-
ther removed by convenient downstream procedures, ™" Being
traditionally considered as waste side-products of protein pro-
duction processes,/'"" 1Bs have been mainly exploited as a pure
source of proteins for in vitro refolding and further industrial or
medical applications.""" Recently, and because of their high
mechanical stability,”! and the tuneability of several nanoscale
physical properties, induding size,” geometry,!"™ Z potential ¥
stiffness ! wettability™ and density" [Bs have been also sue-
cessfully adapted as inert nanostruchured biomaterials to assist
mammalian cell colonization and proliferation through surface
decoration "% Essentially any protein species, as expressed
at high rate from a recombinam form of its encoding gene,
might form [Bs in bacteria,l' either spontaneously or assisted
by the fusion of aggregation-prone, pull-down peptides'’'™
Interestingly, 1B proteins retain important extents of native-like
secondary structure and biological activity™ and 1Bs formed

by enzymes efficiently perform as naturally immobilized cata-
lysts. ™™ The extent of functional recombinant protein in 1Bs
depends on the particular protein species™ and the penetic
background of the producing bacteria*! The biological activity
of 1Bs can be significantly enhanced by reducing the bacterial
growth temperature® 2 and in general, by manipulating a cata-
logue of factors known to favor proper protein folding i vive. ™"
In addition, significant amounts of properly folded functional
proteing are released from 1Bs in aqueous media ™" what
prompts to presume an important bioavailability of functional
protein in biological interfaces and the potential use of 1Bs as
therapeutic agents for sustained release of protein drugs. How-
ever, the potential of IBs in protein replacement cell therapy
has remained so far unexplored. In this study, and prompled by
the mechanical and biological stability,” biocompatibility™ and
tuneahility™ of these protein particles as functional nanoma-
terfals, we have explored whether 1Bs could act as natural vehi-
cles of therapeutic proteing in protein replacement approaches.
This has been addressed by exploring how functional 1Bs could
rescue differently injured mammalian cells upon IB exposure,
in an emerging concept of cell therapy based on nanoscale tab-
lets produced in bacteria (nanopills).

First, we investigated how 1Bs in aqueous suspension interact
with cultured mammalian cells, and at which extent these par-
ticles could be incorporated by them. For that, Hela cell cul-
tures were exposed to different concentrations of 1Bs formed
by an aggregation-prone variant of the enhanced Green Fluo-
rescent Protein (GFPY* used as convenient marker to monitor
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Figure 1. Cellular exposure 1o isolated I18s. A) Cultured Hela cell growth (determined by MTT on polystyrene plates) in absence and in presence of
increasing amounts of GFP IBs added to the culture media. B) Overlay confocal image (0.6 pm section) of Hela cells exposed to GFP IBs for 20 h. In
the inset, isolated GFP 18s before addition to the culture, with an average size of around 350 nm.""! Nuclear membrane is seen in blue and cell mem
brane in red. GFP IBs are seen in green. C) Overlay confocal image (0.6 im section) of Hela cells exposed to TFP IBs for 20 h. In the inset, isolated
TFP 185 before addition to the culture, with an average size estimated to be around between 400 nm .Nhr,\.agh their tendency to aggregation makes
precise size determination highly difficult. Nuclear membrane is seen in blue and cell membrane in grey. TFP I1Bs are seen in red. D) xzy overlay of
Hela cells exposed to GFP 1Bs (20 h). E) xzy overlay of HelLa cells exposed to TFP I1Bs (20 h). F) Two confocal xyz stacks of 40 sections processed with
Imaris 3D software (using the Isosurface module), showing intracellular penetration of GFP 1Bs. G) The embedment of IBs into the nuclear membrane
is shown in two section stacks, showing the cell membrane (left) or excluding it from the picture (right). H) Intensity of fluorescence emitted by Hela
cell cultures at different times upon addition of either GFP or TFP IBs. As a control, fluorescence of 18s incubated in cell culture media in absence of
cells is also shown. 1) Percentage of fluorescent cell determined by flow cytometry at 4 h after addition of different amounts of GFP IBs. In the inset, the
same is shown for the highest amount of TFP I1Bs. C represents cells in absence of 1Bs, M mild trypsin treatment to detach cells and H, harsh trypsin
treatment to remove cell surface-attached protein

intercellular imaging. Cultured cells proliferated with normality  1Bs incubated in cell-free plates, Figure 1h). This indicated the
once exposed to GFP [Bs (Figure 1a). Also, cells maintained  stability, proteolytic resistance and functionality of the polypep-
their usual morphology and remained fully adhered to the  tides forming IBs, in the extracellular media and also during
substrate in absence of cytophatic effects, a fact that what was  internalization. In addition, these data indicate that IB proteins

also confirmed by using Turbo Fluorescent Protein (Katushka, are not significantly metabolized during the experimental time
TFP635)*™ 1Bs (Figure 1b.c). On the other hand, both GFP and (3 days).

TFP 1Bs appeared intimately interacting with cell membranes At this stage we wondered which fraction of the cell popu-
(note the yellow and purple merging in Figure 1d.e, respec-  lation would have incorporated functional 1Bs. For that, we
tively, and Supporting Information Video 1), In addition, some  detached [B-exposed cells by mild trypsin treatment (M in
protein particles were fully internalized by cells (Figure 1d.e) Figure 1i) and the population of fluorescent cells was deter

Both the intimate link between |Bs and cell membranes as well  mined by flow cytometry. Between 28% and 50% of Hela cells
as the cellular uptake were particularly well observed in 3D exposed to GFP 1Bs for 4 h were fluorescent in a dose-dependent
reconstructions, especially when using GFP IBs (Figure 1f), In  fashion (Figure 1i), and these values were slightly higher for
these overviews and in the xzy-projections shown in Figure 1d, TFP IBs-exposed cells (up to almost 90%, inset). To discard
partial, sometimes even complete penetration of IBs into the  externally attached fluorescence and to only resolve the fraction
cell nucleus was evidenced, This was fully confirmed in sam-  of cells into which 1Bs had been fully internalized, 1B-exposed
ples analyzed at major magnifications (Figure 1g and Sup-  cells were treated with trypsin, using a harsh (H in Figure 1i),
porting Information Videos 1 and 2). Most 1Bs interacting with  prolonged protocol which results in the total removal of surface-
the nucleus were visualized as trapped in the nuclear mem-  attached protein.*”! Upon this treatment, only a slight reduc-
brane (Figure 1d). Interestingly, the Auorescence intensity of 1B tion in the number of fluorescent cells was observed, indicating
proteins during prolonged incubation was not affected by cel-  efficient IB internalization in up to 38% and 70% of the cell
lular uptake (as fluorescence levels were comparable to those of  population for GFP 1Bs and TFP IBs respectively (Figure 1i)

wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhesm Adv. Mater. 2012
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Then, only around 25% of the cell-interacting 1Bs remain exter-
nally asseciated to the cell membrane.

The lack of cytotoxicity of 1Bs, their stability and natural
cell penctrability and that the fact that functional proteins are
released from 1Bs under physiological conditions!™ prompted
us to further explore the potential value of 1Bs as nanosized
protein delivery systems for cell therapy (nanopills). This was
approached by exposing differently injured cells to 1Bs formed
by diverse enzymes and proteins with therapeutic potential,
Four structurally and biologically distinct 1B-forming human
proteins were selected for the analyses, namely the chaperone
Hsp70, the enzymes dihydrofolate reductase (DHFR) and cat-
alase (CAT), and the growth factor leukemia inhibitory factor
(LIF), Amaong other biological activities of therapeutic value,
the human chaperone Hsp?0 (monomer, 70 kDa) has shown
an important anti-tumaoral value, " being one of the first agents
approved in China for the viral gene therapy of cancer!™'l
In addition, Hsp?0 is a potent inhibitor of cell apoptosis,™
making the testing of their biological activity feasible under
cell culture conditions. The antiapoptotic activity of Hsp70 is
relevant both in the cytoplasm and in mitocondria.'* ¥ DHFR
(homodimer, 21.4 kDa per monomer), apart from being cru-
cial in the regeneration of tetrahydrobiopterin and for the
control or arterial pressure)" converts dihydrofolate into
tetrahydrofolate, a methyl group shultle required for the de
novo synthesis of purines, thymidylic acid and certain amino
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acids.™ Deficiencies or alterations of DHFR have been linked
to megaloblastic anemia, " inherited spina bifida and related
neurological disorders and cancer™ DHFR activity is located
at the cytosol. ™ CAT (homotetramer, 59.7 kDa per monomer)
efficiently catalyzes the decompesition of hydrogen peroxide 1o
water and oxvgen and it acts, in red blood cells, as a sink for
hydrogen peroxide and superoxide removal*" CAT is envis-
aged for therapeutic use in a variety of diseases where there is
a need to reduce hydrogen peroxide, such as in cancer,*"! viral-
induced pneumonia.** ulcerative colitis and Crohn's disease*"
and their activity is expected to be relevant in all cell compart-
menis but especially in the cytosolic peroxisomes.** Finally, LIF
a monomeric (19.7 kDa), four e-helix bundle protein activates a
signaling cascade through interaction with its cell-surface mem-
brane receptor LIFR™# LIF is an interleukin 6 class cytokine
that stimulates growth and differentiation of several cells types,
and positively intervenes in blastocyte implantation,*” showing
potential as o drug in infertility treatments.*¥ Biological activity
of LIF is maintained when thioredoxin (TEX) is fused to the
Neterminus of the growth factorH"

Bacterial 1Bs formed by all these model proteins, were added
ta the culture medium of differently challenged mammalian
cell lines (see Experimental and Supplementary Information).
All these four types of protein clusters {but not 1Bs formed by
irrelevant proteins, IR in Figure 2) were able to produce, in all
cases and in a dose-dependent fashion, positive physiclogical
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Figure 2. Rescue of damaged cells by exposure to therapeutic 184, A) Recovery of DHF R-deficient cell viability by DHFR 185, B) Recovery of cell viability
by CAT 185 from oxidative stress, Dotted bar indicates the level of recovery achieved by comparable amounts of a soluble, cammercially availalle CAT,
C) Recovery of call viability by LIF 18s upan growth factor remaval from the medium. Dotted bar indicates the level of recovery achieved by comparable
amounts of & soluble LIF version produced in bacteria along with 18s. D) Inhibition of cisplatin-induced apoptosis by Hsp70 1Bs. Data from |B-reated
cultures were compared with that of injured cultures non exposed to 1Bs (0}, and significant diffesences {p< 0.01 in a Stwdent’s t test) are indicated by
asterisks. Inrelevant (IR) 1Bs were formed by GFP for A) and B), FGF-2 for C) and LAC for D). U are enzymatic units and all the mentioned amounts or
enzymatic units refer to the therapeutic protein in 185, In all cases, the bar C represents healthy, noninsulted cells (in A, DHF R-defective CHO DC44
cells growing in the presence of the complete medium DG44, in C, TF-1 cells growing in RPMI-1640 medium supplemented with FBS and GM-CSF).
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impacts on the treated cefls. 1B-treatment resulted in signifi-
cantly enhancement of cell survival and/or proliferation under
stress conditions (Figure 2a—c), or specifically, inhibition of
apoptosis when formed by Hsp70 (Figure 2d). In particular,
0.5 pM DHFR 1Bz were able to double cell viability of cells
missing purine precursors and to reach levels slightly higher
than those achieved by supplemented cells (Figure 2a). A
similar extent of cellular recovery was observed when admin-
istering 0.1 UfmL of CAT IBs {Figure b} and 1 pg/mL of LIF
1Bs (Figure 2c) to differently injured cell lines (see Supplemen-
tary information), or 0.05 uM of Hsp70 1Bs to cisplatin-treated
cells (Figure 2d). The increase of cell viability was statistically
significant in all cases (Figure 2a~d) and comparable to, or even
higher than that promoted by equimalar ameounts of the soluble
version of therapeutic proteins incorporated as positive controls
{eommiercial CAT and recombinant LIF). Intriguingly. at excep-
tion of in the CAT therapeutic model, 1Bs formed by irrelevant
proteins shightly tended to improve cell viability although below
statistically significant values (Figure 2a.c.d). Although this fact
would require further investigation, we hypathesize that traces
of other bacterial proteins, usually present in bacterial 1Bs/™
could exhibit unspecific positive effects on damaged mamma-
lian cells. This possibility would be especially plausible in con-
ditions that can be ameliorated by folding-assistant proteins, as
the chaperone Dnak, the bacterial homologue of Hsp?0, is a
recognized contaminant of 1Bs%'l Again, no signs of toxicity.
cytopathic effects or other undesired side effects were observed
when exposing mammalian cells to any of the used 1Bs,

These results indicate that sufficient amounts of 1B-forming
protein can reach and maintain native or native-like conforma-
tion at an extent required for efficient therapeutic action at cel-
lular level. Maore importantly, data shown in Figure 2 evidenced

Maks

the bioavailability of 1B proteins, In this regard, it is not clear
from which IB form, rescued cells take IB proteins, namely
internalized, free particles or membrane-associated [Bs, Also,
experimental data with LIF indicates that extracellular IB mate-
rial and the released proteins act as an additional source of
therpeutic proteing, Due o the observed binding of 1Bs o
mammalian cell membranes (Figure 1) we speculate that most
of therapeutic polypeptides might derive from a slow release of
active protein from membrane-anchored 1B particles. This pos-
sibility, again, is fully supported by previous in vitro studies in
which spontaneous release of functional 1B protein has been
fully demonstrated, ! and by the high porosity of |Bs that
generates enormos salvent-protein interfaces,!

To evaluate if the nanopill concept would be only limited to
ex vive cell context or if it could potentially be extended in vive,
we have primarily tested the systemic tolerance to 1Bs. As in
any of the approved protein drugs produced in bacteria,™ the
presence of bacterial contaminants (ribosomal components,
nucleic acids and lipopolysaccharide) often observed in 1Bs™Y
might represent a potential source of toxicity. However, new-
generation protocols recently implemented for 1B separation'™
and especially those adapted to completely remove bacterial
contaminants™ produce highly pure. biccompatible protein
particles. By using GFP 1Bs, we tested the IB tolerance (o oral
delivery. the most preferred way for drug administration,™ as
a preliminary way to gain information about 1B biocompat-
ibility and to evaluate potential future directions for the devel-
opment of the nanopill concept. In repeated administration,
GFP 1Bs were well tolerated by all animals showing no weight
loss (Figure 3a), normal food intake (Figure 3b), unaltered stool
consistency (not shown) and no signs of discomfort, abdom-
inal cramps or abdominal pain were observed up to 4 days
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Figure 3, Tolerance of mice to oral GFP 1B administration, &) Body weigh of animals during oral administration of GFP 1Bs compared with control
amirmals, B) Food intake (per day and accumulated values) of animals during oral administration of CFP |Bs compared with control animals, C) Intes-
tinal transit (% total intestinal length) of bolus in IB-administered and control animals. D) Histological sections of the intestine of IB-administered
animals (right) and contral animals (left). E) Western blot immunodetection of GFP in plasma and liver of IB-administered and control animals {C).
GFP represent 12 sevial dilutions of commercial GFP from 500 to 37.5 ng.
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{not shown), The mean distance travelled by the 1B bolus was
slightly shorter compared to controls (Figure 3c), according to
what expected for fluids containing caloric compounds (car-
bohydrates, proteins and lipids) that induce the release of gas-
trointestinal peptide hormones delaying pastric emptying./™
The time in which we estimated |Bs reaching the colon was
about 1 h. No histological damage in the intestine was observed
in 1B-fed animals compared to controls receiving vehicle. Tis-
sues were histologically indistinguishable (Figure 3d), again in
the line of lack of IB toxicity, To explore potential penetration
bevond the gastrointestinal tract, we performed western blot of
selected tissues extracts, since autofluorescence was too high to
allow straightforward fluorimetric monitoring, It must be noted
that the intestinal content is highly abundant in porphirin-
derived substances that once modified by the intestinal Aora
give rise to a wide variety of fluorescent compounds that emit
in a broad wavelength spectrum which largely overlaps that of
GFP."7l GFP signals, although faint and diffuse because of pro-
tein excess in samples, were observed at early times in plasma
and liver samples (10 and 20 min), and they remained for longer
times solely in liver (Figure 3e). No traces of GFP were detected
in spleen, kidney and lymph nodes (not shown). Although this
fact suggested minor uptakes of GFP from the gastrointestinal
tract, further analysis would be required 1o record quantitative
dota and to determine the biodistribution and pharmacekinetics
of nanopill-carried protein upon oral administration.

In the present study, and by using 1Bs formed by Hsp70,
CAT, DHFR, and LIF we have explored whether functional
IBs produced in bacteria might act as natural protein delivery
systems for cell therapy and at which extent mammalian cells
expased to 1Bs might gain phenotypic properties that rescue
them from metabolic stress or other injures. The obtained
data in cell culture, together with preliminary biocompatibility
analysis in vive levels provide solid support of these parti-
cles as functional nanostructured materials, which in form
of nanopills show both affinity for biolegical membranes and
high cellular penetrability. In the context of unconventional
applications recently proposed for bacterial 1Bs™ %% and the
emerging needs of self-organizing biomaterials with tunable
properties, % the bioavailability of IBs. whose therapeutic
compound can be straightforward selected among the plethora
of proteins with therapeutic potential, offers a new and highly
intriguing conceptual platform that could fll important thera-
peutic gaps in nanomedicine and personalized medicines, The
efficient and cost-effective bacterial production of these nano-
micro-tablets, in which functional proteins can be even tailored
by genetic engineering and produced in high cell-density bacte-
rial cultures at industrial seale*' give full support to the fur
ther exploration of 1Bs as generic platforms for advanced drug
formuilation in cell therapy.

Experimental Section

Praduction and purification of bacterin B5: Bacterial 185 were produced
in Escherichio coli and purified by already described protocols. Details
of plasmids, strains and proteins can be found in the Supporting
Information.

Cell profiferation assay (MTT): After incubation of cells at 37 “C under
selected conditions (described in the Supparting Infarmation), variations
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DOk 10,1002 fadma. 201104 130

© 2012 WILEY-VCH Verlag GmbH & Co. KGah, Weinheim

www.advmat.de

in the aumber of metabolically active cells were determined using the
EZ4U kit (Biomedica, GmbH) following manufacturer instructions,
and samples analyzed in the multilabel reader VICTOR' V 1420 (Perkin
Elmer). The reading absarbance was 450 nm, using 620 nm as reference,
and the given values were standardized with respect to wells at exactly
the same conditions but without cells.

Analytical procedures: All the analytical methods employed in this
study (included those using animal models) are described in detail in
the Supparting Information, All animal procedures had been approved
by the Ethical Committes of the Universitat Autdnoma de Barcelona
{protocol number: CEEAH 1115).

Supporting Information

Supporting Information s available from the Wiley Online Library or
from the authar.
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Many protein species produced in recombinant bacteria
aggregate as insoluble protein clusters named inclusion
bodies (IBs). I1Bs are discarded from further processing or
are eventually used as a pure protein source for in vitro
refolding. Although usually considered as waste bypro-
ducts of protein production, recent insights into the
physiology of recombinant bacteria and the molecular
architecture of |Bs have revealed that these protein
particles are unexpected functional materials. In this
Opinion article, we present the relevant mechanical
properties of IBs and discuss the ways in which they
can be explored as biocompatible nanostructured mate-
rials, mainly, but not exclusively, in biocatalysis and
tissue enginearing.

Biology of bacterial inclusion bodies
Bacterial inclusion bodies (IBs) are protein aggregates that
have been commonly ohserved in recombinant Escherichin
eoli since the implementation of recombinant DNA tech-
nologies. 1Bs were rapidly recognized as the major bottle-
neck in recombinant protein produection and were assumed
to be formed by unfolded or highly misfolded polvpeptides
that failed to reach their native conformation 111,

Solubility has been considered the main macroscopic
signal of successful protein conformation and functional
quality at the molecular level |2]. For instance, many
recombinant proteins have been produced only (or almost
only) as [Bs and consequently discarded before further use,
Thus, in biomedical research, among the wide spectrum of
proteins identified as potential drugs, only a very limited
fraction are actually produced, approved for use nnd mar-
keted, In this context, a significant number of the thera-
peutic proteins in use have been obtained in veasts or
mammalian cells instead of E. cofi. These systems allow
post-translational modifications that are absent in bacte-
ria and overcome massive ageregation 3],

Protein aggregation in bacteria has contributed to lower
than expected success for recombinant DNA technologies
because the yield of functional, soluble and stable
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polyvpeptides is often not eost-effective enough for industri-
al production. Even laboratory-seale production of many
apecific products for research purposes has a protein inselu-
bility bottleneck. Minimization of protein apggregation
through midstream approaches (by chaperone co-expres-
sion, protein engineering or by adjusting gene dosage, tem-
perature or  transeription  rate) hag  vielded rather
inconsistent and product-dependent results, Rational ma-
nipulation of foldase, protease and disaggregase activities to
control protein solubility depends on metabolic engineering
reaching the systems level. Unfortunately, the regulatory
complexity, synergism and redundancy of the cellular qual-
ity control network make guch a taszk currently unafford-
able. At the downstream level, [Bs are eventually used as a
source of protein for in vitre refolding and recovery, This is
hecause up to 90% of the total protein in [Bs is recombinant
protein and because IB2 can easily be separated from eell
debris by simple procedures. However, refolding strategies
for proteins from isolated [Bs need to be developed on a case-
bw-case basiz and are weakly extendible to a wide spectra of
products (insulin i2 among the exceptions), Consequently,
IBs have been historically observed as undesired waste
products of bistechnology processes (1],

Although recombinant protein aggregation in bacteria
has been ignored as a scientific issue for decades and thus [B
research has largely been neglected, a fow seminal ohserva-
tiens have revitalized both academic and industrial interest
in 1Bz, Recent research in conformational stress of recombi-
nant bacteria has provided insights into the physiology of [B
formation and on the molecular architecture of these protein
clusters, Emerging concepts regarding how bacteria survey
the guality of soluble and insoluble protein species, the
dynamics of protein aggregation-disaggregation, the fune-
tional characterization of IB polvpeptides and the mechani-
cal stability of IBs have unveiled unexpected potential for
IB= in nanohiotechnology. In this Opinion article, we sum-
marize these findings and support a new view on bacterial
IBs. We propose reasons why THs should not be discarded as
waste byproducts of bicengineering processes, Instead, pro-
tein production procezses might eventually be retargeted to
obtain tailored [Bs ns desirable biomaterials for novel appli-
cations in industry and biomedicine.
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Biomedical applications of bacterial Inclusion Bodies

Inclusion bodies are highly dynamic and contain
functional protein

Interest in IBs has recently resurfaced largely because of
the findings that (i) protein deposition in recombinant cells
15 fully reversible and (ii) a relevant fraction of IB proteins
is actually functional.

Protein deposition in recombinant cells is fully
reversible

Already formed IBs spontaneously disintegrate in the
cytoplasm of E. coli when de novo protein synthesis is
arrested [4]. The process is highly dependent on chaper-
ones and proteases, which indicates that IB proteins are
actively removed from the clusters by cell components.
More generically, cell-controlled IB digintegration also
indicates that aggregates are not excluded from the con-
formational surveillance of the cell. In this regard, the
main chaperone DnaK is a key controller of IB protein
extraction and degradation, and uncoupling of DnaK and
protease activities largely stabilizes aggregation-prone re-
combinant proteins [5]. Observations of soluble aggregates

Trends in Biotechnology February 2012, Vol. 30, No, 2

in recombinant bacteria largely support a continuum-of-
forms model, under which bacteria contain the recombi-
nant protein in a gradation of conformational states that
steadily migrate between soluble and insoluble (virtual)
cell fractions (Figure 1a) [6].

An important fraction of the IB-forming protein is
functional

Enzyme activity in IBs was first associated with p-galac-
tosidase |7] and endoglucanase D [8], but it was suspected
that the activity was due to contamination. In 2005, func-
tional protein species were clearly identified in IBs of the
human granulocyte-colony stimulating factor formed in E.
coli at suboptimal growth temperatures [9]. Such [Bs were
termed nonclassical inclusion bodies in the belief that
these protein clusters were structurally anomalous and
different from conventional protein aggregates. However, a
parallel study using E. coli cells that produced green or
blue fluorescent proteins, dihydrofolate reductase or an
aggregation-prone version of f-galactosidase (at 37 C)
showed that conventional IBs were biologically active

(a) Sokutie cell fracbon

insolutie cell fraction

2=814.0 nm

Proteolysis

z= 1628 nm

TRENDS i Brotechnodogy

Figure 1. (8] A single recombinant protein produced in bacteria can fold into & wide spectrum of conformations, Including the native conformation (red), functionad iseforms
igreen) and inactive, largely misfolded protein forms (bluel. All these species can reversibly aggregate via stereospecific crossmolecular interactions as soluble or insoluble
clusters, through chaperone-modulited processos. Aggrogated peptides are a0 substrates for protesses. (b) Confocal section of an £ coW culture producing GFP 1Bs
Magnifiod images of a single coll at tifferent 2 values are also presemed, which show the fluorascent core of the protein particles and tha slightly less fluorescant surface
layer. (€) Transmission eloctron micrograph of intraceiular GFP 1Bs immunodetocted with GFP.teactive antibodies. Tha porous architecture of |Bs, which supports their high

Py lon and mechanical stability, is evident. Such a loose organization allows efficient mass transier and permits tiffusion of the substrate (purple knes) and release of

the product (green lines) during snzymatic catalysis {bottom), id) 30 AFM topographic image of & single GFP 1B deposited on 4 mica surface. Its 10pographic cross-section
tod a3 a groen line ks shown at the bottom, (e) Confocal microscopy iImages of purnified 18s formed by MGFP as in panal [d), ssored for 1 month at & C (top) and after
Iyophilization snd reconstitution (L, bottom). (1) Overlay of BHK cell culture growing on palystyrens platos decorated with mGFP 1Bs 75 h after cell seading. The inset shows
Intinate coll membrane-18 contacts visualized by conocal xyz sections stack processed using natis 30 softwate [modified from [22); Copyright Wiley - VOH Verlag GmbM &
Co, KGaA. Reproduced with permission)
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[10], Thus, even Bz produced using standard protocols can
be considered as nonclassical regarding the functional
quality of the embedded proteins. The extent of biological
activity exhibited by IB proteins (measured as specific
activity or fluorescence) depends on the specific protein,
genetic background of the host bacteria and eulture tem-
perature [11], and ranges from undetectable amounts to
levels even higher than those shown by soluble counter-
parts [10].

The bioloegical activity of TB proteins requires protein
folding and native or native-like secondary structure of the
embedded protein (Figure lal Protein deposition as bac-
terial [Bs is a sterospecific event, as suggested not only by
the high protein purity of the aggregates, but also by the co-
aggregation in vifro of homologouws denatured proteins [12]
and the sequence-specific seeding ability of isolated [Bs
[13], Furthermore, gsequence-specific contacts during 1B
formation have been fully proved in vive through the
mutually exclusive formation of 1Bz in cells that produce
two heterologous protein species [14]. Stercospecific cross-
molecular contacts require native-like secondary struc-
ture, and native-like conformation of IR proteins has been
widely confirmed by IR spectroscopy [15]. Moreover, fine
imaging annlysis of GFP IBs revealed a more intense
fluorescence in the core than at the 1B surface [16). Fur-
thermore, flusrescence confocal section analysis of individ-
ual IBs within cells supports the functional nature of the [B
core and suggests a structural role of native protein in the
IB scaffold rather than superficial contamination
(Figure 1b) [17].

Exnminntions of the inner architecture of 1Bz hove
benefited from amyloidosis clinical investigation with IR,
circular dichroism, X-ray diffraction and other techniques
for structural analysis. As a result, both native-like sec-
ondary structures and amyloid-like cross-molecular B-
shieet architectures have been identified in [Bs [13]. Pro-
teinase K-resistant amyloidal fibers have been described
as IB components. Although quantitative data are not
available, such fibers probably represent a low proportion
of the total IB mass [14]. How properly folded and amyloid-
like protein stretches coexist and are organized within
these protein particles remaing an unsolved issue. Howev-
er, structural studies on 1Bs have revealed that the relative
abundanee of cross-f regions is much lower than in con-
ventional amyloid fibrils [18], which indicates that impor-
tant segments of 1B proteins are excluded from the tightly
packed g-gheet architecture,

Inclusion bodies can be used as naturally immobilized
enzymes in biocatalysis

The biological activity of bacterial TBs opens intriguing
possibilities for their rational use in applications in which
aggregation per se is not a major impediment [19]. Many
recombinant enzymes, naturally immobilized as functional
[Bs, have been explored for industrial catalysis in a set of
very elegant studies. So far, oxidases, reductases, phos-
phatases, kinases, aldolases, glucosidases, phosphorylases
and others have been investigated as [B-based eatalysts. In
vive immaobilized enzymes might be advantageous because
high yields of recombinant proteins can easily be driven to
pure protein particles using selected peptides as pull-down

Trands in Riatechnology February 2012, Vel, 30, No, 2

tags [20]. In addition, the porous nature of [Bs is expected
to permit efficient mass transfer through the 1B scaffold
(Figure lc), and their surface nanorugosity (Figure 1d)
would be convenient for [B immobilization in solid phase
catalysis, In addition, the production cost for pure 1Bs is
estimated to be approximately 20 times lower than for
easy-to-produce soluble proteins (Garcia-Fruitos, unpub-
lished data),

IBs are mechanically stable enough to withstand harvest
by ultrasonication, high pressure or other harsh physical
procedures applied to break cells [21). This property is very
conwvenient for industrial-scale manipulation in enzymatic
reactors. In addition, very low amounts of the IB protein are
released to aqueous media from freshly isolated [Bs during
the first minutes of incubation [16). Bevond this point, [Ba
are extremely stable in long-term storage and incubation
without peresivable changes in gize, geometry and biological
activity [22]. In addition, IBs =how good tolerance of lyophi-
lization and freezing-thawing (Figure 1e). In an engymatic
study, 0% of the initinl maltedextrin phosphorylase netivi-
tv was observed in noked [Bs from Pyrococens firinsus after
10 reaction cycles [23). This exeellent operational stability
can be further enhanced by entrapping [Bs in semi-perme-
able gel matrices or microcapsules [based on either agar-
TiO, polyimethylene-co-guanidine), alginates and cellulose
sulfate] [24,25], alone or in combination with crosslinking
agents such as glutaraldehyde [26). This approach mini-
mizes eventual enzyme leakage and consequent product
contamination. Finally, high-cell-density production of
IBs is fully feasible and improved downstream protocols
have been adapted to obtain highly pure protein particles
[27 28]

Inclusion bodies are mechanically stable
nanoparticulate materials

IBs are harvested from bacterial cultures by harsh me-
chanical procedures to disrupt the cell wall. On purifica-
tion, IBs are observed as psewdospherical particles
(Figure 1d) with limited size dispersion, ranging from 50
to 500 nm in diameter. IB average size depends on the
particular protein species, genetic background of the cell
and harvest time [22]. The biological origin, mechanical
stability and regulatable size of [Bs, together with the
inereasing demand for fully biscompatible and tunable
nanostructured materials, raises the question of to what
extent these protein particles can funetion as particulate
hiomaterialg for biomedieal applications.

In recent years, numerous studies have supported fune-
tionalization and nanostructuring of surfaces in tissue
engineering and regenerative medicine [29], Among the
available approaches, the generation of nanostructured
and nanopatterned surfaces with either inorganic or or-
ganic materials (Table 1) is especially appealing. These
coatings not only improve cell adhesion and proliferation,
but also influence more complex cellular processes such as
cell differentiation and motility [30], However, the need for
complicated coating techniques, low versatility, limited
physicochemical characteristics and cytotoxicity have
delayed further progress in this area.

In bottom-up approaches to topographic engineering,
IBs formed by irrelevant proteins successfully stimulate
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Table 1. Most common materials for surface modification used in tissue engineering

Deposition or presentation method

Incrganic cosatings Biocomgpmibility, Tissue enginasring Physical deposition, anodizathon, 138]
(DLE, apatie, TiO, ez nanophnse materials, Imainly hard tissues elecirospun. chamical growth
high Young's modulus {GPa) such as bones)
Organic coatings Biocompatibillity, versatile Tissus onginaaring Layar by layer (LBL] deposition, 138]
(HA, FN, PL, PAAPAM, surface chomistry, controlied Isatt and hord tissues), electrospinning
PLGA, stc.) degradation drug or gene delivery
Nanoparthcles Controlled size, versatite Tissus anglnasring, Chemical growth 0]
{matallle, magnetic. surface chamistry drug or gane delivery,
arganic, ceramic, oic.) imaging
Carbon nanotubes (CNTs) Electroactive, high specific Tissus anglnaaring, Eloctrosginning, chemical 1]
surface, functionalization, call trocking and labaling, vapor depasition (CVD)
pood mechanical properies sensing of collular bohavior
1B Simple and cost-efimctive Tissum anginaering Dip coating and soft lthography 121]
production, contralled sim, techniques
biscompatibility, nppropriate
land tunable) eharmical and
mechanical proporties,
nanoroughness
iBa * Simple and cost-efiective Biocatalysts Maked material, microsncapsulation, 1ol

production, controlled sine,
mechanical stability, parosity,
reusability

“Addnianal propertses of 18 s henctionsl matsrisls for catabysls e also indicsted

surface colonization by mammalian cells without any sign
of cytotoxicity (Figure 1) [22.31]. Because they are bioad-
hesive, IBs enhance eell retention on the decorated sub-
strate. In addition, |Bs activate filopodia-medinted cell
sensing and suitable mechanotransduction circuits that
stimulate proliferation via activation of the ERK pathway
[32]. Acting as inert materials, their geometry, stiffness, -
potential, wettahility, size and morphology can be tuned by
selective production using defined E. coli genetic back-
grounds. In particular, deficiencies in chaperones, Dnak
and ClpA, or in the protease ClpP lead to anomalous
quality control and protein deposition patterns, which
significantly affect the nanoseale properties of 1Bs pro-
duced in these mutants (Table 20 [17,22,31]. Interestingly,
the impact of extracellular matrix hydrophobicity on stem
eell adhesion, spread and differentiation was evaluated in
a recent study by screening substrate variants with differ-
ent properties [33). The contact angle identified as optimal
for surfnce colonization (57,98 ) is within the range of
anglea exhibited by 1Bs and perfectly matches that of 1B
variants produced in Dnak™ and ClpA~ cells |31), which
further supports the use of 1Bs as convenient substrate
materialz to favor mammalian eell eolonization.

gol embedmaent or croasiinking

Surface patterning by microcontact printing with 1Bs
influences the spatial distribution and performance of
cultured cells [22]. Collvidal lithography produces a similar
result, Here, dense short-range ordered arrays of circular
gold holes in Si0y films are produced using dispersed
colloidal monolayer masks. The hole diameter can be
varied using a series of particles of sizes very similar to
those of [Bs. The gold holes can be modified using proteins
{eeg. fibronectin or vitronecting defined into patterns, In
these studies, protein type and pattern size have an im-
portant effect on cell adhesion and spreading [34). Com-
pared to well-characterized hard materials such as TiOy
particles, the reproducibility of cell responses to 1B pat-
terning has not been yet fully evaluated.

The density and porosity of isolated [Bs can be modified
by adjusting the pH (Table 2). Extreme chemical or physi-
ezl changes to bacterial cultures influence the size and
morpholegy of non-1B protein aggregates [35]. Whether
these parameters eould be useful in modulating 1B prop-
erties at midstream or downstream levels deserves de-
tailed investigation, as they might represent a way to
minimize the heterogeneity of 1B particles as natural
products. Finally, the fact that polypeptides packaged as

Table 2. Biological and physicochemical nanoscale properties of bacterial IBs

Properiy” | Modulating lactor

Size Tuneable by harvesting time and by the host genetic background 22)
Geomptry Tuneabie by the host genetic background 17
Stiffness Tuneable by the host genetic background 3]
Wattabiliny Tuneable by the host genetic background fa]
Z-potamial Tuneabde by the host genatic background i3]
Bio-adhesiveness Tuneabls by the host ganatic background 13z}
Protoolytic stability Regulatebla by haresting time (L H]]
Specific sctivity or apecific fluorescence Tunsable by production conditions (mainly by temparaturel and by the 1221

hast genotic background

Density/Porosity Rogulatable by pH 143}
Release of functional proteins Regulatable by production temperatune 136}
AN the propariies lnted arn co-detarmined by ihe Aalum of the specific polyf il @ tha 8.
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non-clnzzical B2 release high amounts of functional poly-
peptides under nondenoturing conditions [36] opens a
possibility to use these materials as sustnined protein
delivery svstems in cell-substrate interfaces, for instance,
embedded in hydrogels.

The potential of IBs as promising advanced materials
has been rapidly accepted by the scientific community
128,37]. However, full identification of the possibilities
and drawbacks of these particulate materials requires
maore detailed investigations. Prematurely stopped, pio-
neering proteomic studies on 1Bs should be now completed,
Global compositional analysis of [Bs would potentially
identify undesired contaminants that might compromise
IB use in biological systems, Thiz would help to improve
downstream strategies to obtain cleaner materials. New-
generation protocols to prepare TBs fully free from bacteri-
al eells [27] already provide particles that do not exhibit
any signs of toxicity when exposed to mammalian cell
cultures [17,22].

Success of the applications of TBs as biocatalysts and as
inert nanostructured materials tested 2o far for tissue
engineering cannot be more promising. However, further
multidiseiplinary research is still needed to fully imple-
ment [B-based material platforms in emerging bionanote-
chonological applications.
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