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Introduction

1.1. Bioeconomy and Biocatalysis

Recent scientific and technological advances within the bioeconomy are
characterized by a holistic approach to biotechnology and have made notable
contributions to sustainable development (Aguilar et al., 2018). The aim of
achieving sustainable production of both raw materials and final products is
prevalent in different areas, including nutrition and health, fuels, polymers, and
industrial products (Lokko et al., 2018).

One of the major tools in the bioeconomy is enzyme technology, which has wide
industrial application. It is used in the chemical industry to catalyze chemical
reactions and promotes green chemistry by replacing chemical processes in a wide
range of industries. It includes food enzymes (derived from gene technology), feeds
enzymes (to increase the digestibility of nutrients in animal feeds), technical
enzymes (textile, leather, pulp, and paper enzymes) and detergent enzymes (Drepper
et al., 2006; Lokko et al., 2018).

1.2. The genus Pseudomonas

The genus Pseudomonas is one of the most complex Gram-negative bacteria,
containing 144 species and 10 subspecies (Parte, 2014). Multilocus sequencing,
analysis of housekeeping genes and whole-genome sequencing have provided
taxonomic definition and species reorganization within the genus (Gomila et al.,
2015). Pseudomonas bacteria inhabit a wide range of environments (Fig. 1) and
show remarkable metabolic and physiology versatility and the ability to adapt to
different environmental conditions. Due to these features, these bacteria play
important roles in plant and human disease and biotechnology (Silby et al., 2011).
Many pseudomonads interact with plants, contributing to plant health by
antagonizing plant-pathogenic microorganisms (biocontrol) and directly influencing
plant resistance to disease and promoting growth, both as plant endophytes (Ryan et

al., 2008) and as rhizosphere colonizers.
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Figure 1. The functional and environmental range of Pseudomonas spp. The Pseudomonas
common ancestor encountered a wide range of abiotic and biotic environments that have
led to the evolution of a multitude of traits and lifestyles with significant overlap among
species (from Silby et al., 2011).

P. fluorescens can act as a biocontrol species that protects plants by producing
antifungal agents (Haas and Défago, 2005). The study of genomes of Pseudomonas
spp. has revealed the importance of life style, diversity, and adaptability of this
genus especially in human and plant health. P. aeruginosa, an opportunistic
pathogen in humans, has been studied extensively due to its metabolic versatility. P.
syringae is described as a plant pathogen, and displays several complex networks of
interactions between the plant defense mechanisms and pathogen-associated
molecular patterns (Jones and Dangl, 2006; Bender et al., 1999) It is an important
tool for bioremediation because it produces a great variety of enzymes (Lyczak et

al., 2000).
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Bioremediation is a process that uses microorganisms to reduce or detoxify waste
products and environmental pollutants. The exceptional nutritional versatility of
Pseudomonas spp., coupled with their capacity to produce biosurfactants, which can
mobilize hydrocarbons and non-aqueous phase liquids into an aqueous phase (Desai
and Banat, 1997), makes them excellent candidates for bioremediation. P.
aeruginosa, which is frequently isolated from petroleum-contaminated soils and
groundwater (Ridgway et al., 1990 ; Zhang et al., 2011), and P. putida have been
extensively studied in environmental biotechnology because of their capacity to
biotransform toxic organic wastes, including aromatic hydrocarbon compounds
(Cao and Loh, 2008). P. aeruginosa is found in soil and water, can grow at 42 °C,
and synthesizes siderophore pyoverdine, a fluorescent yellow-green pigment
(Meyer et al., 2002). This species is also a major producer of rhamnolipids (Abalos
et al, 200la; Benincasa et al., 2004) and accumulates different
polyhydroxyalkanoates (PHA) (Vidal-Mas et al., 2001; Bassas et al., 2008b). P.
aeruginosa 42A2 NCIMB 40045, isolated by our group from oil-contaminated
water (Bosch et al.,, 1988) has lost the capacity to produce pigments and
rhamnolipids, whereas it accumulates unsaturated hydroxy fatty acids with
surfactant activity (Mercade et al., 1988). The genome of the type strain P.
aeruginosa PAO1 encodes more than 500 regulatory genes, about 150 outer
membrane components, and 300 cytoplasmic membrane proteins, which regulate

the bacterium in different environments (Silby et al., 2011).

1.3 Pseudomonas aeruginosa as a cell factory

Due to its great catabolic diversity, the genus Pseudomonas can act as a powerful
natural tool to transform substrates into products of high added-value (Nikel et al.,
2014). Moreover, Pseudomonas spp. can produce or biotransform diverse
compounds that are difficult or impossible to achieve by chemical synthesis due to
the complexity of their structure and/ or stereochemistry requirements (de Boer and
Schmidt-Dannert, 2003). Different strains of P. aeruginosa can use oily waste water

as a carbon source to produce rhamnolipids, polyhydroxyalkanoates (PHAS) or
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oxylipins, which are a class of oxygenated fatty acids (Bassas et al., 2006; Martinez
et al., 2010; Bleé, 1995).

1.3.1 Rhamnolipids

Rhamnolipids are well studied glycolipids secreted by P. aeruginosa that have
excellent surface activity. Already used in various application areas, including
environmental, health, food, cosmetics, and oil industries, rhamnolipids are
attractive candidates to replace chemically synthesized surfactants because they are
derived from a natural source at high purities and have low toxicity levels (Fig. 2).
Recent advances in recovery methods have resulted in 99.9% pure rhamnolipids
(personal information). Rhamnolipids have several beneficial characteristics: they
are easily degradable, nontoxic, nonmutagenic, and have the highest surface-
tension-reduction (high effective agent) index of any surfactant currently in use.
The surface tension activity of rhamnolipids depends on the composition of the
carbon source (Abalos et al., 2001b; Haba et al., 2003; Benincasa et al., 2004).
Since rhamnolipids have application in industry, much effort has been devoted to
increasing their production, and yields of 70 g/l and 42 g/l have been achieved (Zhu
et al., 2012; Sodagari et al., 2018).

Figure 2. Mono- and di-rhamnolipid structures. When grown on oily substrates, the length
of the lipidic moiety depends on the nature of the carbon source.
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1.3.2 Polyhydroxyalkanoates (PHAS)

Polyhydroxyalkanoates (PHAs) comprise a family of biodegradable polyesters that
are produced by a variety of microorganisms for intracellular carbon and energy
storage purposes. PHA synthesis is promoted by unbalanced growth, and they
accumulate inside the cell as lipidic droplets, as part of a survival mechanism of the
microbes.

The general molecular structure of PHAs is presented in Figure 3. Depending on the
carbon numbers in the monomeric constituents, PHAs can be classified as short-
chain-length PHAs (C3-C5), which consist of 3-5 carbon monomers, and medium-
chain-length PHAs (MCL-PHA, C6-C14), which consist of 6-14 carbon monomers
in 3-hydroxyalkanoate units (Bassas et al., 2006; Bassas et al., 2008a). More than
125 bacterial and Archea species have been described as producers of different types

of PHAs, with variable numbers of monomers (Rehm and Steinbtichel, 1999).

PHA

Figure 3. PHA polymeric structure and micrographies of the lipidic inclusion within the
cell and the purified material (Rodriguez, 2006; Bassas-Galia, 2007).
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1.3.3 Hydroxy fatty acids (HFAS)

Hydroxy fatty acids (HFAs) belong to the family of oxylipins. Over fifty years have
passed since the first reported transformation of oleic acid by Pseudomonas spp. into
hydroxylated fatty acids, 10-hydroxy-stearic acid (Wallen et al., 1962; Schroepfer,
1966) or 10-ketostearic acid (Davis et al., 1969; Wallen et al., 1971), either in whole
microorganisms or cell-free preparations (Niehaus et al., 1970). In 1988, our group
first reported the biotransformation of oleic acid into 7,10-dihydroxy-8E-
octadecenoic (7,10-DiHOME) acid with surfactant properties (Mercade et al.,
1988). The stereo configuration was later determined as two hydroxyl groups in S,S
configuration (Knothe et al., 1992) notably, the new compound maintained the
unsaturation, indicating the enzyme was not a hydratase. P. aeruginosa strain 32T3
was reported to produce medium-chain hydroxy fatty acids (HFAS) such as 11-
hydroxy-9E-octadecenoic acid and 9-hydroxy-10E-octadecenoic acid (Rodriguez
et al., 2001).The production of 7,10-DIHOME is a general characteristic of P.
aeruginosa strains (De Andrés et al., 1994; Parra et al., 1990; Kuo and Nakamura,
2004). Other oxylipins, 10-hydroperoxy-8E-octadecenoic acid (10-H(P)OME) and
10-hydroxy-8E-octadecenoic acid (10-HOME), were also described as being
produced by P. aeruginosa 42A2 (Guerrero et al., 1997; Vidal-Mas et al., 2005;
Martinez et al., 2010) and P. aeruginosa PR3 (Hou and Bagby, 1992).

The hydroxylation of unsaturated fatty acid is a widespread characteristic of 7,10,12-
trihydroxy-8E-octadecenoic acids from ricinoleic acid (Kuo et al., 2001) or 9,10,13-
trihydroxy-11E-octadecenoic and 9,12,13-trihydroxy-10E-octadecenoic acids from
linoleic acid (Kim et al., 2000; Kim et al., 2001). The complex stereochemistry of
the resulting conversion, in which 16 compounds are described, indicates that some
of these products are due to chemical autoxidation of linoleic acid (Kim et al., 2000).
When cultivated on oily substrates (edible oils) as the carbon source, several
oxylipins in P. aeruginosa strain 32T3 are reported to produce medium-chain
hydroxy fatty acids (Rodriguez et al., 2001), as in P. aeruginosa 42A2 NCIMB
40045 (Guerrero et al., 1997; Martin-Arjol et al., 2010). As shown in Figure 4, these

products are accumulated in the supernatant (Martin-Arjol et al., 2014).
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Figure 4. Hydroxy fatty acids and estolides produced by Pseudomonas aeruginosa grown
on oily substrates (Martin-Arjol, 2014; Estupifian et al., 2015). (A) Oxylipins, (B)
estolides.

At the same time, P. aeruginosa 42A2 produces and exports lipases to the culture
medium, where the polymerization of the oxylipins (Fig. 4A) occurs (Peléaez et al.,
2003). The new class of polymers (Fig. 4B) named estolides may be composed of
different monomers. Later, in vitro synthesis using commercial lipases allowed the

production of tailor-made estolides (Martin Arjol I, Busquets M, 2015).

1.4 Biocatalysis of fatty acids

Fatty acids play a major role as a source of energy because they can produce more
ATP per gram than carbohydrates or proteins (Berg J M, et al. (2002) | SGD, n.d.).
Fatty acids also have an important structural function in organisms, releasing
molecules that can be used as building blocks or act as signaling molecules to trigger
physiological change (Andeou and Feussner, 2009). The biological importance of

oxylipins or oxygenated fatty acids as chemical mediators involved in the control of
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numerous physiological processes has been reported in mammals, plants, fungi, and
bacteria. They play key roles in inflammation, internal signaling, development and
reproduction, motility, biofilm formation and virulence (Brash, 1999 ; Andeou and
Feussner, 2009; Joo and Oh, 2012; Ellamar J B, Song K S, 2011).

HFAs have many biotechnological applications, notably as emulsifying agents in
the food and cosmetics industries (Peléez et al., 2003; Martin-Arjol et al., 2010).
Also, hydroxylated long-chain fatty acid products can act as biologically active
antibacterial or antifungal substances (Kim et al., 2000; Martin-Arjol et al., 2010).
However, the most important role of HFASs is as intermediates in the synthesis of
fine chemicals and pharmaceuticals (Fig. 5) when they have a high amount of
reactivity (Paul S, Hou HT, 2010; Ellamar J B, Song K S, 2011).
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Figure 5. Biotransformation of fatty acids derived from food supply chain waste (Jin et
al., 2015).
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1.4.1 Oxygenases

Oxygenases are the most important enzymes responsible for oxylipin synthesis
(Mueller, 2004). Fatty acid oxygenases are a diverse enzymatic group, which can be
generally classified in two major classes of enzymes:

1- Non-heme-containing enzymes such as lipoxygenases, cyclooxygenases, which
produce hydroperoxy fatty acids (Hamberg, 1993; Funk, 2001).

2- Heme-containing mono-oxygenases, which belong to the cytochrome P450
superfamily (CYPs) and can oxidize double bonds, producing epoxides or secondary
alcohols from saturated bonds (Guengerich, 1991) and di-oxygenases.

Fatty acid oxygenases are widely distributed and several enzymes, such as
cytochrome P450 monooxygenases, prostaglandin H synthases, a-dioxygenases,
linoleate diol synthases, and lipoxygenases, have been biochemically characterized,
showing variations in their catalytic nature and in some cases, requiring the presence
of cofactors (Burton, 2003).

1.4.2 Lipoxygenases

Lipoxygenases (LOXs) are found in animals, plants, and fungi (Liavonchanka and
Feussner, 2006; Oliw, 2002). LOXs are described as non-heme, iron-containing
enzymes that catalyze the stereoselective deoxygenation of polyunsaturated fatty
acids with one or more 1Z,4Z structures (Oliw, 2002) (Fig. 6). By abstraction of the
hydrogen on the carbon between the double bonds, a free radical is generated, and
molecular oxygen is added at one end or other, leading to region or stereospecificity.
This mechanism can release different oxylipins, according to the enzyme and
substrate. LOX enzymes can oxygenate linoleic acid at three available positions (9R,
9S, or 13S) and arachidonic acid at 11 available positions (5R, 5S, 8R, 8S, 9R, 11R,
11S, 12R, 12S, and 15S) (Newcomer and Brash, 2015). P. aeruginosa LOX, the first
bacterial LOX described, is active on arachidonic acid and can also convert linoleic
acid to oxylipins (13S-HPODE and 9S-HPODE) (Garreta et al., 2013).
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polyunsaturated fatty acid $OOH
fatty acid hydroperoxide

Figure 6. Lipoxygenase activity (Newcomer and Brash, 2015).

In recent years, considerable effort has been dedicated to the characterization of
bacterial LOXs (Hansen et al.,, 2013). A notable achievement was the first
crystallization of a bacterial LOX during the search for fatty acid oxygenases in

prokaryotic organisms (Garreta et al., 2011).

1.4.3 Heme-containing dioxygenases

Heme is a prosthetic group that can hold an iron molecule in the center of a porphyrin
ring by four nitrogen atoms. Porphyrin consists of four pyrroles in a ring structure.
One or two axial ligands complete the octahedral coordination around the iron ion.
At least one of these ligands acts as a functional group of an amino acid of the protein
to which it is bound, which has a strong effect on the reactivity of the heme group
(Rydberg et al., 2004; Frey and Hegeman, 2007) (Fig. 7).

Oxylipin-forming enzymes containing several groups include the heme-containing
dioxygenases (DOX). Among them, the linoleate diol synthases (LDS) and 10R-
DOX of filamentous fungi, and the a-DOX of plants and the prostaglandin H
synthase (PGHS) of vertebrates have been characterized (Hornsten et al., 1999;
Garscha and Oliw, 2009). Eukaryotes have the ability to oxygenate fatty acids by
heme-dioxygenases, which usually occur with a cytochrome P450 for the

transformation of the peroxide product (Brash et al., 2014).
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Figure 7. Heme structure

1.4.4 Cytochrome P450

Cytochromes are monooxygenases found in most living organisms, including
animals, viruses, bacteria, fungi and plants (Guengerich, 1991). Cytochromes P450
(CYP) are hemoproteins characterized by absorbing light at a wavelength of 450nm
(Omura and Sato, 1962).
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Figure 8. The catalytic cycle of cytochrome P450 (Belcher et al., 2014).
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After the CYP enzyme binds to a substrate, a water molecule is replaced. Then,
before binding the oxygen, the ferric heme substrate is reduced to the ferrous state
by electron transfer from NADPH (Brash, 2009). The first CYP described, using x-
ray crystallography, was in P. putida (Fig. 8), which catalyzes the selective
hydroxylation of the 5-methylene carbon of D(+)-camphor to form the exo-5-
alcohol (Poulos et al., 1985).

1.4.5 Diol Synthases

Diol synthases (DS) catalyze the deoxygenation of unsaturated fatty acid to
hydroperoxy fatty acids and the isomerization of released hydroperoxy fatty acid to
fatty acid diols (Stahl and Klug, 1996). In 1992, Brodowsky and coworkers reported
that the fungus Gaeumannomyces graminis has the ability to bioconvert linoleic acid
into 8R-hydroperoxyoctadecadienoic acid (8R-HPODE) and, after isomerization, to
7S,8S-dihydroxyoctadecadienoic acid (7,8-DIHODE) (Brodowsky et al., 1992;
Hamberg et al., 1994). The enzyme responsible for this bioconversion was purified
and characterized as 7,8-LDS (Su, 1995). The mechanism of this enzyme starts with
the oxidation of heme to form a tyrosyl radical. Pro-S hydrogen at C8 from linoleic
acid can abstract the tyrosyl radical, and the subsequent antarafacial insertion of
molecular oxygen leads to the formation of 8R-HPODE. The hydroperoxide (Fig.
9) can be converted to 7,8-DiHODE by abstraction of the pro-S hydrogen at C7
(Brodowsky et al., 1992; Hamberg et al., 1994).
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Figure 9. Catalytic reaction mechanism of 7,8-LDS (Hamberg et al., 1994).
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It was in 1996 when a new hemoprotein distinct from other fatty acid dioxygenases
was described by Oliw et al in the phytopathogenic fungus Gaeumannomyces
graminis (Su and Oliw, 1996) later on it was named the diol-synthase system
(Garsha & Oliw, 2008).

The second report of homologous 7,8-LDS-encoding genes was in Aspergillus
strains, including A. clavatus, A. fumigatus, A. nidulans, and A. niger, which can
also produce 5,8- and 8,11-DiHODE from linoleic acid (Garsha and Oliw, 2007;
Jernerén et al., 2010). In 2008, Lee et al. proposed that cytochrome P450 is
responsible for the hydroperoxide isomerase activity of 7,8-LDS, which the
following year was confirmed by Brodhun and coworkers (F. Brodhun, C. Gobel,
E. Hornung, 2009). The oleate-diol synthase pathway includes two sequential
enzymatic reactions that act independently (Fig. 10): first, the preferred substrate
oleic acid is converted into hydroperoxide 10-H(P)OME ((10S)-hydroxy(per)oxi-
(8E)-octadecenoic acid) by a 10S-dioxygenase (10S-DOX) (PA2077) and second,
the hydroperoxide is bioconverted into 7,10-DiHOME ((7S, 10S)-dihydroxy-(8E)-
octadecenoic acid) by an 7,10-diol synthase (7,10-DS) (PA2078) (Martinez et al.,
2010; Estupifian et al., 2014).

Oleic acid (OA)

105DOX
PA2077
"
(108)-H(PYOME

Non-enzymatic reduction

7,10-DS (105)-HOME
PA207S

L

(75,105)-DIHOME

Figure 10. Mechanism of the oleic acid diol synthase of P. aeruginosa (PA2077 and
PA2078) based on our results. Two characterized enzymes that are responsible for this
pathway (adapted from Estupifian et al., 2014).
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Oleate-derived oxylipins 10-H(P)OME, which is spontaneously reduced to 10-
HOME ((10S)-hydroxy-(8E)-octadecenoic acid), and 7,10-DiIHOME are
synthesized in the periplasm of the cell and exported though ExFadLO outer-
membrane transport to the extracellular medium, where they accumulate and act as
bioactive compounds (Martinez et al., 2013).

After the identification of these enzymes in P. aeruginosa strains, it was
demonstrated that they are encoded by PA2077 and PA2078 genes, which constitute
a fine-regulated operon belonging to the same metabolic pathway, known as the
oleate-diol synthase route (Estupifian et al., 2014).

Bioinformatic analysis of diol-synthase enzymes has been classified as a new
subfamily of enzymes, di-heme cytochrome ¢ peroxidases (FadCCPs) (Estupifian et
al., 2014), with two members so far, which can act as mono- and di-hydroxylating
enzymes without cofactor supply. An overview of the entire metabolic pathway for

oleic acid hydroxylation is presented in Fig. 11.

(10S)-HOME
(10S}H(PJOME Oleic acid (OA)
Oleate-diol synthase
pathway
; OA
Periplasm A
/\/;,ay 108-DOX (75,10S)-DIHOME
Cytoplzsm (10S)-H(P)OME
Transcriptional control: 7,10-DS
B-Oxidation
Diol synthase metabolism (75,10S)-
DiIHOME

\ExFa;yLo"

e

Figure 11. The metabolic pathway for oleic acid (adapted from Estupifian et al., 2014).

Oleic acid, a preferred substrate, induces transcription of fatty acid metabolism
genes and is metabolized into 10-H(P)OME and sequentially to 7,10-DiHOME by
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10S-DOX and (7S,10S)-DS enzymatic activities in the periplasm. The resulting
oxygenated fatty acids are exported by the ExFadLO OM-transporter and are
possibly involved in environmental adaptation.

The high similarity of FadCCP enzymes, including their catalytic core of 10S-DOX
and 7,10-DS compound by two confronted heme-binding groups, allows them to be
described as cytochrome c¢ peroxidases (CCPs). Phylogenetic analysis revealed an
extremely conserved transcriptional unit, suggesting that the enzymes could have
originated from a genetic duplication event and underwent functional evolution

through mutagenesis, acquiring different catalytic behavior (Estupifian et al., 2015).

1.5 Heterologous overexpression in Escherichia coli

One of the host microorganisms most frequently used to produce recombinant
protein is Escherichia coli, which has been the model organism for basic and applied
purposes. There are different reasons for choosing E. coli as a host microorganism:
its genetics have been studied for decades, it is fast-growing, easy to manipulate and
can host a large number of cloning vectors. In some cases, over-expression of
heterologous protein in E. coli leads to the accumulation of the target protein in
dense water-insoluble aggregates, known as inclusion bodies (IBs) (Baneyx, 1999;
Qi et al., 2015). It can be found in the cytoplasm or periplasm of the host E. coli,

and electron microscopy reveals them as dense particles of aggregated protein.

1.5.1 Inclusion body formation

Formation of inclusion bodies (IBs) is the result of multiple factors provoking the
misfolding of the polypeptide chain, which leads to protein aggregation. The
occurrence of IBs might be due to weakening activity of chaperones during high-
level expression and the subsequent formation of partially folded or misfolded
protein intermediates in cytoplasm. Chaperones are protein acting as quality control
mechanisms that protect protein during stressful conditions; for example, the

chaperone sHsps can protect cellular proteins and accelerate IB solubilization. The
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catalytic activity of the aggregate protein can be increased by chaperones sHsp, IbpA
and IbpB after a small heat shock (Mogk et al., 2003; Krauss et al., 2017). A heat
shock stress during protein expression, and the use of a strong inducer or promoter
in vectors, which produces a high number of copies of the target gene, can also play
a role in the formation of IBs (Singh et al., 2015).

Another important parameter affecting protein aggregation is the amino acidic
sequence; the presence of a hydrophobic amino acid sequence of protein might
influence the aggregation when there is a high concentration of the heterologous
protein (Al. Fig). The tendency of a polypeptide to undergo aggregation depends on
the physicochemical characteristics of amino acids, such as hydrophobicity, charge,
and propensity to secondary structure. AGGRESCAN program analyses have shown
that factors like length, location, abundance, function, and conformation of proteins

effect their aggregation (Ramon et al., 2014; Garcia-Fruités et al., 2011).

) ()

Recombinant plasmid Transformed E.coli cell Bacterial culture contain
expressed inclusion body

... pr®

Protein scaffold

Inclusion body ~~ 9
Aggregate protein
Figure 12. Production of an inclusion body (I1B). Expression under stress of recombinant

protein in Escherichia coli as an IB. Image: IB in the polar region of the E.coli cells
surrounded by a protein scaffold.
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IBs can be found in the pole or at both poles of rod-shaped E. coli cells as spherical
or cylindrical particles ranging in size from 200 to 1200 nm that contain the 80-95%
of aggregated proteins. The average buoyant density of E. coli cell lysates depends
on the formation of 1Bs and can be 1,085 kg/m? (Krauss et al., 2017) The difference
of density between IB particles and soluble protein is enough to separate them by
centrifugation. The presence of IBs at the polar end depends on macromolecular
pressure in the nucleoid region, and whether the center of the cell is full of DNA
(Fig. 12). The movement of IBs from the middle of the cell to the pole occurs does
not require energy. DnaK and ClpB are two important disaggregating chaperones
found at the poles (Ramon et al., 2014; Rinas et al., 2017).

1.5.2 Structure of inclusion body

IBs are globular proteins, oligomeric species, or polypeptides that are intrinsically
disordered and form aggregates (Garcia-Fruitos et al., 2011). Such aggregations are
formed by non-native intermolecular hydrophobic interactions between protein-
folding intermediates (Vallejo and Rinas, 2004). When IBs are due to the
overexpression of a cloned gene, the fine composition of such aggregates is not
homogeneous. Different aggregated proteins can coexist with different
conformational states; structural analysis has revealed a high level of protein
secondary structure but also properly folded molecules and hence functionally active
IBs. During aggregation, different polypeptides, especially proteins involved in
protein folding, might be entrapped within IBs (Carri6 et al., 2000; Carrié and
Villaverde, 2002).

As reported by Carrio et al., the intermolecular interactions driving aggregation
might occur through homologous protein patches and be prone to organization into
higher-order structures that fulfill all characteristics of amyloid which consist of
aggregations of peptides made of native-like secondary structures. Amyloid fibrils
and amyloid-like proto-aggregates in inclusion bodies can be characterized by -
sheet secondary structure and fibril morphology (Nilsson, 2004; Carrid et al., 2005

Singh et al.,, 2015). All amyloid structures have similar morphological
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characteristics and are composed of protofilaments with cross-B-sheets that are
parallel to the fibril axis, and each B-sheet contains p-strands that are perpendicular
to the fibril axis (Fig. 13A). B-sheets are composed of polypeptide backbones that
hold and connect tightly through short hydrogen bonds and are the main reason that
Thioflavin-T(Th-T) and Congo red can bind to amyloid fibrils (de Groot et al., 2009;
Garcia-Fruitds et al., 2011).

Fourier-transform infrared spectroscopy (FT-IR) is a powerful tool that can analyze
the secondary structure of proteins; FT-IR can measure wavelength or intensity
when infrared light is absorbed by the sample, allowing the basic structure to be
determined (de Groot et al., 2009).The sharp features of infrared spectra are
characteristic of specific types of molecular vibration that are useful for sample
identification. In the second derivative of the FT-IR spectra, nine characteristic
vibrational bands arise from the amide groups of proteins. Among them, Amide I,
due to the C=0 stretch vibration of the backbone of the peptide chain, is the most
useful probe for determining the secondary structure of proteins, providing a relative
amount of different types of secondary structures for each protein. The protein
spectra from the second derivative analysis yielded bands with frequencies
characteristic of specific secondary structures that are essential for all the proteins
(Dong et al., 1990).

1.5.3 Protein recovery from 1B

Recent studies have shown that IBs can have biological activity. When IBs are used
as immobilized enzymes or perform other biological activities, they are known as
catalytically active 1Bs (CatlBs). The formation of IBs with biological activity can
be the result, of a self-assembling ionic peptide (Singh et al., 2015). E. coli can
produce CatlBs that contain the enzymes [3-galactosidase and polyphosphate kinase.
Purification of CatlBs is easy and chromatographic purification is not required
(Krauss et al., 2017). IBs are mechanically stable proteins that can be converted to

a soluble form by solubilization and refolding methods (Rinas et al., 2017).
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A variety of methods may be used to solubilize 1Bs and render active protein, which
is accomplished after refolding of the polypeptide. However, the efficiency of the
overall process should be evaluated (De Bernardez Clark, 2001). Conversely, if
active expressing proteins are in the form of IBs, this can be advantageous, as
reflected by examples in literature because it may facilitate the recovery and
purification of the IB in the first stages downstream, without any need to refold the
protein. Also, the manipulation of culture media and expression conditions might
facilitate the production of 1Bs (Worral and Gross, 1989; Tokatlidis et al., 1991;

Garcia-Fruitos et al., 2005; Jevsevar et al., 2005).
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Figure 13. Scheme of IB structure and protein refolding. A, Presence of amyloid-like
structures in the IB formation (Van Gerven et al., 2015). B, Recovery of protein from IBs

by solubilization of IB proteins using urea as a strong reagent.
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There are different approaches to IB purification, one of the mildest being a
combination of sonication, lysozymes, and filtration (Rodriguez-Carmona et al.,
2010). For recovery of bioactive protein from 1Bs by mild solubilization, a strong
chaotropic agent like urea for producing solubilized enzymes is used (Fig. 13B),
alternatively, the freeze-thaw method can be used for mild solubilization (Singh et
al., 2015). The recovery of active protein from IBs is usually low and inefficient,
and each target protein should be matched by a specific method (de Groot et al.,
2009).

1.5.4 Inclusion body as mechanically stable

Mechanically stable IBs are characterized as nanoparticles that can be used for tissue
engineering, acting as scaffolds, stimulators of cell proliferation and differentiation,
and as a natural protein delivery system for a therapeutic effect. They can provide
enhanced treatment with fewer side effects. The production of these biomaterials is
economically affordable and they are polymeric materials that can be used as
building blocks to obtain silk or protein fragments. Cano-Garrido and co-workers
demonstrated the production of fully functional IB-like protein nanoparticles in
lactic acid bacteria which developed a safe process of protein-based production with
a wide range application for pharmaceutical. More research is still needed to develop
new biomedical applications of IBs (Cano-Garrido et al., 2016; Unzueta et al.,
2018).
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Aims

This research project is focused on the characterization of the enzymes involved in
the oleate diol synthase pathway of Pseudomonas aeruginosa. The characterization
of 10S-dioxygenase (10S-DOX) and 7,10 (S,S)-diol synthase (7,10-DS) of the
FadCCPs subfamily is presented, as an initial step to deepen into their
biotechnological and green-technology applications and their importance in the

impact of host-pathogen interactions in insect and plants cells.

The specific aims are:

1. The in vitro production of 10-H(P)OME from oleic acid, the substrate of the 10S-
DOX using a new recombinant P. putida KT2440 KT2440/pBBR-77.

2. The biochemical characterization of the 10S-dioxygenase (10S-DOX) and the 7S,
10S-diol synthase (7,10-DS).

3. The study of the structure, morphology and functional activity of the protein

aggregates formed in E.coli as an inclusion body.

4. An experimental screening for 10S-DOX and 7,10-DS activities in other

proteobacteria.
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Materials and Methods

3.1 Materials

Fatty acids (90-99%) were supplied by Merck. Stock solutions (20 mM) were
prepared in absolute ethanol (Panreac) or dimethyl sulfoxide (DMSO) (Sigma-
Aldrich) and stored at -20 °C. A homemade standard containing oleic acid, 10-
H(P)OME, 10-HOME, and 7,10-DiHOME (Martin-Arjol et al., 2014) was used for
the biochemical characterization of the enzymes. Isopropil-B-D-1-
tiogalactopyranoside (IPTG) (Carl Rothe, Germany) was used as an inducer;
Phenylmethanesulphonyl fluoride (PMSF), Proteinase K, Congo Red, and
Thioflavine were supplied by Sigma-Aldrich (Merck, Darmstadt, Germany).
Solvents for organic extractions and chromatography mobile phase for HPLC and
LC/MS were from Panreac Applichem, Carlo Erba Reagents and Fisher Scientific.

All the chemicals were of ACS grade quality.

3.1.1 Bacterial strains, plasmids and culture conditions:

The bacterial strains and plasmids used in this work are listed in Table 1. All
recombinant strains were grown in TSB media (17 g casein peptone, 3 g soymeal
peptone, 2.5 g glucose, 5 g NaCl, and 2.5 g KH2PO4, and when required 15 g/l of
agar) at 30°C, overnight on a rotary shaker at 150 rpm under aerobic conditions.
Media were supplemented with antibiotics at the following concentrations: for E.
coli DHS5a chloramphenicol 20 pg/ml; for Pseudomonas putida KT2440
chloramphenicol 400 pg/mland for E. coli BL21/pET28a-78 kanamycin 50 pg/ml.
Pseudomonas putida KT2440 was cloned with the PA2077 gene inserted into the
pBBRMCSL1 plasmid (Sambrook et al., 1989), the 10S-DOX expressed was used to
produce 10-H(P)OME, the substrate for the enzyme diol synthase reaction.
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Table 1. Plasmids and strain used in this work.

Strains Relevant characteristics Reference
. SuUpE44AlacU169(¢80lacZAM15)hsR1 .
E. coli DHSa RecAl endA1 gyrA6thi-1rel Al Invitrogen
E. coli DH50/pMMB-77 CmR, carrying PA2077 gene (10-dox) Sf;ﬁ”p;’(‘)alz)
E. coli DH50 pMMB-78 CmR, carrying PA2078 gene (7,10-ds) e(tE:It ug'gfz)
. Wild type, GRAS (Generally | (Estupifian
P.putida KT2440 Recognize as Safe) strain etal., 2014)
. . i i (Estupifian,
P.putida KT2440/pBB-77 CmR, carrying pBBR-77 (10-dox) 2015 PhD)
. CmR, APA2078 mutant carrying [ (Estupifian
P.aeruginosaPAO1(4DS)/pBB-77 pBBR-77 (10-dox) etal., 2014)
. F- ompT hsdSB (rB-mB-) gal dcm )
E. coli BL21Star(DE3) mel31 (DE3) Invitrogen
. i KanR, carrying PA2078 gene (7,10-ds) .
E. coli BL21/pET28a -78 in pET28a vector This study

3.1.2 Cloning and expression of 10S-dioxygenase for in vitro production of 10-
H(P)OME

Gene PA2077 was amplified from PAO1 genomic DNA as reported elsewhere
(Estupifian et al., 2014). The amplified gene was cloned into P. putida pBBR-77,
and PA2077 was expressed in the shuttle plasmid pPBBRMCSL1. Cultures of P.
putida KT2440/pBBR-77 were grown on TSB overnight at 30°C and 150 rpm; cells
were harvested by centrifugation at 10,000 g for 20 min and 3-fold concentrated in
buffer Tris-HCI 50 mM, pH 7. The cell suspension, adjusted by optical density at
0.D.600nm=2.0, was sonicated (70% vibration amplitude and 3 cycles of 1 min; 0.5 s
pulse rate, in ice) (Bandelin Sonopuls HD) and then centrifuged at 10,000 g for 15
min. The cell extract was incubated with 0.5 g/l of oleic acid for 1 h at 30 °C in a
rotary shaker at 150 rpm. Products were extracted and detected by TLC and/or
HPLC for monitoring 10-H(P)OME production.
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3.1.3 Expression of 10S-DOX and 7, 10-DS

Recombinant enzymes 10S-DOX and 7,10-DS were expressed in E. coli DH5a
containing the plasmids pMMB-77 and pMMB-78, respectively (Estupifian et al.,
2014). Recombinant E. coli DH5a/pMMB-10S-DOX and E. coli DH5a/pMMB-
7,10-DS were grown in TSB supplemented with chloramphenicol (20 pg/ml) and
incubated overnight at 30 °C in a rotary shaker operating at 150 rpm. To obtain
cellular extract, cells were collected by centrifugation at 10,000 g for 20 min, 20-
fold concentrated in 50 mM Tris-HCI buffer pH 7.0, and frozen at -20 °C. After
thawing in an ice jacketed bath, cells were sonicated at 70% vibration amplitude and
3 cycles of 1 min at 0.5 s pulse rate (Bandelin Sonopuls HD 3100). Clarified cell
extracts were then recovered after ultracentrifugation at 40000 x g for 30 min, at
4°C (Beckman Coulter, Avanti J-20 XP, United States).

Protease inhibitor cocktail cOmplete™, Mini, EDTA-free (Sigma-Aldrich), was used
in the cellular extract samples. Finally, samples were filtered twice with centrifuge
filter 30K MWCO (15,000 g for 30 min) in double volume in 50 mM Tris-HCI
buffer pH 8.0.

3.1.4 Expression of 10S-DOX and 7, 10-DS as inclusion bodies (I1Bs)

Cultures of E. coli DH5a/pMMB-77 and E. coli BL21/pET28a-78 strains were
grown in TSB (17 g of casein peptone, 3 g soymeal peptone, 2.5 g glucose, 5 g NaCl,
and 2.5 g KH2PO4). Media were supplemented with antibiotics at the following
concentrations: for E. coli DHS5a/pMMB-77 chloramphenicol 20 pg/ml,
BL21/pET28a-78 kanamycin 50 pg/ml, incubated 3 h at 37 °C on a rotary shaker
operated at 130 rpm. Expression was induced during the exponential phase (O.D.
600,m=0.7) with 1 M IPTG.
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3.2 Inclusion Body purification

The culture of E. coli DH50/ pMMB-77 and E. coli BL21/ pET28a-78 were taken 3
h after induction and cells were harvested by centrifugation, for 20 min at 15,000 g
(Beckman Coulter, Allegra 25R, United States). The corresponding pellet was
resuspended in 40 ml lysis buffer (20-fold concentrated) (Tris-HCI buffer 50mM,
pH 8, containing 100mM NaCl and 1ImM EDTA).

Bacterial culture samples of induced E.coli cells containing
inclusion bodies

v

Centrifuge 15,000 g. 20 min

' l

Soluble fraction [ Insoluble fraction ]
Resuspend 20-fold | 50 Mm TrisHCI pH 8
concentrated in lysis buffer - 100 MmNaCl

1 mM EDTA

[ Froze -20 °C/Thawe ]

Y

Lysis Add 4 Lysozyme 1 mg/ml

2 h incubation
377C

v
[ Detergent washing ]Add | 0.5% Triton X-100

Sonication

4-6 cycles of 3 min.70% amplitude

Centrifuge 15,000 g, 40 min

Resuspend inclusiéon body pellet in
50 mM TrisHCI pH 8

v

| Washing twice

IBs pellet filter twice
with centrifuge filter

15,000 g, 30 min

Y

Purified IBs

Figure 14. Scheme for purification of IBs.
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The bacterial suspensions were frozen at -20 °C. Inclusion body (IB) purification
was carried out by a modified protocol described by Rodriguez-Carmona (Fig. 14).
After the bacterial suspension (5ml) was thawed from -20 °C, Img/ml lysozyme was
added. After 2 h of incubation at 37 °C and 130 rpm, 0.5% Triton X-100 was added
and the mixture was incubated at room temperature for 1 h at 130 rpm. The mixture
was disrupted by sonication between 4-6 cycles of 3 min (70% vibration amplitude
and 0.5 s pulse rate). Samples were centrifuged (15,000 g, 40 min) and the insoluble
fraction, including I1Bs, was washed twice with the same volume in 50 mM Tris-HCI
buffer, pH 8.0. Finally, samples were filtered twice with centrifuge filter 30K
MWCO (15,000 g, 30 min) in double volume in 50 mM Tris-HCI buffer, pH 8.0.
After final filtration, purity was controlled by SDS-PAGE. Pure IBs were stored at
-20 °C (Rodriguez-Carmona et al., 2010).

3.2.1 Solubilization and refolding of I1Bs

Solubilization of 1Bs was done with the freeze-thawing method ( Qi et al., 2015).
Briefly (Fig. 15), induced recombinant cells (15 ml) were thawed at room
temperature and centrifuged at 15,000 g for 20 min at 4°C. The pellet was suspended
with the same volume of PBS (10 mM, pH 8). Suspended cells were sonicated in 5
cycles of 1 min (70% vibration amplitude; 0.5 s pulse rate), and centrifuged again at
15,000 g for 20 min at 4°C. The pellet from sonicated cells was resuspended in the
same volume of washing buffer (20 mM Tris-HCI, 300 mM NaCl, 1 mM EDTA,
1% Triton X-100, 1 M urea, pH 8.0) and then centrifuged again at 15,000 g for 20
min at 4°C. This washing step was repeated three times in order to purify IBs from
the other cell components. The pellet obtained after these washings were suspended
in the same volume in PBS (20 mM, pH 8) in order to eliminate excess detergent
from the washing steps. The resuspended IBs were centrifuged at 12000 g for 20
min at 4°C and collected in the same volume of solubilization buffer (20mM PBS,
2M Urea, pH 8.0). Finally, purified IBs were frozen at -20 °C overnight, thawed at
room temperature, and centrifuged at 12,000 g for 15 min at 4 °C to obtain a clear

supernatant. Supernatants were analyzed by SDS-PAGE to check the quality of
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protein. The protein concentration of solubilized IBs and non-solubilized 1Bs
(pellets) was determined by the Nanodrop and Bradford Assay, using bovine serum
albumin (BSA) as the standard. The supernatant fraction was concentrated by
filtration in Amicon®Ultra-15 10000 MWCO tubes, centrifuging the samples at
12000 g for 15 min at 4 °C, to remove excess urea. The concentrated supernatant,
which contained the protein refolded from IBs, and the non solubilized 1B fraction,

was taken to be quantified.

Suspension of Induce Ei coli cells containing inclusion bodies

h 4
| Thawing at RT |

-

[ Centrifuge.15000g. 20min. 4°C |

A 4
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h 4 137 mM NaCl

Resuspend pellet in PBS buffer PBS buffer { 2,7 mM KCl

10mM NaHPO,4. 12H,O
2 mM KHPO.

v

| Sonication |

5 cycles of 1 min_ 70% amplitude

[ Centrifuge,15000g, 15min, 4°C ] )
S0mM Tris-Hel
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v
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'
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l
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Figure 15. Scheme for the freeze-thawing method (Solubilization and refolding of 1Bs).
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3.3 Protein determination

Protein concentration was measured by the micro-volume spectrophotometer
Thermo Scientific NanoDrop 2000 (Wilmington, DE, USA) and/or determined by
the Bradford method, using bovine serum albumin as the standard protein (Bradford,
1976).

3.3.1 SDS-PAGE

The estimated molecular mass of the recombinant enzyme was determined by SDS-
PAGE with resolving (10%) and stacking gels (5%); standards and samples were
heated at 99 °C for 5 min. Electrophoresis was performed (about 1 h) at a 130 VV
along with standard molecular mass markers (MW 14.4 kDa to 116 kDa). After
migration, gels were fixed and proteins were stained with Coomassie Brilliant Blue
following the procedure of Laemmeli (Laemmli, 1970). Gels were calibrated for
molecular mass with a wide range of protein standards, Fermentas PageRuler™
Prestained Protein Ladder (SM0671, MW 10-170 kDa; Fisher Scientific, Waltham,
MA, USA). The content of the recombinant proteins was determined by
densitometric analysis of Coomassie-stained gels using a BioRad imaging

densitometer and bovine serum albumin (BSA) as the standard.

3.4 In vitro biotransformation assays

Fatty acids used as substrates in the biotransformation assays were prepared from
fresh stock solutions; for oleic acid (OA) (20mM) and 10-H(P)OME (1.6 mM) in
50 mM Tris-HCI buffer, pH 7, adjusted to the final concentration of 0.2 mM for OA
and 0.8 mM for H(P)OME, unless otherwise stated. The enzyme reaction consisted
of 500 pl of the corresponding substrate solution and 100 pl of protein solution for
soluble enzymes (16 mg /ml for 10S-DOX or 13,2 mg/ml for 7,10-DS) to a final
volume of 1 ml in a 50 mM Tris-HC buffer, pH 7. In the case of inclusion bodies,
100 ul of I1Bs-77 (192 pg /ml) or 1Bs-78 (257 ug /ml) was added to 500 pul of

substrate solution to a final volume of 1 ml in a 50 mM Tris-HC buffer, pH 7.
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The reaction mixture was routinely incubated (in a 2 ml Eppendorf tube) at 30 °C,
for 15 min (10S-DOX or 7,10-DS) and 20 min (IBs-77 or I1Bs-78) in a thermoblock
(Labolan, Spain) with shaking at 750 rpm.

All biotransformation assays were conducted in the same conditions, including a
negative control, and were done in triplicate. The reaction was quenched by
acidification to pH 2 with 0.5 M HCI. Products were extracted twice with ethyl
acetate (v/v) and strong vortexing. Organic phases were recovered, collected after
centrifugation (9,000 g for 2 min), evaporated at 30 °C until dryness, and recovered
in methanol. Qualitative detection of fatty acid and oxylipins was performed in
precoated TLC plates (0.25-mm Silica Gel 60A, 20 x 20 cm) (Macherey Nagel™
Aluminum Sheets Alugram SIL G), Phosphomolibdic acid hydrate (Fluka
Analytical) 10% (w/v) in absolute ethanol (Panreac), as described elsewhere using

pure home made standards, before HPLC analysis (Estupiiian et al., 2014).

3.4.1 Substrate specificity

Substrate specificity of 10S-DOX was determined using palmitoleic acid, 16:1 cis-
9 (99%); methyl oleate (99%), oleic acid, 18:1 cis-9 (99%);18:1 elaidic acid, trans-
9 (99%), petroselenic acid, 18:1 cis-6 (99%); cis-vaccenic acid, 18:1 cis-11 (99%);
ricinoleic acid, 18:1 trans-120H (99%); linoleic acid, 18:2 (cis-9, 12) (99%); y-
linolenic acid, 18:3 (cis-6, 9, 12) (99%) and (12S)-HOME (99%) and 10-HOME
(100%) as substrates (Table 2). Products were analyzed by RP-HPLC-MS/MS.
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Table 2. Range of substrates used for characterization of the substrate specificity of 10S-
DOX enzyme.

Substrate Abbreviations Formula

Oleic acid OA (92)-Octadecenoic acid

Ricinoleic acid RA (92,12R)-12Hydroxyoctadecenoic acid
Elaidic acid EA (9E)-Octadecenoic acid

Palmitoleic acid POA (9Z)-Hexadecenoic acid

Linoleic acid LA (92,122)-Octadecadienoic acid
methyl-oleate acid mOA Methyl-(92)-Octadecenoate acid
y-Linoleic acid y-LA (62,92,12Z7)-Octadecatrienoic acid
cis-vaccenic acid cVA (11Z)-Octadecenoic acid

Petroselinic acid PA (62)-Octadecenoic acid

3.5 Biochemical characterization of 10S-DOX and 7, 10-DS

Activity assays for 10S-DOX and 7,10-DS were carried out in 50 mM Tris-HCI
buffer, pH 7 at 30 °C or other temperatures as stated in the text, with the appropriate
concentrations of substrates, OA or 10-H(P)OME, respectively. The effect of pH
on enzyme activity was determined in 20 mM Britton-Robinson buffer over a pH
range of 5 to 10 at 30 °C. Optimal temperature was also evaluated in standard assay
conditions over a range of 20 to 50 °C at intervals of five degrees. Thermal stability
was determined by incubating cell extracts in the corresponding buffer at different
temperatures from 25 to 70 °C for 15 min, in sealed vials. All the samples were
immediately chilled in ice and the enzyme activity was measured under standard
assay conditions at the optimum temperature. Assays were done in triplicate.

The effect of divalent cations on the enzyme activity was determined by addition of
the corresponding metal salts to the reaction mixture to obtain a solution with a final
concentration of ImM. A 100 mM stock solution of the following compounds was
used: CoCl2-6H20; CdClz; NiCl2-6H20; HgCly; MnClz-2H,0; CaClz-2H20;
SnCl2-H20; FeClz; MgClz-6H20; ZnCly; CuClz-6H20. All compounds were
dissolved in bidistilled water, except SnCl.-H>0, which was diluted in 96% ethanol.

Enzyme activity was measured by the RP-HPLC method. The residual activity was
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calculated and expressed as a percentage of the activity obtained in the absence of
the metal ion. Kinetic parameters were determined over a range of concentrations of
OA (0.05 to 1mM) and 10-H(P)OME (0.2 to 1.8mM), at 30 °C in 50 mM Tris-HClI,
pH 7 buffer. All determinations of enzyme activity were performed in triplicate and

represented values correspond to the average + standard deviation.

3.5.1 Determination of the active site metal

The active site metal of 10S-DOX and 7,10-DS was determined by CCiT (Scientific
and Technological Centers) of the University of Barcelona on an ICP-MS
(inductively coupled plasma mass spectrometer), an AGILENT 7500ce model
(Santa Clara, CA, USA). For the assay, 1 ml (3 pg/ml) of the sample was placed in
a Teflon reactor with 1 ml of HNOs (15 %) and 1 ml H>O> for 48 hours at 90 °C,
and then 22 ml of Milli-Q water was added.

3.6 Screening for oxylipin producer strains

In order to detect new prokaryotes with diol-synthase activity, bacteria belonging to
the genera Aeromonas, Shewanella, Thauera, Ensifer and Pseudomonas spp. other
than P. aeruginosa were screened (Table 3). The following bacterial cultures
preserved at -80 °C were grown in 50ml of suitable media for 24h and 48h as
follows: Aeromonas allosaccharophila CECT 4220, Aeromonas bivalvium 868E,
Aeromonas caviae CECT 4226, Aeromonas hydrophila CECT 839, Aeromonas
salmonicida CECT 894, Pseudoalteromonas antarctica DSM151318,
Pseudomonas fluorescens CECT 844, Pseudomonas fragi DSM 3456,
Pseudomonas lundensis DSM 6252, Pseudomonas taetrolens DSM 21104,
Shewanella vesiculosa CECT 7339, and Shewanella putrefaciens ATCC 8071; all
strains were incubated at 30 °C except S. vesiculosa at 20 °C in TSB (g/l): casein
peptone (17), soymeal peptone (3), glucose (2.5), NaCl (5), and KH2PQO4 (2.5).
Pseudoalteromonas aliena DSM16473, and Shewanella hanedai ATCC 33224 were
incubated at 20 °C (except S. woodyi at 30 °C) in Marine broth (MB) medium (g/l):
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peptone (5), yeast extract (1), ferric citrate (0.1), NaCl (19.45), MgCl: (5.9), MgSO4
(3.24), CaCl (1.8), KCI (0.55), NaHCO3 (0.16), and BrK (0.08). When required,
15¢/l agar was added. Ensifer fredii DSM 5924 was incubated at 30 °C in TY
medium (g/l): tryptone (5.0), yeast extract (3.0), and CaCl.-6 H20 (1.3), and when
required 15g/l agar was added. Thauera aminoaromatica DSM 25461 was incubated
at 30 °C in Stoke’s medium (g/1): polypeptone (5), MgSOa4-7H.0 (0.2), FeNH1SO4
(0.15), sodium citrate (0.1), CaClz (0.05), MnSO4 (0.05) and FeClz-6H20 (0.01).

Table 3. Bacterial strains used in the experimental screening for the detection of diol
synthase activity.

Bacterial Strains Growth media Growth
Temperature
A. allosaccharophila CECT 4220 30°C
A. caviae CECT 4226 30°C
A. bivalvium 868E 30°C
A. hydrophila CECT 839 30°C
A. salmonicida CECT 894 30°C
P. fluorescens CECT 844 30°C
P. fragi DSM 3456 30°C
P. putida ATCC 12633 Trypticase soy broth 30°C
P. lini DSM 16768 (TSB) 30°C
P. oleovorans ATCC 8064 30°C
P. lundensis DSM 6252 30°C
P. taetrolens DSM 21104 30°C
P. tolassi ATCC 33618 30°C
P. psychrophyla DSM 17535 30°C
S. vesiculosa CECT 7339 20°C
S. putrefaciens ATCC 8071 30°C
P. antarctica DSM 15318 30°C
P. aliena DSM16473 Marine broth (MB) 20°C
P. atlantica CECT 579 20°C
S. hanedai ATCC 33224 Marine broth 20°C
S. woodyi DSM12036 TY agar 30°C
Ensifer fredii DSM 5924 30°C
Thauera. aminoaromatica DSM 5461 Stocke’s medium 30°C
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After autoclaving, the following solution was added to a final concentration (mg/l):
vitamin B12 or cyanocobalamin (0.5), thiamine hydrochloride (0.4) and biotin (0.4).
The medium was supplemented with 15g/l of bacto-agar when required. After
growing on the corresponding media, cells were harvested and centrifuged at 10.000
g. The pellet was sonicated and the cell extract was clarified as previously described.
The cellular extract was incubated with 0.5-1% of oleic acid for 30 min at 30 °C and

150 rpm in order to detect oxylipin production.

3.7 Bioinformatics tools

DNA and amino acid sequences were obtained from The Pseudomonas Genome
Database (www.pseudomonas.com). Blast searches were performed for nucleotide
and amino acid sequence analysis in order to retrieve identity and similarity

percentages by pairwise alignment. NCBI (http://www.ncbi.nlm.nih.gov) was used

for multiple sequence alignment (MSA) (Altschul et al., 1997). Phylogenetic
analysis was conducted via the neighbor-joining method, using MEGA 7 software.

A bootstrap consensus tree was performed after 1000 repeats.

3.8 Liquid Chromatography analysis

Enzymatic activity was determined by RP-HPLC (reverse-phase liquid
chromatography), quantifying the amount of reduction of the substrate compared
with the control substrate without enzyme. The analysis was carried out using a
Shimadzu LC-9A Chromatograph (Shimadzu, Japan) and Tracer Exel column 120
C8 (150 mm x 4.6 mm, 5 um) (Teknokroma, Spain) coupled to a Sedex 55 light-
scattering detector (Sedere, France). Optimal separation was achieved with a
gradient elution using A: acetonitrile (0.1% v/v acetic acid) and B: water (0.1% v/v
acetic acid) at the flow rate of 1 ml/min or 2.5 ml/min and a gradient (min, %A): (0,
50), (15, 100), (25, 100), (27.5, 50), (30, 50). The volume of injection was 50 pl.
Retention times of fatty acid and hydroxylated fatty acid were established using an

inhouse standard (Martin-Arjol et al., 2014). One unit of enzyme activity was
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defined as the amount of enzyme required for the conversion of 1 umol of substrate

per minute under the assay conditions used.

3.8.1 Liquid chromatography/mass spectrometry (HPLC-MS/MS)

Liquid chromatography coupled mass spectrometry was performed with a
quaternary MS Accela pump system (Thermo Scientific) and with an analytical
silica column Tracer Excel 120 C8 (150 mm x 4.6 mm, 5 um) (Teknokroma, Spain),
which was eluted usually at a flow-rate of 0.6 ml/min with A: acetonitrile (0.1% v/v
acetic acid), B: water (0.1% v/v acetic acid). The eluent was exposed to electrospray
(ESI) for monitoring negative ions in an LTQ-Orbitrap (Thermo Scientific) ion mass
spectrometer. The electrospray voltage was set at 3.5 kV and the temperature of the
heated capillary was 400 °C. Data acquisition was carried out with Xcalibur
software (Thermo Scientific). Identification of compounds was performed as
previously described. Briefly, a full scan of the total ion current (TIC) from m/z 100-
800, MS? analysis of m/z 297.2 and m/z 313.2, MS2 analysis of m/z 313.2->m/z 295.2
was used for 7,10-DiHOME and 10-H(P)OME discrimination (Estupifian et al.,
2014).

3.9 Proteolytic digestion of inclusion bodies

Fresh pure IBs were treated as described above. Briefly, after thawing, 1Bs were
suspended in phosphate-buffered saline (PBS) and sonicated to obtain a
homogeneous suspension. The I1Bs were diluted to 1 OD at 350 nm. Proteolytic
digestion of IBs was initiated by adding proteinase K to 0.02 mg/ml final
concentration and incubated at 25 °C for 30 min. A control suspension without
protease K was run in parallel. Samples were taken every 7 min, and 1mM protease
inhibitor (PMSF; Sigma) was added to stop the digestion before samples underwent
SDS-PAGE analysis (Cano-Garrido et al., 2013).
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3.9.1 IB identification of the amyloid structure

Two diagnostic dyes, Congo red (CR) and Thioflavin-T, were used to identify the
IB structure by means of spectrophotometer analysis.

Congo Red test: Pure 1Bs were diluted in phosphate-buffered saline (PBS) at 20 ug
/ml final protein concentration and 10 pmol CR. Absorbance spectra were collected
together with negative control solutions of dye in the absence of protein and protein
samples in the absence of dye from 400 nm using quartz cuvettes 10 mm light path
(Carrid et al., 2005).

Thioflavin-T (Th-T) has been described as a specific fluorescent marker that can
detect amyloid structures (Upadhyay et al., 2012). The fluorescence emission
spectra of purified IBs (20ug/ml) were recorded using an excitation wavelength of
440nm at 25 °C, 30 min on a Spectronic Unicam AB2 Luminescence Spectrometer
(Carrio et al., 2005). Samples used in these experiments were diluted in phosphate-
buffered saline (PBS) containing 65 umol Th-T and 0.02 mg/ml PK, adjusted to a

final volume of 1 ml.

3.9.2 Fourier Transformed Infrared (FTIR) spectroscopy

The FTIR spectra of the dry samples of purified IBs were analyzed using a Thermo
Scientific FTIR spectrometer. Each spectrum consisted of 124 independent scans,
measured at a spectral resolution of 2 cm™ within the 1500-1700 cm™ range. The
background spectrum was collected before each measurement.

With the aim of studying the structure of the aggregates formed during the expression of E.
coli harboring DH5a (pMMB-77) and BL21 (pET 28 a-78), whole cells and purified
inclusion bodies were lyophilized before the FT-IR analysis to reduce water interference in

the infrared spectra.

3.9.3 Transmission Electron Microscopy (TEM)

Native cells, induced cells, and pure IBs-77 (200 pg/ml), and 1Bs-78 (335 pg/ml)
were analyzed. The pellet was fixed in 1 ml of 2.5 % glutaraldehyde with 0.1 M

phosphate buffer (PB) and incubation was performed twice at room temperature, for
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30 min under agitation. After centrifugation (2000 rpm, 5 min) the pellet was washed
four times with PB (at 4 °C) for 10 min. Thereafter, samples were infiltrated,
polymerized, sectioned and mounted as reported in Colomer et al. (Colomer et al.,
2002). 20 ultrathin sections were observed in a JEOL 1010 microscope (EM); 80Kv
images were acquired using a CCD Megaview 1kx1Kk.

Fresh observations were performed for the analysis of IBs-77 and IBs-78. A drop of
purified inclusion bodies (20 pg) after 30 min incubation with PK (0.02 mg/ml) was
placed on a copper grid and observed after 22 min. The grids were stained with 2%
(W/V) uranyl acetate for two minutes, completely dried out and viewed with a JEOL

1010 microscope using accelerating voltage.

3.9.4 Atomic force microscopy (AFM)

For analysis of the biological samples, a purified IB suspension in sterilized bi-
distilled water was prepared. A drop (5-10ul) of the suspension solution was placed
onto freshly cleaved mica or glass cover slips. After adsorption at room temperature,
samples were blow-dried with nitrogen compressed air. FM studies were conducted
in air at room temperature using an extended multimode AFM head with a
Nanoscope controller (Bruker, Germany). All AFM images were recorded in peak
force tapping mode with triangular SNL silicon cantilevers (normal radius of 6-8

nm) at a scan rate of 1 Hz.
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Results and Discussion

4.1 Biochemical characterization of the recombinant 10S-dioxygenase and the
7,10 diol synthase

Hydroxy fatty acids, produced by the activity of different enzymes, lipoxygenases.
hydratases, P450 monooxygenases, diol synthases (Kim and Oh, 2013), are common
constituents of living systems (animals, plant, fungi, and prokaryotes) with
functional or structural roles. Some dihydroxy fatty acids act as precocious sexual
inducer (psi) factors because for their ability to regulate the sexual and asexual life
cycles of filamentous fungi (Seo et al., 2016).The biological role of hydroxy-fatty
acids, named also oxylipins, has been known for years due to the relevance of the
well-known lipoxygenases. Hydroxy fatty acids can be an intermediate in a pathway
like jasmonic acid in plant signaling and leukotriene or lipoxin synthesis in
vertebrate animal also as end product such as 12-HETE that can act as single
signaling molecules. Oxygenation of unsaturated fatty acids esterified in
triglycerides can be used as a fuel source for the developing embryo (Brash, 1999).
Monohydroxy, di-hydroxy or poly-hydroxy fatty acids (Seo et al., 2014), are very
important and used in the food, cosmetic industry focused on the skin care products;
and in the chemical industry, in the synthesis of plastics, biopolymers, and
polyurethanes it can be used in the production of polyurethanes (Kim and Oh, 2013;
Kimetal., 2017Db) .

In 1988 a new feature was found by our group, when P. aeruginosa 42Az2, isolated
from oil-contaminated water when cultivated with oleic acid (OA), transformed in
7,10 (S,S)-dihydroxy-8E-octadecenoic acid found in the culture medium (Mercadé
etal., 1988; Bosch et al., 1988). Subsequent studies on this biotransformation led to
the description of a new operon in P. aeruginosa, carrying a novel enzymatic
system: the diol synthase system (Fig. 16). This operon contains two genes, PA2077,
and PA2078, contiguously located in the genome (Estupifian et al., 2014).
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Figure 16. Genomic organization of ORFs PA2077 and PA2078 (adapted from Estupifian
etal., 2014).

After gene cloning and recombination, it was demonstrated that OA was converted
to the hydroperoxide 10-H(P)OME by a 10S-dioxygenase (10S-DOX) (PA2077).
Using 10-H(P)OME as a substrate, the dihydroxylated compound 7,10-DiHOME
was released by 7,10-hydroperoxide-diol synthase (7,10-DS) (PA2078), and the
enzymes were classified in the FadCCPs subfamily (Fig. 17) (Estupifian et al.,
2014).
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Figure 17. Biochemical pathway of the conversion of oleic acid into (S)10 -hydroperoxy-
8(E)-octadecenoic acid (10H(P)OME) by 10S-diol synthase (10S-DOX) and (7,10-
DiHOME) (S,S)7.10-dihydroxy-8(E)-octadecenoic acid by 7,10(S,S)-dioxygenase. (7,10-
DS (adapted from Estupifian, M Ph.D., 2015).
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4.1.1 Expression of the recombinant enzymes

Once the singular activity of the two enzymes was established, 10S-DOX and 7,10-
DS were expressed and produced in a heterologous host, Escherichia coli DH5a,
carrying pMMB-77 or pMMB-78 constructs (Estupifian et al., 2014), for their
biochemical characterization. During the time course of cell extract purification
through conventional methods such as ionic, hydrophobic chromatography or gel
filtration it was found that the enzyme activity of both enzymes decreased (results
have not shown). Therefore these results led to the use of clarified cell extract that
Is more stable than a purified enzyme. Cell culture was harvested and cells were
centrifuged and sonicated. The total protein concentration of the supernatant was
20.5 mg/ml for 10S-DOX and 16.5 mg/ml for 7,10-DS. After clarification by
filtration the final protein concentration was 16.0 mg/ml for 10S-DOX and 13.2
mg/ml for 7,10-DS. A similar observation was found that using the recombinant cell
for conversion of unsaturated fatty acids was more stable than the use of the
corresponding purified enzyme, due to the loss of the great part of its activity during
purification process (Jeong et al., 2015; Kim et al., 2017a).

In the present study, we justified the oleate diol synthase activity of Pseudomonas
aeruginosa that using OA as a preferred substrate and the biochemical
characterization of 10S-dioxygenase (10S-DOX) and 7S,10S-diol synthase (7,10-
DS) involved in the oleate diol synthase activity (Fig. 17) that before never
characterized among bacteria. For years the diol synthase system was restricted to
fungi; Aspergillus nidulans (Brodhum et al 2010), A. fumigatus (Jenéren et al, 2010;
Jenerén & Oliw, 2012); an excellent revision of the presence of the diol-synthase
system remarked the in other fungi such as Laestisaria arvalis, Magnaporthe grisea
or M. oryzae and different species of Aspergillus have been reported to bear the diol
synthase system (Kim and Oh, 2013). In recent years Gardner and Hou reported
similar from other Pseudomonas strain; P. aeruginosa PR3 (Gardner and Hou,
1999) later different hydroxy-fatty acids were described from ricinoleic acid (Kuo
et al., 2001), y-linoleic acid (Lang et al., 2008), palmitoleic acid (Bae et al., 2010)
however the biochemical mechanism was not known. It was until 2010 when the

first attempt on the description of the biochemical pathway was suggested in a
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similar way than in fungi that the conversion was due to 10-dioxygenase and a
hydroperoxide isomerase (Martinez et al., 2010).

The convenient working concentration, in the case of 10S-DOX, was stablished as
being 0.20 mM for the substrate (OA) and 1.6 mg protein/100 pul of clarified cellular
extract from of E. coli DHSa/ pMMB-77. Whereas for 7,10-DS it was 0.8 mM for
the substrate (10-H(P)OME) and 1.3 mg protein/100 ul for of the respective cellular
extract from of E. coli DH5a/ pMMB-78. Different reaction conditions were
optimized (substrate, time, pH, temperature, thermal stability, metal cations Km) for

enzyme characterization.

4.1.1.2 Molecular weight and active site metal ion

A band corresponding to the predicted molecular weight was determined by SDS-
PAGE with known standards, as being 66 kDa for 10S-DOX and 65 kDa for 7,10-
DS (Molecular Weight Estimation, Bio-Rad). 10S-DOX activity of P. aeruginosa
42A2 was reported to be 50 kDa molecular mass (Martinez et al., 2010) however,
in this case, it was supposed to be a unique enzyme, RoxA from Xanthomonas sp.
35Y show 71.5 kDa molecular mass (Jendrossek and Reinhardt, 2003) that is similar
to molecular mass of PA2077 and PA2078 (Estupifian et al., 2015) also linoleate
10S-dioxygenase from cyanobacteria has molecular mass of 63kDa (Brash et al.,
2014) and similar to the recombinant 10S-dioxygenase from Nostoc punctiforme,
70.63 kDa (Kim et al., 2017b), The molecular mass found in the case of the fungal
diol synthase of Aspergillus nidulans has fungal diol synthase activity and after
expressing its proteins show 120 kDa molecular mass (Seo et al., 2014), similar
molecular mass was reported for 8S,11S diol synthase from Penicillium
chrysogenum, 120 kDa (Shin et al., 2016) or in the case of that from Glomerella
cingulate being 127 kDa (Seo et al., 2016), that is about double amount of molecular
mass of PA2077 and PA2078.
Inductively coupled plasma mass spectrometry indicated that 10S-DOX and 7,10-
DS contained Fe*? bound to the heme group as a prosthetic group at a Fe?*
concentration of 0.95mol (10S-DOX) and 1.18 mol (7,10-DS) per mol of protein.
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Su & Oliw reported 2.8 mol per mol of the enzyme in the case of the 8-Dioxygenase
of Gaeumannomyces graminis (Su and Oliw, 1996). In 2004 Braaz and co-workers
indicated that the purified rubber oxygenase (RoxA) contained 1.9 mol of heme per
mol of the 65-kDa protein (Braaz et al., 2004). Crystallized RoxA shows nearest
protein structure to 10S-DOX and 7,10-DS. The presence of iron in the active center
is a common feature of other oxylipin-producing enzymes such as diol synthases
P450, lipoxygenases, cyclooxygenases, and dioxygenases (Brash et al., 2014,
(Garreta et al., 2013a Hansen et al., 2013a) and contrasts with the 9S-lipoxygenase-
bearing manganese, found in the rice pathogen fungus Magnaporthe salvinii
(Wennman and Oliw, 2013; Wennman et al., 2015).

Bacterial production of hydroxy-fatty acids such that from Nostoc punctiforme,
described as linoleate 10-dioxygenase (Kim et al., 2017b) or that from a
cyanobacterial strain (Brash et al., 2014) and P. aeruginosa (Estupifian et al., 2014)
demonstrated 10-dioxygenase activity at the N-terminal domain and hydroperoxide
Isomerase activity at the C-terminal domain converted oleic acid to 7,10-dihydroxy-
8(E)-octadecenoic acid (7,8-DIHOME) (Seo et al., 2015).

4.1.1.3 Substrate specificity of 10S-DOX

It was known that the preferred substrate of 10S-DOX is OA when incubation is
performed using the whole cell extract of Pseudomonas aeruginosa 42A2 (Martinez
et al., 2010). Now, we used individual recombinant E. coli that express 10S-DOX.
On the knowledge that the first step on the conversion of oleic acid as preferent
substrate for 10S-DOX a range of unsaturated fatty acids were selected: ricinoleic
acid, (9Z,12R)-12 hydroxyoctadecenoic acid; elaidic acid,(9E)-octadecenoic acid;
palmitoleic acid, (9Z)-hexadecenoic acid; linoleic acid, (9Z,12Z)-octadecadienoic
acid;  methyl-(9Z)-octadecenoate  acid;  y-linolenic  acid, (6Z,92,127)-
octadecatrienoic acid; cis-vaccenic acid, (11Z)-octadecenoic acid; petroselinic acid,

(62)-octadecenoic acid.
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Figure 18. Substrate specificity of 10S-DOX. The rate of biotransformation of each
substrate is expressed relative to the rate of OA transformation (100%); RA: ricinoleic acid,
EA: elaidic acid; POA: palmitoleic acid; LA: linoleic acid; mOA: methyl-(92)-
octadecenoate acid; y-LA: gamma-linolenic acid; cVA: cis-vaccenic acid; PA: petroselinic
acid. Activities were determined as described in Material and methods using E. coli
DH50/pMMB as a control.

It was previously reported by the whole cellular extract of P. aeruginosa 42A2,
containing both enzymes, transformed along with oleic acid, another fatty acid with
different positions of the unsaturated bond or poly-unsaturated fatty acids; the
results suggested the double bond position affected the conversion of the substrate,
being more favorable at position 9,10 however no quantitative preferences were
reported (Martinez et al., 2010). In the present work, the affinity of the first enzyme
to was studied taking into account this is the first step on natural habitat. As can be
observed in Fig. 18, the different affinity of the first acting enzyme, 10S-DOX (E.
coli DH5a/pMMB-77) was assayed. As known oleic acid shoved the highest
affinity, similar than that of N. punctiforme which was also active on linoleic and o-
linolenic acid (Kim et al., 2017b). In the case of study, ricinoleic acid was the second
most favorable substrate with 88% of the relative activity compared with the OA.
The affinity with linoleic acid was 42.6%, indicating that the new enzyme differs
from the so-called cyanobacterial diol synthase (Lang et al., 2008). Which differs
also from fungal diol-synthases reported, having linoleic acid as the preferential
substrate (Su and Oliw, 1996; Li et al., 2009; Jeneren et al., 2010; Kim et al., 2017a;
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Shin et al., 2016; Seo et al., 2016; Choi et al., 2015; Jeong et al., 2015). It was also
demonstrated that neither the cis/trans configuration, the position of the double bond
(C9-C11-C12) were an impediment for enzyme conversion. The remained activity
with elaidic acid was 55.14%, with linoleic acid, 42.6 % and with y-linolenic acid,
31.7%. Whereas the position of the double bond in C11 did reduce the activity to
15.77%. It is noteworthy the activity of 10S-DOX on methyl-oleic acid with 40% of
the activity compared with oleic acid, suggesting the relative importance of the free
carboxyl head. As expected, OA was the preferential substrate and was used for
further characterization assays of the 10S-DOX enzyme and for the production of

10-H(P)OME, required for the biochemical characterization of 7,10-DS.

4.1.2 Production of 10S-H(P)OME as a substrate for 7,10-DS characterization

It was formerly established that the substrate for 7,10-DS is 10S-H(P)OME (Figure
17); this product is not commercially available, it was produced in vitro. In order to
produce 10S-H(P)-HOME recombinant P. aeruginosa bearing (ADS/pBBR-77) was
used. In Fig. 19 different time conversion were compared with the aim to get a
substrate with a high content of 10S-H(P)-HOME.
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Figure 19. Production of 10S-H(P)OME at different incubation times (min). (Plot giving
% of relative production of H(P)OME with P. aeruginosa (ADS/pBBR-77).
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As shown although the oleic acid decreased along the incubation time, most of the
hydroperoxide formed was converted to 10S-HOME (52%) and poor 10S-H(P)-
HOME content, about 31% was obtained in the final mixture. With the aim to
optimize the production of the needed substrate, another alternative was designed as
reported earlier (Estupifian, M Ph.D., 2015): 10S-DOX was cloned and expressed in
a recombinant GRAS strain, P. putida KT2440 After extraction, the DNA with the
fragment containing PA-2077 was subcloned into the vector pBBR and then
transformed into P. putida KT2440 (see Materials and methods). A positive clone
of P. putida KT2440/pBBR-77 producing 10S-H(P)-HOME from OA that could
analyze by HPLC.

P. putida KT2440 showed promise as a microorganism host for the functional
expression of 10S-dox for biotechnological procedures requiring high conversion
yields, mild temperatures, and shorter bioconversion rates, allowing the production
of hydroperoxide derivatives from a broad range of long-chain fatty acids, as shown
above. The expression of 10S-DOX in P. putida KT2440/pBBR-77 offers other
advantages: P. putida is a GRAS organism, whereas P. aeruginosa, the native
species (P. aeruginosa ADS/pBBR-77), is not.

In the present work was designed the process of producing 10-H(P)OME from P.
putida (pBBR-77) by 10S-DOX (Fig. 20): the first culture on a nutrient broth of P.
putida (pBBR-77) was cultivate to obtain biomass. In this step, it was demonstrated
that by changing the single experimental factor the aeration by using Erlenmeyer
flask, during incubation, P. putida (pBBR-77) concentration could be increased.
After recovering the biomass, the pellet obtained was concentrated x3 times in Tris-
HCI buffer, then the cell suspension was incubated with OA for 10S-DOX
biotransformation under standard conditions (refer to material and methods). At the
end of the incubation time no 10-H(P)OME could not be found in the supernatant.|
suggesting that the needed no transport system was present in P. putida in contrast
with the ExFaDLO system for the export of hydroxy-fatty acids found in P.
aeruginosa (Martinez et al, 2013). It was necessary to break the cells by sonication

to obtain a cell extract before to be incubated with OA at 30 °C and 150 rpm.
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has not found of 10-H(P)OME

Figure 20. Scheme of the production of 10-H(P)OME from P. putida (pBBR-77) by
differents methods. As shown 50-80% of 10-H(P)OME produced by cellular extract after
biotransformation under standard conditions (refer to material and methods).

As shown in Fig. 20 standard Erlenmeyer flask or baffled flask (see to material and
methods); after cultivation, cells were recovered by centrifugation and the biomass
contained was higher in those flask incubated in the standard flask (13.60 mg/ml)
(Fig. 20A) than in the baffled flask (9.4 mg/ml) (Fig. 20B). These results show the
amount of transfer oxygen has a direct effect on the cell growth of P. putida (pBBR-
77) in the nutrient broth culture.

P. putida (pBBR-77) using an OA concentration of 0.5 g/l produced the maximum
amount of 10-H(P)OME and was used to monitor the bioconversion of OA,; the 10-
H(P)OME relative concentration increased steadily from 30 minutes up to 1 hour
(Fig. 21). Small scale (1 ml) of time course 10-H(P)OME production from P. putida
is presented in Fig. 21, the maximum production was achieved at 60 min (A2. Fig),
when a 52% (w/w) conversion yield was achieved and a 30% which was
spontaneously reduced to 10S-HOME. Products were quantified by HPLC (Fig. 21).
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High amount of production of 10-H(P)OME was obtained when the volume of

biotransformation was increased (25ml), achieving concentration in the range of 50-

80% (Fig. 2
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Figure 21. Production of 10S-H(P)OME at different incubation times (min). (Plot giving
% of relative production of H(P)OME with P. putida (pBBR-77)).

The aforementioned benefits might be due to the cellular redox environment of the
P. putida KT2440 extract, which allows greater stability of 10-H(P)OME than in the

homologous host. Previously, P. putida KT2440 was evaluated for 10-H(P)OME,
10-HOME and 7,10-DiHOME production by biotransformation assays of OA and

using inhouse-produced 10-H(P)OME as a negative control for the presence of 10S-

DOX and 7,10-DS or other oleate-derived oxylipin-forming enzymes.
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Figure 22. RP-HPLC of H(P)OME production of P. putida (pBBR-77) under standard
conditions (1 h at 30°C and 150 rpm).
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4.1.3 Biochemical characterization of 10S-DOX and 7,10-DS

Activity assays for 10S-DOX and 7,10-DS were carried out in 50 mM Tris-HCI, pH
7.0 buffer at 30°C or other temperatures as stated in the text, with the appropriate
concentrations of substrates, OA or 10-H(P)OME, respectively. Expression assays
of E. coli DH50/pMMB-10S-DOX and E. coli DH5a/pMMB-7,10-DS were carried

out without any induction at optimal temperature 30 °C.

4.1.3.1 Time course reaction for 10S-DOX activity

The time reaction for the activity of 10S-DOX was performed in 50 mM Tris-HCI
buffer (pH 7.0) at 30 °C with a final concentration of 0.4 mM OA. The reaction time
between 5-30 min was assayed. The results in Fig 23 indicated the activity of 10S-
DOX reaching its maximum after 15 min of incubation and enzyme activity
decreased after 20 min of incubation. The maximum production of 10-H(P)OME
was achieved at 15 and 20 min. In this experiment investigated reaction time of 10S-

DOX activity, to proceed with forthcoming assays.

Relative activity (%)

0 5 10 15 20 25 30 35
Time (min)

Figure 23. Effects of time reaction on 10S-DOX activity at 30 °C in 50mM Tris-HCL buffer
pH 7. The experiment was done by triplicate.
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4.1.3.2 Effect of pH on enzyme activity

The effect of pH on enzyme activity was determined at 30°C at different pH ranging
from 5.0 to 10.0 (Fig. 24). The buffer used was Britton-Robinson buffer (20 mM)
adjusted to different pH values (5-10) (Britton, 1952). The pH profile changes for
10S-DOX are similar pH profile changes for 7,10-DS. Our results also demonstrated
that both enzymes have plateaux covering a wide range of pH with maximum
activity, from neutral to basic (pH 7.0 to 10.0), demonstrated that pH 7.0 enzyme
reached more than 80% of its activity. Below this range, the enzyme activity

decreased.
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Figure 24. Effect of different pH values of the reaction on 10S-DOX and 7,10-DS activity
in 20mM Britton-Robinson buffer, pH 5-10.

The similar pH profiles observed for 10S-DOX and 7,10-DS might be due to their
localization in the same cellular compartment, the periplasm (Martinez et al., 2013).
Previous studies have shown optimum pH for most of fungal diol synthase enzymes
is between a range of pH 7.0-9.0; the diol synthase of Glomerella cingulate with a
maximum activity between pH 6.5-7.0 (Seo et al., 2016) or that of Penicillium
chrysogenes, in dimethyl sulphoxide (DMSO) as solvent pH 8.0-8.5 (Kim et al.,
2017b) in the case of the diol synthase of Aspergillus nidulans reached optimum pH
was 7.0-7.5 (Seo et al., 2014) .
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4.1.3.3 Effect of temperature on enzyme activity

The optimal temperature for enzyme activity was determined at a different
temperature from 20 to 50 °C, results indicated enzymes were active at a wide range
of temperature. As shown in Fig. 25, The maximum activity of 10S-DOX appears
as a distinctive peak, whereas for 7,10-DS it is a platform in the range of 30-40 °C.
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Figure 25. Effect of different reaction temperatures on 10S-DOX and 7,10-DS activity.

Whereas 10S-DOX activity clear maximum activity at 30 °C, while no preferred
temperature was observed for 7,10-DS in the range of 30-40 °C. It is noteworthy
mention that the relative activity of the 7,10-DS is higher than that of the 10S-DOX
and at 40 °C the relative activity of the 7,10-DS is double than in case of the 7-DOX
(98% and 49% respectively). The 45% of activity of the 7,10-DS still remained at
50 °C compared with the relative activity of the 10S-DOX at the same temperature
(17%). Many studies have shown the maximal conversion rates of the substrate for
enzymes that have diol synthase activity at ranging from 25 to 40 °C: poor
information is found in literature from prokaryote dioxygenase or diol synthase; in
the case of the 10S-DOX, that from Nostoc punctiforme and that from
Stenotrophomonas nitrireducens the optimal temperature is 35 °C (Kim et al.,
2017b; Choi et al., 2015). In eukaryote organism slightly different temperatures are

reported, depending on the substrate for the recombinant 8,11-linoleate diol synthase
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of Penicillium chrysogenum, in the case of oleic acid was 30 °C (Kim et al., 2017a)
in the case of the diol synthase of Aspergillus nidulans, the optimal temperature is
35°C (Seo et al., 2014) while for a recombinant variant, named 8-dioxygenase of A.
nidulans was 27 °C (Jeong et al., 2015) and 20 °C is the maximum activity reported
by the 8-dioxygenase of Glomerella cingulate (Seo et al., 2016). The highest optimal
temperature reported so far is for the 7,8 linoleate diol synthase from G. cingulate ,
40-45 °C (Seo et al., 2016) and most of the enzyme losing activity after this range
(Seo et al., 2015; Kim et al., 2017).

4.1.3.4 Enzyme stability

To determined thermostability of enzyme, the enzyme activity was analyzed at pH
7.0 by quantification of the residual enzyme activity after pre-incubation of the
samples at temperatures ranging from 25 to 60 °C for 10 min (Fig. 26). As shown,
the thermal stability of 7,10-DS is higher than of 10S-DOX especially at 25 °C with
24% more stable than the 10S-DOX, at higher temperature treatment the remained
activity is about 10% higher.

Both enzymes were unstable over 50°C and lost about 50% of activity (10S-DOX
49.2% and 7,10-DS 54.8%) when they were incubated for 20 min at 30°C. 10S-DOX
was more thermostable than 7,10-DS when incubated for 10 min at 25 °C. Both
enzymes of the oleate-diol synthase system were completely inactivated at 70 °C.
The different profile was reported for the 7,8-linoleate diol synthase and the derived
8-DOX from G. cingulate; the later enzyme kept about the 95% of the residual
activity until 40-45 °C whereas the 7,8-linoleate diol synthase exhibited 72% of
residual activity (Seo et al., 2016). This could be a critical point for applying the
enzymes in industrial processes with harsh conditions.

The thermal instability observed in 10S-DOX and 7,10-DS could be because they
are intracellular enzymes that have evolved to be active at cellular temperatures in
mesophilic hosts such as P. aeruginosa. After comparing these results with results

of the effect of temperature, indicated in both assays results show the decreasing
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activity of enzyme after reaching to 50 °C, also demonstrated 10S-DOX is less stable

than 7,10-DS during increasing temperature.

11
] m 105-DOX
m 7,10-DS
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Temperature (°C)
Figure 26. Thermal stability was analyzed by incubating the enzymes (10S-DOX and 7,10-
DS) at 25-60°C in 50mM Tris-HCL buffer pH 7. The control refers to non-treated cell
extract was measured at 30°C and represents 100% of enzymatic activity.
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4.1.3.5 Effect of divalent cations on enzyme activity

The enzymes 7,10-DS and 10S-DOX are di-heme proteins containing two heme

prosthetic groups. The heme groups contain an oxidized iron atom Fe?* in the center

of a highly hydrophobic planar porphyrin ring that serves as a catalyst in 10S-DOX

and cytochrome P450s and cytochrome ¢ oxidases (Estupifian et al., 2015). The

potentiating or inhibiting effect of different metal ions on the activity of both
enzymes was investigated by adding 1mM concentration of selected metals to the
reaction mixture that can act as possible inhibitors or activators of the enzymes.

Under the optimized conditions effect of different divalent cations on enzyme
activity were determined (Fig. 27). The results demonstrated most of the metal ions
showed different effect on every (10S-DOX or 7,10-DS) enzyme activity, in this
regard 10S-DOX in the presence of Co*?, Hg*? or Zn?* inhibited 6.7, 10.9 and 13.3%,
respectively, of its total activity, followed by 21.4% for Ca?*, 26.58 for Mg?* and
29.73 for Ni?*. Whereas in the presence of Fe?* and Mn?* enzyme activity was
reduced by approximately to 61.8 and 51.6 %, respectively, the addition of Sn*?
reduced enzyme activity to 39.9 %. The activity of 7,10-DS was enhanced (%) by
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the addition of Mg?* (27.8%), Sn?* (9.5%), Cd?* (3.2%) and Ni ?* (9.0%) and barely
affected by Co?* (93.2%) or Fe?* (92.7%). In the case of Ca?* activity remained at
86.4% and was reduced to 54.9% by the addition of Hg?*.

The effect of ions on the enzyme activity was different; 10S-DOX activity did not
improve in the presence of any of the cation used, compared with the control,
whereas the behavior of 7,10-DS varied, Cd?*, Ni?*, Sn®* and Mg?* enhancing
activity being relevant the increase of activity in presence of cadmium and

magnesium (Fig. 27) and no ion acting like a complete inhibitor.
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Figure 27. Effect of cations on the activity of 7,10-DS and 10S-DOX enzymes. The control
was incubated at optimal conditions with no cation addition and is referred to like 100% of
enzymatic activity.

4.1.3.6 Kinetics study

Kinetics parameters of both enzymes were determined under suitable conditions of
pH and temperature. 10S-DOX activity was obtained from clarified cells extracted
from E. coli DH5a/pMMB-77 in 50mM Tris-HCL buffer pH 7 at 30 °C at different
OA ranging from 0.05-0.35 mM. As depicted in Fig. 28, when the OA concentration
was higher than 0.3 mM, the enzyme activity was inhibited by an excess of the

substrate and decreased by more than 50% (data not shown).
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The Lineweaver-Burk constant, Km, and maximum velocity, Vmax, of 10S-DOX
were obtained directly from the linearization of the Lineweaver-Burk equation and
their values were 0.89 + 0.22 mM and 14.7 + 0.26 Ug™* min, respectively.
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Figure 28. Lineweaver-Burk plot for Km and Vmax values of the 10S-DOX enzyme at
30°C. Assay condition was pH 7 in the presence of different concentrations of OA (0.05-
0.35 mM).

For 7,10-DS, obtained from E. coli DH5a/pMMB-78, the activity determined at
different substrate concentrations (10S-H(P)OME) in the range of 0.2-1.2 mM in
50mM Tris-HCI buffer pH 7 at 30 °C gave a typical Lineweaver-Burk plot, as shown
in Fig 29. Kinetic constants were determined from Lineweaver-Burk equation plots
in the standard assay conditions (pH 7) with a Km and Vmax of 3.26 + 0.31 mM and
54 + 0.38 Ug™ mint, respectively.
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Figure 29. Lineweaver-Burk plot for Km and Vmax values of the 7,10-DS enzyme at 30°C.
Assay condition was pH 7 in the presence of different concentrations of 10-H(P)OME (0.2-
1.2mM).

4.1.4. Screening for oxylipin-producing bacteria

The phylogenetic tree of orthologous diol synthase-encoding genes present in P.
aeruginosa revealed that the diol synthase operon could be due to a gene duplication
event in a common ancestor maintaining an adjacent location, although one of the
genes evolved a new function (Estupifian et al., 2014; Lynch and Katju, 2004). A
similar disposition of related genes has been described in cyanobacteria: a
cyclooxygenase (10S-dioxygenase) that works in tandem with a catalase-related
protein, rendering 10S-hydroperoxide lyase activity (Brash et al., 2014), and a
bifunctional enzyme, a lipoxygenase with diol synthase activity from the
cyanobacteria Nostoc, generating (10E,12E)-(9,14).dihydroxy-(10,12)-
octadecenoic acid from linoleic acid (Lang et al., 2008). Considering hydroxy fatty
acids are constitutive components of living organisms with structural and functional
roles (Senger et al., 2005), and with the aim of studying the scope of diol synthase
activity in the bacterial kingdom, 23 different species of environmental
proteobacteria belonging to 6 genus with similar habitats; water, soil and plant
interaction were tested using oleic acid as substrate (A3-A4.5 Fig). Some of the
bacteria screened were selected based on the phylogenetic proximity with P.

aeruginosa (Fig. 30) and others have previously given positive distant matches
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(Thauera aminoaromatica and Ensifer fredii) (Estupifian et al., 2014). Amino acid
sequence alignment of PA2077 and PA2078 proteins in P. aeruginosa identified
several significant motifs or specific residues related to heme/iron-binding sites or
relevant in oxygenation reaction (Estupifian et al., 2015), multiple amino acid
sequence alignment of PA2077 and PA2078 among this 6 genus could find similar
consensus motif such as concerved heme sequences (CXXCH), ferrous ion union
(EGR), P450 motifs (EXXR) and the essential histidine of oxidases (MauG) that in
Shewanella, Pseudoalteromonas, Ensifer and Pseudomonas as identified before in
P. aeruginosa (A5-AS5.3. Fig).
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Figure 30. Phylogenetic tree of the related strains screened for oxylipins production.
Phylogeny reconstruction in the 16S rRNA region. Pseudomonas aeruginosa (labeled in
red) as control species.

After grown under suitable conditions (see material and methods section), analysis

of the organic extract by RP-LC-MS/MS revealed that whether these bacteria have
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the putative ability to produce the same oxylipins (10-H(P)OME and 7,10-
DIHOME) from OA as found in P. aeruginosa. In Table 4 is shown the first report
so far of bacterial strains assayed to detect the diol synthase pathway. As observed
most of the bacterial assayed 10S-hydroxy-8E-octadecenoic acid (10-HOME) was
detected; as mentioned above that product is a side compound from the spontaneous
reduction of 10-H(P)OME. Pseudomonas putida and P. psycrophyla although
grown on suitable conditions, could not transform oleic acid into the selected
oxylipins. Briefly, after a full scan of the total ion current (TI1C) from m/z 100-800,
in the MS? analysis m/z 297.2 and m/z 313.2, and in the MS? analysis (m/z
313.2->m/z 295.2) were selected for 7,10-DiIHOME and 10-H(P)OME
discrimination (A6-A6.6. Fig), the strains that appeared in Table 4.

Table 4. Products detected in the supernatant due to the transformation of oleic acid by
selected proteobacteria. H(P)OME: 10S hidroperoxid-8E-octadecenooic acid; HOME:
10S-hydroxy-8E-octadecenoic acid; DIHOME: 7,10dihydroxy-8E-ocatadecenoic acid.

Strains H(P)OME | HOME | DIHOME
Aeromonas allosaccharophila CECT 4220 -
Aeromonas caviae CECT 4226
Aeromonas bivalvium 868E
Aeromonas hydrophila CECT 839 -
Aeromonas salmonicida CECT 894
Pseudoalteromonas atlantica CECT 579
Pseudoalteromonas aliena DSM16473
Pseudoalteromonas antarctica DSM151318
Shewanella woodyi DSM12036
Shewanella putrefaciens ATCC 8071 -
Shewanella vesiculosa CECT 7339
Shewanella hanedai ATCC 33224
Pseudomonas lini DSM 16768
Pseudomonas tolassi ATCC 33618 -
Pseudomonas taetrolens DSM 21104 -
Pseudomonas fluorescens CECT 844 X
Pseudomonas fragi DSM 3456 -
Pseudomonas lundensis DSM 6252 -
Pseudomonas oleovorans ATCC 8064 - - -
Pseudomonas psychrophyla DSM 17535 - - -
Pseudomonas putida ATCC 12633 - - -
Thauera. aminoaromatica DSM 25461 X - -
Eisinfer fredii DSM 5924 X - X

x

X
X

XX |4 | XX
XXX [X|X | X [X X

X | X

XXX XXX X [X[X[|X[X[X|X|X]|X
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Using P. aeruginosa as a positive control, the activity of 10S-DOX was determined
by the analysis of the spectrum of the released product. The MS? spectrum of 10-
H(P)OME from the OA conversion produced signals at m/z 155.279 (Fig. 31A) and
the MS3 spectrum of 10-H(P)OME gave predominant signals at m/z 155.179; 51.277
(Fig. 31B).
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Figure 31. LC-MS/MS spectra of 10-H(P)OME produced by P. aeruginosa. (A) MS?
spectrum producing signals at m/z 155.279. (B) MS2 spectrum producing signals at m/z
155.179 and 251.277.

The corresponding ions of 7,10-DiHOME obtained from the conversion of 10-
H(P)OME from MS? spectra were found at m/z 251, 293, 295, and 314 (Fig. 32A)
and prominent signals from the 7,10-DiHOME MS3spectrum were found at m/z 155,
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179, 251, and 277 (Fig. 32B). All spectrographic analyses match the data obtained

previously for these compounds (Nilsson et al., 2010).
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Figure 32. LC-MS/MS of 7,10-DiHOME obtained from the diol synthase activity of P.
aeruginosa. (A) MS? spectrum with fragments at m/z 251.293 and 251.314. (B) Signals of
MS?2 found at m/z 155, 179, 251 and 277.

Diol synthase activity was also found in other species of Pseudomonas. As shown
in Fig. 33A, when the cell extract of P. tolassi or P. taetrolens was incubated with
OA, 10-H(P)OME) was found in the supernatant, being the catalytic product of 10S-
dioxygenase. In the case of P. lini or P. fluorescens, the LC-MS-MS spectra of the
products revealed 10-H(P)OME and 7,10-DiHOME (Fig. 33). The MS? spectra of
10-H(P)OME (m/z 313->full scan) (Fig. 33A) and the MS?® spectra of 7,10-
DIHOME (m/z 313 full scan >295) (Fig. 33B) suggest the presence of the
functional proteins of 10S-,dioxygenase (10S-DOX) and 7,10-diol synthase (7,10-
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DS). Although the incubation of the cellular extract of P. fragi or P. lundensi with
OA rendered only 7,10-DiHOME, the complete diol synthase system was active in

these strains considering the reaction sequence.
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Figure 33. LC-MS/MS spectra of 10-H(P)OME and 7,10-DiHOME in the products found
when the cellular extract of Pseudomonas fluorescens, P. lini, P. taetrolens and P. tolassi
were incubated for 30 min with oleic acid.

Several species of Aeromonas were also screened for diol synthase activity. Cellular
extracts of A. allosaccharophila, A. bivalvium, A. caviae, and A. salmonicida were
incubated with OA for 30 minutes, and two oxylipins derived from OA,10-
H(P)OME and 7,10-DiHOME were detected in the supernatant. The corresponding
spectra are shown in Fig. 34. H(P)OME (m/z 313->full scan) was identified after
analysis of the MS? (Fig. 34A) and 7,10-DiHOME (m/z 313 full scan ->295) after
analysis of the MS?® (Fig. 34B). In the supernatant of A. hydrophila and A.
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allosacchariphila only 7,10-DiHOME was detected, although there were indications
that the complete functional diol synthase system was present, since as stated earlier
the substrate for 7,10-DS is the product of the first reaction catalyzed by 10S-DOX.
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Figure 34. LC-MS/MS of 10-H(P)OME and 7,10-DiHOME obtained from the diol
synthase activity of different Aeromonas: (A) MS? spectrum of H(P)HOME with fragments
at m/z 155 found with the cell extracts of A. allosaccharophila and A. hydrophila; (B) MS®

signals of 7,10-DiIHOME found at m/z 155, 179, 251, and 277 for A. bivalvium, A. caviae,
A. salmonicida.
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The diol synthase system was detected in the screened cellular extracts of
Pseudoalteromonas, since 10-H(P)OME and/or 7,10-DIHOME were found.
Products from the cellular extract of Pseudoalteromonas antarctica grown in TSB
at 20 °C showed the MS? spectra of 10-H(P)OME (m/z 313->full scan) (Fig. 35A),
whereas in the case of P. aliena and P. atlantica the product released displayed the
MS? spectra of 7,10-DiHOME (m/z 313 full scan =295) (Fig. 35B).
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Figure 35. LC-MS/MS spectra for the products obtained by Pseudoalteromonas antarctica
and P. aliena. A) MS? spectra of 10-H(P)OME obtained from P. antarctica. B) MS? spectra

of 7,10-DiHOME obtained from P. atlantica.

A different range of products was found when assaying species of Shewanella. After

incubation, the cell extracts of S. woodyi and S. hanedai released 10-H(P)OME and
7,10-DiIHOME.The MS? spectra for H(P)OME (m/z 313->full scan) are shown in
Fig. 36A and the MS? spectra for 7,10-DiIHOME (m/z 313 full scan =295) in Fig.
36B. With S. vesiculosa and S. putrefaciens only H(P)OME was detected (Fig. 36A).
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Figure 36. LC-MS/MS spectra for the products obtained by Shewanella species assayed.
A) MS? spectra of 10-H(P)OME obtained from S. woodyi and S. hanedai, S. vesiculosa and
S. putrefaciens. B) MS? spectra of 7,10-DiHOME obtained from P. atlantica.

In the Ensifer fredii cell extract incubated with OA, both (H(P)OME and 7,10-
DiHOME) were detected. The MS? spectra of 10-H(P)OME (m/z 313->full scan)
are depicted in Fig. 37A and MS? spectra of 7,10-DiHOME (m/z 313->full scan in
Fig. 37B.
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Figure 37. LC-MS/MS analysis of A) 10-H(P)OME and B) 7,10-DiHOME obtained by

Enifer fredii.

It has also been reported that the diol-synthase activity might have evolved from a

common ancestor (orthologs) or by lineage-specific duplication (in paralogs). It was

predicted that in the B-proteobacteria Thauera aminoaromatica, with a similar

relation to the ORF PA2078-PA2077 of P. aeruginosa, also a y-proteobacteria was

detected (Estupifian et al., 2014). As shown in Fig. 38, the incubation of the cell

extract of T. aminoaromatica rendered (10-H(P)OME).
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Figure 38. MS? spectrum of the 10-H((P)OME released by Thauera aminoaromatica.

For the first time, an experimental screening demonstrated the presence of an
enzymatic system producing same hydroxyl-fatty acids than the oleate diol synthase
pathway first described in Pseudomonas aeruginosa, consisting in two single
enzymes, 10S-Dioxygenase (10S-DOX) which catalyse oleic acid (OA) into 10S-
hidroperoxid-8E-octadecenoic acid H(P)OME and a second enzyme a 7,10 (S,S)
Diolsynthase converting the hydroperoxide H(P)OME into 7,10-DIHOME. This
results demonstrated that the diol synthase system is not restricted to Pseudomonas

aeruginosa.
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4.2 Functional and structural characterization of the inclusion body produced
by over expression of 10S-DOX and 7,10-DS

In our previous studies, recombinant soluble enzymes (10S)-dioxygenase (10S-
DOX) and 7,10-hydroperoxide-diol synthase (7,10-DS), which belong to the oleate-
diol synthase metabolic pathway, were expressed in E. coli DH5a/ pMMB-77 and
E. coli DH50/ pMMB-78.When gene PA2077 and PA2078 corresponding to the
enzymes (10S)-dioxygenase (10S-DOX) and 7,10-hydroperoxide-diol synthase
(7,10-DS), were cloned in E. coli DH5a (pMMB-77) and E. coli BL21 (pET 28a-
78) and induced by IPTG, the recombinant enzymes were over-expressed as
inclusion bodies (Estupifian, M Ph.D., 2015).

Here we studied the kinetics of IB formation by different techniques. Structure and
morphology were characterized by transmission electron microscopy (TEM), size
distribution analysis by atomic force microscopy (AFM), hydrolyzing structure of
amyloids by proteolytic degradation (PK), Fourier- Transform Infrared
spectroscopy (FT-IR) and Congo Red (CR) and Thioflavine (Th-T) dye binding

assays were used to detect B-sheets in amyloids.

4.2.1 Occurrence and protein activity

The formation of heterologous proteins requires a great deal of cellular machinery,
including cellular proteases and chaperones (Tyedmers et al., 2010; Garcia-Fruito
et al.,, 2011). Additionally, cultural conditions such as environmental factors
(temperature, pH), solution (buffers, ionic strength) or processing (expression,
purification) may result in inclusion body (IB) formation (Wang et al., 2010). A
high rate of expression of a heterologous protein produces a stressful situation for
the host cell, with high transcription or translation rates creating a bottle neck,
although the response of the bacterial cell might be determined by the characteristics
of the newly formed protein (Gasser et al., 2008). The heterologous production of
E. coli DH5a/pMMB-77 produced a fraction of 10S-DOX expressed as an insoluble
protein (IBs-77); the 7,10-DS expressed in E. coli BL21-pET28a-78, the enzyme,
7,10-DS was also found mostly in IBs (IBs-78) (Fig. 39 lanes 1,2 respectively).
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For a long time, IBs were considered to be inert deposits of inactive protein. The
first evidence of enzymatic activity of IBs (Worrall and Gross, 1989) was a f-
galactosidase expressed in E. coli and soon after it was discovered that I1Bs are
reversible (Carrio and Villaverde, 2001; Carri6 and Villaverde, 2002; Peternel and
Komel, 2011; Rinas et al., 2017). Moreover, I1Bs are fully stable for a long period at
-20 °C or at room temperature. These discoveries have prompted a growing research
focus on IBs, therefore, attention was focused on the new IBs (IBs-77 and 1Bs-78)

found.

66,2 -

MW 4 3 2 1

Figure 39. The SDS-PAGE analysis of DH5a (pMMB-77) and BL21 (pET 28a-78)
overexpression in E. coli. Lane 1, crude I1Bs-77; lane 2, crude IBs-78; lane 3, refolded IBs-
77; lane 4, refolded 1Bs-78 in PBS buffer containing 2M of urea. MW, molecular weight
marker.

The aggregate protein formation depends on several parameters, such as the nature
and overloading of the protein and the diffusion—limited process, and the amount of
misfolded protein varies considerably. A foot-and-mouth disease virus protein
(VP1-GFP) was reported to represent 80% of the cytosolic protein (Morell et al.,
2008), which is far higher than the 1.5-3% reported for E. coli (Tyedmers et al.,
2010). The amount of protein found as IBs was about 77% for IBs-77 and 75% for

90



Results and Discussion

IBs-78. The specificity in protein aggregation means IBs can be a source of highly
pure enzymes and are therefore enriched in the recombinant protein itself. However,
truncated peptides and/or other proteins or fragments of nucleic acids might be
entrapped in the aggregates. On the other hand, the particulate particles favour the
extraction of the heterologous protein (Gasser et al., 2008).

After the purification of crude IBs which consisted of several steps, including
lysozyme cell lysis, detergent washing and sonication followed by centrifugation
and washing (see Materials and methods), only 14.6% and 21.78% of the protein
was recovered for 10S-DOX and 7,10-DS, respectively; that is 6.9 and 4.6 fold. As
seen pure IBs-77 represent 11.15% of the total cellular protein and IBs-78 the
16.43% (Table. 5).

Table 5. Protein concentration obtained in the production of inclusion bodies.

IBs-77 IBs-78
Total protein (mg/ml) 7.8 8.52
Soluble protein in supernatant 1.8 2.12
Crude IBs (mg/ml) 6.0 6.4
Pure IBs (mg/ml) 0.87 1.39
Fraction of pure IBs protein (%) 11.15 16.43
Refolded protein (mg/ml) 0.33 1.33

As shown in Table 6, the specific activity of the supernatant after cell lysis due to
soluble enzyme was very low in both cases (0.8 x 103 UI/mg). Most of the activity
was recovered in the crude I1Bs: 1.55 Ul/mg in I1Bs-77 and 1.00 Ul/mg for 1Bs-78;
as shown, (Table 6) IBs-77 lost part of the activity during the purification process
since the specific activity of pure 1Bs-77 decreased after purification to 1.0 Ul/mg
whereas for Bs-78, the specific activity of pure IBs-78 increased to 2.2 1U/mg for
IBs-78. After solubilization and refolding 4.7% of the activity was recovered in the
case of IBs-77, although most of the aggregates were recovered as soluble enzyme

while no activity was recovered in the case of refolded IBs-78.

91



Results and Discussion

Table 6. Enzymatic activities of the 10S-dioxygenase and 7,10 (S,S)-diol synthase,
inclusion bodies.

Refolded Specific activity Ul/mg Recovered
Functional | protein/IBs | Supernatant crude Pure | Refolded activity
protein (%) soluble IBs IBs protein (%)
protein
10S-DOX 38.0 0.8 x 107 155 | 1.05 0.05 4.7
7.10-DS 95.6 0.8 x 10° 100 | 2.2 nd* 0

* not detected

These activities reflect that the protein inactivation during in vivo protein
aggregation is only moderate and aggregation does not necessary compromise the
active center of the enzyme (Garcia-Fruitos et al., 2005). The formation of I1Bs
appeared soon after induction hydrated deposits of protein (95%) with small
amounts of cellular material (DNA, RNA, truncate peptides and lipids) (Garcia-
Fruitos et al., 2009). From the structural point of view, the activity found in IBs is
due to the kinetics of the aggregate formation and the nature of the protein; 1Bs
consist partly of misfolded protein and partly of properly folded protein, biologically
active but trapped in the network formed by the aggregate polypeptides (Peternel
and Komel, 2011). As stated elsewhere, the aggregation-disaggregation occurs
simultaneously in side cells as a dynamic event (Garcia-Fruitds et al., 2011).

On the premise of this plasticity and the advantage that inclusion bodies are almost
pure proteins as shown in Fig. 39, IBs-77 and 1Bs-78 were refolded and checked for
enzyme activity. There are a diversity of methods to solubilize IBs to a stable, native,
folded active protein; the rate might depend on the effects of ionic strength, dialysis,
high hydrostatic pressure, and cation exchange resin for solid-phase extraction
(Ramon et al., 2014). The freeze-thawing method was chosen as it allows efficient
and mild solubilization of 1Bs, which preserve native-like secondary structures of
proteins, and improves the recovery of bioactive proteins from IBs (Qi et al., 2015).
As shown in Table 6, although the refolded protein of the IBs-77 accounted for 38%
of the aggregated protein, but very low activity was detected (0.05% Ul/mg). In the

case of 1Bs-78, although 95.6% of the complete solubilized protein was achieved,
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no activity was found, the refolding and the recovery of the activity seems to be a
complex affair, and different parameters and strategies are required for an optimal
recovery (Vallejo and Rinas, 2004; Villaverde et al., 2015).

4.2.2 “In vivo, in vitro” Morphology of inclusion body

Thin slides of cell cultures were observed by transmission electron microscopy
(TEM) to locate the aggregates within the cell and to measure their size and
morphology. As can be seen in Fig. 40, the protein aggregates of IBs-77 appear as
dark dense regions in the periphery of the cell, and more than one IB can be observed
(Fig. 40A-C); the size ranged between 214.28 nm and 460.5 nm. Although IBs are
predominantly located at the cell poles (Wu et al., 2011), the position of IBs in the
prokaryote cell is not completely understood (Tyedmers et al., 2010; Zhou et al.,
2012), aggregates found in the middle of the cell located in near of the septation will
occur (Rinas et al., 2017).

Figure 40. (A, B, C) Transmission electron microscopy images of induced cells of DH5a
(PMMB-77) and (D) non-induced native cells of DH5a (pMMB-77).
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The prokaryote cell is devoid of compartments and proteins are synthesized in
multiple locations; it seems that the growth of the nucleation seed is quick and when
it is saturated, new ones are formed. The aggregation mechanism varies according
to the expressed protein (Upadhyay et al., 2012; Peternel and Komel, 2011).

The in vivo IBs-78 (Fig. 41) appeared more compact and darker than the IBs-77 and
occupied most of the cytoplasm. This might be due to their large size, ranging from
294 nm to 529 nm; a similar size was reported for Lactobacillus IBs (Cano-Garrido
et al., 2016). It was observed that most of the host cells were lysed, suggesting that
the nature of the 7,10-DS differs from that of 10S-DOX and thus the effect on the
host cell is also different.

Figure 41. (A, B, C) Transmission electron microscopy images (TEM) of induced cells of
BL21 (pET 28a-78), and (D) non-induced native cells of BL21 (pET 28a-78)

It has been reported that the number and the size of the aggregates reflect the kinetics
of the IB formation; it is a self-assembling process in which misfolded intermediate
aggregates fuse together in an IB, which continues to grow to form a larger

inclusion, with properly folded proteins included within and a network with an
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amyloid structure (Upadhyay et al., 2012; Peternel and Komel, 2011). For a more
in-depth study of the structure of the aggregates, IBs-77 and IBs-78 were isolated
and purified as described above (Fig. 14 in Material and Methods). When purified,
the IBs appeared as ovoid amorphous aggregates (Figure 42). The IBs-78 aggregates
(Fig. 42B) were more intensely stained, suggesting the material was more
hydrophobic and denser than that of IBs-77 (Fig. 42A), which appeared to be less

compact.

Figure 42. Transmission Electron Microscopy of purified inclusion bodies after fresh
staining with uranyl acetate 2%. (A) IBs-77, (B) 1Bs-78.

4.2.3 Determination of the amyloid structure of inclusion bodies

The most common techniques to study the fine structure of IBs are Fourier-
transform infrared spectroscopy (FT-IR), Congo red (CR) binding and Thioflavin T
fluorescence (ThT). The first approach concerned the fine structure of the protein
aggregates is to study, in this case, whether 1Bs-77 and IBs-78 have the amyloid
structure frequently found in IBs in prokaryote or eukaryote cells (Nilsson, 2004;
Ami et al., 2005; Carri0 et al., 2005; Garcia-Fruitos et al., 2005; Morell et al., 2008;
de Groot et al., 2009; Villaverde et al., 2015; Cano-Garrido et al., 2016). The
amyloid structure is due to an ordered aggregation of misfolded protein; these
protein aggregates are characterized by the presence of intramolecular B-sheets and
a native-like structure (Carrio et al., 2005). Infrared spectrometry (FT-IR) is
currently used for the chemical characterization of proteins based upon the repeated

unit, the peptide group. The resulting spectra of the second-derivative analysis yield
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bands with frequencies characteristic of specific structures that are essentially the
same for all proteins; nine characteristic vibrational bands of group frequencies
arising from the amide groups of the polypeptide chains have been identified (Dong
et al., 1990). Among them, the most relevant for the present work are the bands of
Amide | (1600-1700 cm™), which corresponds to the carbonyl peptide bond group
and thus is used as a marker of the protein secondary structure, Amide Il (about
1500-1550 cm?), is due to the protein-peptide bond vibrations (Dong et al., 1990;
Ami et al., 2006). The most relevant band for assessing the amyloid structure of 1Bs
by FT-IR was Amide | of the second-derivative spectra, one of the main bands of
the protein infrared spectrum (Morell et al., 2008) or the self-deconvolutaed
spectrum, to avoied the noise of the second derivative spectrum (Vazhnova and
Lukyanov, 2013).
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Figure 43. (A) Row spectra of control cells and (B) deconvoluted spectra of native cells.
(C) Row spectra of purified IBs-77 and (D) deconvoluted spectra of purified I1Bs-77.
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It is associated with a stretching vibration of the C=0O that depends on the
conformation of the backbone and has a frequency ranging between 1600 and 1700
cm (Krimm and Bandekar, 1986). The Amide | band corresponding to the induced
cells was clearly larger than that of the fresh cells (Fig 43A, C). As shown in the
deconvoluted spectra in control cells (Fig 43B), the band corresponding to Amide |
has two well-resolved components: it is possible to distinguish the frequency of
aggregates or B-sheet structures near 1625-1629 cm™ and the frequency of a-helix
at about 1652-1656 cm™ (Ami et al., 2005; Ami et al., 2006). The self-deconvoluted
spectrum of the IBs-77 Amide | band is composed of a peak at 1630 cm™
corresponding to B-sheets (aggregates) and a minor peak at about 1648 cm*

corresponding to the a-helix (Fig. 43D).
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Figure 44. (A) Row spectra of control cells and (B) deconvoluted spectra of native cells.
(C) Row spectra of purified IBs-78 and (D) deconvoluted spectra of purified I1Bs-78.
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Similarly, the infrared response of the protein aggregates formed by the
heterologous 7,10-DS (I1Bs-78) produced by recombinant E. coli BL21(pET 28 a-
78) was examined by FT-IR spectrometry in intact cells (Fig. 44). The second-
derivative spectrum enabled the secondary structure of 1Bs-78 to be determined by
the analysis of Amide | (Ami et al., 2006). The resulting spectrum represents the
absorption of the recombinant protein within the intact cells. As shown, the Amide
| band has a strong absorbance (Fig. 44B).

A similar spectrum to I1Bs-77 was obtained for I1Bs-78 spectrum (Fig. 44C, D) with
a slightly different peak position at 1630 cm™ compared with about 1620 cm™ * for
the IBs within the cell. The complex appearance of the Amide | band can be analyzed
in the deconvoluted spectrum in more detail; it can be seen that much of the structure
of the IBs (Fig. 44D) is formed by aggregated protein.

Finally, the comparison of the subtracted deconvoluted spectra of control and
induced cells, expressing 10S-DOX (Fig. 45A) and 7,10-DS (Fig. 45B), revealed the
inclusion bodies within the induced cells, in which the main band corresponding to

B-sheets at 1630-1635 cm™ is clearly observed and the a-helix appears at 1652 cm!.
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Figure 45. Substracted deconvoluted spectra of control cells and induced cells A) induced
cells expressing 10S-DOX and B) induced cells expressing 7,10-DS.
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4.2.4 Amyloid structure and dye binding

The aggregation of proteins is due to the intrinsic physicochemical characteristics
of the amino acid sequence, their hydrophobicity, secondary structure, and charge
(Garcia-Fruitds et al., 2011). It has been suggested that the formation of amyloids is
due to the amino acid sequence (Carri¢ et al., 2005). Thus, protein aggregation might
be understood as an anomalous type of protein-protein interaction; the specificity of
such contact makes it possible to identify the aggregation-prone regions with Congo
red or Thioflavin T.

4.2.4.1 Congo Red binding

In the 1920s, Benhold and Divry established that Congo red (CR) binds to amyloid
structures in tissue sections and demonstrated its characteristic yellow-green
birefringence under crossed polarizers (Khurana et al., 2001). Since then, this
birefringence has been used as a diagnostic tool for amyloid fibrils; the chemical
structure of CR suggests that binding to protein could occur through a combination
of both hydrophobic and electrostatic interactions. CR is a long and flat molecule
with both apolar and polar parts (Fig. 46).

NH,
{
O
07/8\ N
0" O Na*

Figure 46. Structure of Congo red

The apolar part is comprised of a biphenyl group at the center and is extended by a
diazo and two flanked naphthalene groups. The polar amino group and the
negatively charged sulphate group are linked to a naphthalene ring. CR formed by

both hydrophobic and hydrophilic groups binds to amyloid fibrils and induces
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green-yellow birefringence under polarized light. Two binding modes have been
proposed. One mode is S-sheet-specific in which the CR molecules are aligned along
the fibril axes. In this mode, the CR molecules are thought to be stabilized either by
the electrostatic interactions between the negatively charged sulphate groups of CR
and the positively charged amino acid residues of proteins or by the hydrophobic
effect of inserting CR into the grooves on the S-sheet surface. The other mode is -
strand-specific in which a CR molecule is parallel to the g-strand and is thought to
intercalate between two p-strands in the antiparallel p-sheets. However, the
specificity and the stabilities of these binding modes and their roles in amyloid fibril
detection and inhibitions remain elusive (Wu et al., 2007).

Upadhyay and co-workers (2012) reported that CR can not be bound in other
proteins that lack the B-sheet structure (Upadhyay et al., 2012). After binding to
amyloid fibrils the spectra of CR shift due to change of its absorbance (Glenner et
al., 1972; Morell et al., 2008; Wang et al., 2008; Wang et al., 2008; Capitini et al.,
2014).

As shown in Fig. 47, CR exhibits an absorbance peak at 490 nm, whereas the
negative control I1Bs do not (Fig 47A, C). In the presence of an amyloid structure
CR binds directly to the ordered B-sheets of IBs with a concomitant shift of
absorbance between 508 nm at about 550 nm, depending on the nature of the protein;
the shift of IBs-77 was at 500 nm and in for IBs-78 was 555 nm (Fig 47B, D). In the
case of HET-s fungal prion it was reported to be 508 nm (Sabaté et al., 2009), and
565 nm for asparaginase or human growth hormone (Upadhyay et al., 2012).
Considering that the amount of protein in both cases was 20ug/ml, as observed in
Fig. 46D, the shift of absorbance for IBs-78 was higher (32%) than that observed
for IBs-77 (Fig. 47B). In both cases, the spectra indicate that amyloid-like structures
were present in the IBs, and the difference in the absorption of CR binding suggests

differences in the hydrophobicity of the fibrils.

100



Results and Discussion

0.563

0,400

Abs

0,200

0.000

-0,065
400

0,604

0,500

=
0,400
-

0,300

0,200

0.180
400

0,400 -

T —T T T 0.5497 T p— T T
0,500 &
0,400
4
w
=
0,300
0,200
1 “y 1 1 0.114 I 1 I I
00 450,00 50000 55000 600,00 65000 400,00 45000 S00.00 55000 60000 650,00
nm. nm.
F T T T T 0,800 T T T T
- [Bs78+CR
0,800
IBs78 4
=

00 45000

50000 55000

nm.

60000 65000

0,200
400

00 450,00 500,00 550,00

nm.

600,00 650,00

Figure 47. Congo red binding of pure IBs. Absorbance spectra of A: Congo red (black
line), IBs-77 (brown line). B: Congo red (black line), IBs-77+CR (blue line). C: Congo red
(black line), IBs-77 (brown line). D: Congo red (black line), IBs-77 (blue line).

4.2.4.2 Thioflavin T binding florescence

Although Thioflavin T (ThT) (Fig. 48) fluorescence is not considered one of the

defining criteria for amyloid fibrils, it is accepted as an indicator of their presence
(Nilsson, 2004).
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Figure 48. Chemical structure of Thioflavin T.
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Fluorogenic compounds become highly fluorescent only when they are bound to a
particular molecular entity, and thus they offer a set of highly sensitive and
convenient techniques for detecting cellular components and structures beyond
those observable with direct dyes. Naiki and LeVine (Naiki et al., 1990; LeVine,
1995) were among the first who thoroughly characterized the fluorescence spectra
and binding properties of ThT. It was demonstrated that, upon binding to fibrils, Th-
T displays a dramatic shift of the excitation maximum (from 385 nm to 450 nm) and
the emission maximum (from 445 nm to 482 nm) and that ThT fluorescence
originates only from the dye bound to amyloid fibrils. The dramatic increase in ThT
fluorescence results from the selective immobilization of a subset of ThT
conformers. In solution, a low-energy barrier allows the benzylamine and
benzathiole rings of ThT to rotate freely about their shared carbon-carbon bond. This
rotation rapidly quenches excited states generated by photon excitation, causing low
fluorescence emission free ThT. In contrast, rotational immobilization of ThT
preserves the excited state, resulting in a high quantum yield of fluorescence. By
extension, amyloid fibrils are likely to present a ThT-binding site that sterically
“locks” the bound dye, thus leading to an enhancement of Th-T fluorescence
(Biancalana and Koide, 2010).

For all the above reasons, and due to the special characteristics of ThT, which does
not bind to precursor polypeptide monomers or amorphous aggregates of peptides
and proteins digestion should be done to release fibrils (Upadhyay et al., 2012).
Moreover, the shift of ThT fluorescence might be due to a low number of aromatic
amino acids, since ThT may have a certain preference for aromatic side chains
(Lindberg et al., 2015). The Thioflavin-T assay is the most commonly used method
to check for the presence of cross-f-structures in amyloid-like proteins.

IBs-77 and 1Bs-78 in the presence of PK (to generate protein fibrils) and ThT were
excited at 450 nm (Fig. 49) and increased in fluorescence at about 480-485 nm. ThT
fluorescence underwent a shift at 487 nm with eighter for the fibrils of 1Bs-77 and
78, the maximum shift of absorbance of 50 units (IBs-78) occurred when most of
the digestion was done, with an increase of 30 units, to the fluorescence of IBs-77

at 486 nm for an equal concentration of protein. Similar behavior has been found
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with different proteins, such as prions (Upadhyay et al., 2012). The TH-T assay

showed that the IBs have an amyloid-like structure.
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Figure 49. Fluorescence emission spectra of IBs-77 A: control (blue line) digested protein
without ThT; ThT in the presence of digested IBs-77 (red line). Fluorescence emission
spectra of 1Bs-78. B: control (blue line) digested protein without ThT; ThT in the presence
of digested IBs-78 (red line). Absorbance units are arbitrary.

4.2.5 Digestion with Proteinase K

For an insight into the fine structure of IBs-77 and IBs-78, digestion with proteinase
K (PK) was carried out with the purpose of releasing amyloid fibrils to be combined
with binding dye Thioflavin T. Proteinase K is a subtilisin-related serine protease
that hydrolyses peptide bonds at the carboxylic sides of aliphatic, aromatic or
hydrophobic amino acids. This protease is currently used for mapping the core of
amyloid fibrils because it has high activity against globular domains or disordered
proteins but shows low activity against packed backbones in amyloid B-sheet
structures (de Groot and Ventura, 2006).

We added 0.02 mg/ml PK to a suspension of IBs-77 (20 ug) or IBs-78 (25 pg) and
monitored the decrease of turbidity spectra over time due to the solubilization of the
protein. Further analysis was done using SDS-PAGE. As depicted (Fig. 50A, B), the
absorbance value of turbidity (OD 350 nm) decreased critically over 20 min of
incubation: 78.0% and 78.5% for IBs-77 and IBs-78, respectively. This indicated

the digestion of the aggregates, and the pseudo-solubilization of the emerging fibrils
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suggested the aggregates were sensitive to the PK. In the case of IBs-77 (Fig. 50A),
a sharp decrease in turbidity was observed in the first 10 min of reaction, followed
by a slow decrease until the end of the reaction (30 min), when only 7 pg/ml
remained resistant to PK (35%). Whereas in the case of 1Bs-78 (Fig. 50B), a decline
in turbidity was observed over the incubation time, indicating the different nature of
this protein, and the PK-resistant fraction accounted for 32%. In parallel, samples
were taken to follow the kinetics of the digestion in SDS-PAGE analysis (Fig. 50C,
D) of the IBs protein after digestion.
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Figure 50. Proteinase K digestion of DH5a (pMMB-77) and BL21 (pET 28a-78) IBs. 1:
molecular marker; 2-5 standard protein (0.5-2 pg); 6 control IBs protein; 7-10 digested
protein IBs. (A, B) Turbidity of IBs decreased in the presence of PK and (C, D) the gel IB
bands disappeared at different incubation times. Samples were taken at 7 min time intervals.
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The Coomassie-stained band of the pure IBs (66 kDa) disappeared after fast
cleavage and 7 min of incubation, and smaller proteins appeared of about 35.0 kDa,
similar to observations reported elsewhere (Morell et al., 2008; Upadhyay et al.,
2012; Capitini et al., 2014).

4.2.6 Structural analysis of amyloid structure by microscopy

After the amyloid structure of IBs-77 and 1Bs-78 was demonstrated by means of CR
and ThT, as well as proteolysis when treated by PK, the morphology of the
aggregates was studied by microscopy with two approaches, TEM and AFM, before
and after the PK treatment.

4.2.6.1 Transmission electron microscopy of digested I1Bs

IBs are heterogeneous aggregates of misfolded proteins in which polypeptides and
DNA can be entrapped. The presence of IBs is due to the nature of the primary
structure of a protein expression stage or physicochemical factors (Wang et al.,
2010; Lebendiker and Danieli, 2014).

A typical electron-dense ellipsoidal shape without any fibrillary species was
observed for purified IBs-77 (Fig.51A). In contrast with previous reports (Wang et
al., 2008; Sabaté et al., 2009), the fibrils did not protrude from the I1Bs-77 before
digestion. After being incubated with PK for 30 min, dark electro-dense aggregates,
insoluble to PK, could be observed together with amorphous material, with fibrils
forming a loose network (Fig. 51B, C, D), although not organized. Similar
observations have been reported elsewhere, suggesting the presence of an amyloid
scaffold containing the misfolded protein and other polypeptides trapped within
(Carri6 et al., 2005; Morell et al., 2008; Cano-Garrido et al., 2013; Rinas et al.,
2017)
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Figure 51. TEM Micrographs of purified 1Bs-77 aggregates. (A) Purified IBs-77 before
digestion; (B, C, D) IBs-77 after digestion, dark and amorphous material that indicated
amyloid fibrils. (See white arrow).

The same kind of structure was observed for purified 1Bs-78 (Fig. 52A), although it
was darker and more compact. This suggests that the electrodensity of IBs might be
protein- and strain-dependent, as stated by Cano-Garrido et al. 1Bs-78 showed less
solubility than IBs-77 during the purification process, which was less electro-dense
and less compact (Cano-Garrido et al., 2013; Cano-Garrido et al., 2016).

After proteinase treatment, de-aggregation occurred (Fig. 52B, C, D). In the
protruding fibrils from the IBs particles, two types of materials could be seen: the
proteinase-resistant (scaffold) and the fibrillary structure in the pure inclusion body
(Morell et al., 2008; Wang, 2009).
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Figure 52. TEM micrographs of purified 1Bs-78 aggregates. (A) Purified IBs-78 before
digestion; (B, C, D) IBs-78 after digestion, dark and amorphous material that indicated
amyloid fibrils. (See white arrow).

4.2.6.2 Fresh observation: atomic force microscopy imaging

Atomic force microscopy (AFM) is a powerful single molecule technique that can
be used to study the lipid surface nanostructure and measure surface physical
properties (Diociaiuti et al., 2002). This technique also provides information about
the mechanism of amyloid formation and polymorphism (Ruggeri et al., 2016).
Aggregates of numerous amyloidogenic proteins that can be investigated by AFM
include a-synuclein, amylin, IgG light chain, lysozyme, and about 40 other proteins.
AFM is a rapid and simple method that requires only a small amount of material to
obtain high-resolution data in a short time. The use of AFM imaging in protein
aggregates has useful applications in nanomedicine and nanotechnology (Gaczynska
and Osmulski, 2008). AFM provides direct images of the material and hence avoids
distortion in size and roughness. Moreover, the information it can provide of single
molecules is useful to determine the size of IBs and even to characterize amyloid

structures.
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As AFM enables direct observation of protein aggregates in solution we used it to
investigate the morphology of the IBs before and after PK digestion. The overview
of IBs-77 and IBs-78 samples (Fig. 53) shows that the aggregates of 1Bs-77 are
relatively heterogeneous in size, whereas those of 1Bs-78 are more variable. Most of
the IBs are small, with some prominent corpuscles observed among most of the
aggregates. The overview presented in Fig. 53 gives a comparative idea of the

differences between the two types of 1Bs studied.

Figure 53. AFM 3-D overview of inclusion bodies produced by (A) DH5a (pMMB-77),
IBs-77, scan size of 5000 nm, (B) BL21 (pET 28a-78) IBs-78, scan size of 5000 nm.

A closer view of the aggregates before and after digestion revealed differences after
the treatment. The tip of the cantilever recognized differences in nature, in the
resistance or texture of the sample. It is possible to recognize regions where the
aggregate collapsed after the digestion treatment and even to observe the digested
fibrils.

In a more detailes focus, the profile of the IBs-77 aggregate (cross line marked)
shows an irregular structure with a height of about 37-42 nm (Fig. 54A). As
expected, after digestion (Fig. 54B), released fibrils were visible (white arrow) and
after the collapse the decrease in height was calculated as 15-17 nm (Fig. 54B), that
IS, aggregates diminished by about 61-65 %. The resistant PK fraction may be part

of the enzyme or to the scaffold of the aggregate and the PK-resistant protein. It
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should be noted that the decrease of height of the IBs-77 is much lower than that
reported for green fluorescent protein aggregates (GFP-IBs), which was 200 nm
(Garcia-Fruités et al., 2009) or peptide AB42, which was 155 nm (Morell et al.,
2008).

50 100 150 200 250 300 350 400 450 nm 100 200 300 400 500 nom

Figure 54. Amplitude AFM images of DH5a (pMMB-77) IBs before and after PK
digestion. (A) Individual 1Bs-77 without PK treatment. (B) IBs-77 after 30 min PK
digestion, The diagram represents the profile drawn by the cantilever. The arrowhead
indicates the profile defined by the cantilever. Height measurements in nm.

In the case of IBs-78 (Fig. 55), the aggregates were bigger that those of IBs-77, as
reflected in the profile plotted by the cantilever across the transversal line (Fig.
55A); the height of the aggregates was 173-183 nm.

The digestion treatment with PK caused the collapse of the aggregates from 30 to

56 nm (Fig. 54B), rendering a more irregular aggregate, as seen in the micrography.
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The decrease in height meant the protein was digested, the released fibrils can be
observed; the solubilized protein underwent a great collapse, between 69.4% and
83.6%. In Fig. 55B, the roughness of the aggregate is evident, suggesting that the

cantilever found less resistance in the digested material (Morell et al., 2008)

100 200 300 350 nm 0.5 1.0 1.5 2.0

Figure 55. Amplitude AFM images of BL21 (pET 28a-78) IBs before and after PK
digestion. (A) Individual IBs-78 without PK treatment, (B) IBs-78 after 30 min PK
treatment, about 70% disaggregate. The diagram represents the profile drawn by the
cantilever; the arrowhead indicates the profile defined by the cantilever. Height measured
in nm. White arrows indicate digested fibrils.

The recombinant enzymes of the oleate diol synthase pathway have been expressed
as inclusion bodies with catalytic activity (CatB) and on basis to different
methodologies has been demonstrated their amyloid structure. The occurrence of
inclusion bodies might be an advantage on the in vitro catalysis to the production of

hydroxyl fatty acid for different purposes in biotechnological applications.
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Conclusions

. In vitro production of 10-H(P)OME, the substrate of 7,10-DS enzyme, was
achieved by a new recombinant strain of P. putida KT2440 KT2440/pBBR-77,

expressing the 10S-DOX and using oleic acid as substrate.

. Both enzymes, 10S-dioxygenase (10S-DOX) and 7S,10S-diolsynthase (7,10-DS
contain one mol of Fe* bound to the heme group as prostetic group,

characteristic property of the FadCCPs subfamily.

. The optimal temperature was almost shared for both enzymes, 30 °C for 10S-
DOX and 35 °C for 7,10-DS. Nevertheless, the thermal stability of 7,10-DS was
slightly higher than of 10S-DOX. At 50 °C only 20% of the activity remained in
any case. Both enzymes displayed similar activity in the range of pH 7-10. The
presence of divalent cation in the reaction medium decreased the activity of 10S-
DOX, while in the case of 7,10-DS Mg?*, Cd?*, and Ni?* enhanced the activity

Recombinant E. coli DHS5ao/pMMB-77 and E. coli BL21/pET28a-78 under
stress conditions can express the corresponding enzymes as inclusion bodies

with catalytic activity.

. The structural study of purified 10S-DOX and 7,10-DS inclusion bodies, by FT-
IR and dye binding revealed their amyloid structure. Their digestion with
Proteinase K, cause the collapse of the nanoparticles, about 61-65% for 10S-
DOX and 70-84% in the case of 7,10-DS.

. An experimental screening of the genera Pseudoalteromonas, Shewanella,

Aeromonas, Esinfer, Thauera, demonstrated that the presence of a putative diol

synthase system is not restricted to P. aeruginosa as described before.

113






6. ABBREVIATIONS






Abbreviations

10-H(P)OME:
10-HOME:
10R-HPODE
10S-DOX
13S-HPODE
5,8-DiHODE
7,10,12-
TriHOME

7,10-DiIHOME:

7,10-DS
7,8-DIHODE
7,8-LDS
8,11-DiHODE
8R-HPODE
9,10,13-THOD
9,12,13-THOD
9S-HPODE
AFM

BSA

CatlBs

CCP

CR

CYP

DMSO

DNA

DOX

DS

FadCCPs
FTIR

GCSF
HFA

HPLC
IBs
IBs-77
IBs-78
ICP-MS
IPTG
LAB
LCFA
LDS
LOX
m/z
MS
0.D.

(10S)-hydro(pero-)xy-8(E)-octadecenoic acid
(10S)-hydroxy-(8E)-octadecenoic acid
(10R)-hydro(pero-)xyoctadecadienoic acid
(10S)-dioxygenase
(13S)-hydroperoxy-(9Z,11E)-octadecadienoic acid
(5S,8R)-dihydroxyoctadeca-(9Z,12Z)-dienoic acid

7, 10, 12-trihydroxy-8(E)-octadecenoic acid
(7S, 10S)-dihydroxy-(8E)-octadecenoic acid
Diol synthase

(7S, 8S)- dihydroxylinoleic acid

7,8-Linoleate diol synthase
(8R,11S)-dihydroxy-(9Z,12Z)-octadecadienoic acids
8R-hydro(pero-)xylinoleic
9,10,13-trihydroxy-11(E)-octadecenoic acid
9,12,13-trihydroxy-10(E)-octadecenoic acid
(9S)-hydro(pero)-xy-(10E,12Z)-octadecadienoic acid
Atomic force microscopy

Bovine serum albumin

Catalytically-active inclusion body
Cytochrome c peroxydases

Congo red

Cytochrome P450

dimethyl sulfoxide

Deoxyribonucleic acid

Dioxygenase

Diol synthases

Fatty acid-di-heme Cytochrome c peroxidases
Fourrier Transform Infrared spectroscopy

Granulocyte-colony stimulating factor
Hydroxylated fatty acid

High preassure liquid chromatography

Inclusion bodies

IBs of 10-DOX expressed in E. coli DH5a/ pMMB-10S-DOX
IBs of 7,10-DS expressed in E. coli BL21-7,10-DS
Inductively coupled plasma mass spectrometer
Isopropil-p-D-1-tiogalactopirandsido

Lactic acid bacterial

Long-chain fatty acid

Linoleate diol synthases

Lipoxygenases

Mass-to-charge ratio

Mass spectrometry

Optical density
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OA
PGHS
PHA
PK
TEM
Th-T
TIC
TLC

Oleic acid

Prostaglandin H synthases
Polyhydroxyalkanoate

Proteinase K

Transmission electeron microscopy
Thioflavin-T

Total ion current

Thin-layer chromatography
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Annexes

8.1 ADDITIONAL INFORMATION

NCBI (http://www.ncbi.nlm.nih.gov) was used for multiple sequence alignment
(MSA) of all selected species. Multiple amino acid sequence alignment of PA2077
and PA2078 proteins, obtained by ClustalO.

Figure Al. Multiple amino acid sequence alignment of PA2077 and PA2078
proteins, obtained by ClustalO.

Figure A2. TLC chromatography: detection of 10S-H(P)OME produced by P.
putida (pBBR-77).

Figure A3-A4.5. Graphical summary of protein Blast analysis of PA2077 and
PA2078 amino acid for selected species.

Figure A5-A5.3. Functional of similar motifs in PA2077 and PA2078

Figure A6-A6.6. LC-MS/MS analysis of 10-H(P)OME and 7,10-DiHome produced
by species.
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Figure Al. Multiple amino acid sequence alignment of PA2077 and PA2078 proteins,
obtained by ClustalO. The hydrophobic amino acids shown in the figure are highlight by
purple box.
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Figure A2. TLC analysis of P. putida (pBBR-77) cell extract with 0.2g/L and 0.5g/L
incubated at 15 min, 30 min, 45 min and 1 h. The highest amount of 10-HPOME obtain at
1 h with 0.5g/L (red circles).

138



Annexes

Color key for alignment scores
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Figure A3. Blast results of Aeromonas group (taxid:642) with PA2077 aa. The query bar
represents 10% with 36% of identity.
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Figure A3.1. Blast results of Pseudoalteromonas (taxid:53246) with PA2077 aa. The query
bar represents 95% with 34% of identity.

Color key for alignment scores
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Figure A3.2. Blast results of Shewanella with PA2077 aa. The query bar represents 53%
with 27% of identity.
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Figure A3.3. Blast results of Pseudomonas (taxid: 286) with PA2077 aa. The query bar
represents 100% with 99% of identity.
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Color key for alignment scores
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Figure A3.4. Blast results of Thauera (taxid:33057) with PA2077 aa. The query bar
represents 19% with 39% of identity.
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Figure A3.5. Blast results of Sinorhizobium/Ensifer group (taxid:227292) with PA2077 aa.
The query bar represents 99% with 36% of identity.

Color key for alignment scores
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Figure A4. Blast results of Aeromonas (taxid: 84642) with PA2078 aa. The query bar
represents 28% with 27% of identity.

Color key for alignment scores
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Figure A4.1. Blast results of Pseudoalteromonas (TAXID: 53246) with PA2078 aa. The
query bar represents 96% with 31% of identity.
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Color key for alignment scores
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Figure A4.2. Blast results of Shewanella (taxid: 22) with PA2078 aa. The query bar
represents 47% with 29% of identity.

Color key for alignment scores
H =<0 Wl40-50 [ s0-80 W z0-200 H =200

1 100 200 300 400 500 600

Figure A4.3. Blast results Pseudomonas (taxid: 286) with PA2078 aa. The query bar
represents 100% with 99% of identity.

Color key for alignment scores
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Figure A4.4. Blast results Thauera (taxid:33057) with PA2078 aa. The query bar represents
16% with 49% of identity.

Color key for alignment scores
W =40 W40-50 M so-80 Ws0-200 M ==200

1 100 200 300 400 500 600

Figure A4.5. Blast results Sinorhizobium/Ensifer group (taxid: 227292) with PA2078 aa.
The query bar represents 95% with 36% of identity.
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Figure A5. Multiple amino acid sequence alignment of PA2077 and PA2078 in
hypothetical protein (Shewanella denitrificans) obtained by ClustalO.
Conserved heme sequences are shown in red. The predicted motif for
ferrous ion union is depicted in green . P450 motifs (EXXR) are in
yellow. The signature of oxidases containing the essential histidine like in MauG is
shown in blue.
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Figure A5.1. Multiple amino acid sequence alignment of PA2077 and PA2078 in
hypothetical protein (Pseudoalteromonas byunsanensis) obtained by ClustalO.

Conserved heme sequences

are shown in red. P450 motifs (EXXR) are

in yellow. The signature of oxidases containing the essential histidine like in MauG
is shown in blue.
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Figure A5.2. Multiple amino acid sequence alignment of PA2077 and PA2078 in
Sinorhizobium/Ensifer group (taxid:227292 hypothetical protein (Sinorhizobium sp.

GW3)) obtained by ClustalO. Conserved heme sequences
The predicted motif for ferrous ion union is depicted in green

are shown in red.
. P450 motifs

(EXXR) are in yellow. The signature of oxidases containing the essential histidine like in
MauG is shown in blue.
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PR2077 MTLESVLVAASIGAGSLISAAVLANDYTLDONWSAKDLAVWRDTSQGSRLLPLSWITALE 60

PR2078 MTLESVLVARSIGAGSLISARVLANDY TLDONWSAKDLAVWRDTSQGSRLLPLSWITALE 60
T T Ty

PR2077 IKGSKVPEFMSDANVQTYGYTPSTLVFAYQSYRLPRGEVVDEESDEALTFSRLRWEDGQSD 120

PR2078 IKGSKVPFMSDENVQTYGYTPSTLVEFAYQSYRLPRGFVVDKESDEALTFSRELEWKDGQSD 120
T T Ty

PR2078 QEPWVG] TANVSFDGYTWEIPGGPTNADFQKFLHAFREALSDTONDKEKFDRFR 180
R R R R R R R R Rt T T Y

PR2077 QE PWVGg-TANVS FDGYTWEIPGGPTNADFQKFLHAFREALSDTONDKEKFDRER 180

PR2077 SEVLAGTDTQANRQLLSTALDTLNRFLEEGASLNHTDLVYGPGRVDAVGHILNRVAQLNG 240

PR2078 SEVLAGTDTRANRQLLSTALDTLNRFLEEGASLNHTDLVYGPGRVDAVGHILNRVAQLNG 240
T T Ty

PR2077 APQPTPNPSDAPVSYPFLWNTPQHDKVQWNGVAPNLELGSNGLDIGALARNASEVVGVEG 300

PR2078 APQPTPNPSDAPVSYPFLWNTPQHDEVQWNGVAPNLKLGSNGLDIGALARNASEVVGVEG 300
R B R R S S

PR2077 DVSFRSDTHFEGFPSSVRIDNLDQLERTLTRLKPPEWPEKLGGIDENEQERGAELFRAQNC 360

PR2078 DVSFRSDTHFKGFPSSVRIDNLDQLERT LTRLKPPEWPEKLGGIDENKQKRGRELFAQNC 360
T T Ty

PR2077 SSCHLPLPRDDLEAKIVAKMSTISAETETNRSITTDPWMACNAVQFISDPGKLRGIHLNK 420

PR2078 SSCHLPLPRDDLEAKIVAKMSTISAETETNRSITTDPWMACNAVQFISDPGKLRGIHLNK 420
T T Ty

PR2077 IFGEITDQSTLVTQLGVTAREILLNQKHDIVALALKDFMNVEPAPSRVIRKGTFGEFLRAF 480

PR2078 IFGEITDQSTLVIQLGVIAREILLNQKHDIVALALKDFMNVEPRPSRVIRKGTFGFLRAF 480
T T Ty

PR2077 QSERSRRLOACYALAQDEKKKYPTLAYKARPLTGIWATAPYLHNGSVRTLYDLLLPPDKRF 540

PR2078 QSERSRRLOACYALAQDKKKYPTLAYKARPLTGIWATAPYLHNGSVRTLYDLLLPPDERP 540
T T Ty

PR2077 SSFEKTGSIMFDPEEKVGEVDAFGPGSPFTFDTSLPGNSNAGHDYGASSFLDADRYALIEYM

PR2078 SSFETGSIMFDPEKVGEVDRAFGPGSPFTFDTSLPGNSNAGHDYGASSFLDADRYALIEYM 600
T T Ty

s3]
o
o

PR2077 KTL 60
PR2078 KTL 603
E kK

Figure A5.3. Multiple amino acid sequence alignment of PA2077 and PA2078 in
Pseudomonas fluorescens obtained by ClustalO. Conserved heme sequences
are shown in red. P450 motifs (EXXR) are in yellow.
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Figure A6. LC-MS/MS analysis of product formed by P. aeruginosa during diol synthase
activity from OA. A, full scan chromatogram of 10-H(P)OME (peak of 9.17/9.18 min). B,
full scan chromatogram of 7,10-DiHOME (peak of 5.26/5.24 min).
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Figure A6.1. LC-MS/MS analysis of product formed by P. fluorecens during
biotransformation from OA. A, full scan chromatogram of 10-H(P)OME (peak of 9.16
min). B, full scan chromatogram of 7,10-DiHOME (peak of 5.23 min).
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Figure A6.2. LC-MS/MS analysis of product formed by A. bivalvium during
biotransformation from OA. A, full scan chromatogram of 10-H(P)OME (peak of 9.19/9.16
min). B, full scan chromatogram of 7,10-DiHOME (peak of 5.22/5.23 min).
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Figure A6.3. LC-MS/MS analysis of product formed by P. antarctica during
biotransformation from OA. A, full scan chromatogram of 10-H(P)OME (peak of 9.16
min). B, full scan chromatogram of 7,10-DiHOME (peak of 5.22/5.23 min).
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Figure A6.4. LC-MS/MS analysis of product formed by S. woodyi during
biotransformation from OA. A, full scan chromatogram of 10-H(P)OME (peak of 9.16
min). B, full scan chromatogram of 7,10-DiHOME (peak of 5.22/5.23 min).
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Figure A6.5. LC-MS/MS analysis of product formed by E. fredii during biotransformation
from OA. A, full scan chromatogram of 10-H(P)OME (peak of 8.91 min). B, full scan
chromatogram of 7,10-DiHOME (peak of 5.27 min).
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o

NL: 6 57E5
TIC F- FTMS - p ESI Full ms2
313 20@cid40.00 [85.00-350.00] MS 20
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3
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TIC F: FTMS - p ESI Full ms3
31320@cid40.00 295 20@cid40.00
[80.00-350.00] MS 20
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Figure A6.6. LC-MS/MS analysis of product formed by T. aminoaromatica during
biotransformation from OA. Full scan chromatogram of 10-H(P)OME (peak of 8.06/8.07
min).
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