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“Science is the key to unlocking the mysteries of the universe and

harnessing its power for the benefit of humanity” (Vera Rubin).






ABSTRACT

The vast marine biodiversity makes the ocean an almost inexhaustible source of bioactives with
significant biotechnological potential, emphasizing on marine invertebrates. Toxins, in particular, bear
high value as they tend to evolve to interact with specific molecular targets as a means of protection,
defense, or predation. For such reason, toxins, the main bioactive components of venoms and similar
secretions, are nowadays revealing the potential for the development of new drugs. The current re-
search is a contribution to investigate the biotechnological potential of a novel cysteine-rich secretory
protein derived from the secretions of a marine Polychaeta, Hediste diversicolor. Heterologous expres-
sion of the recombinant protein was successful. The protein was preferentially expressed in Terrific
Broth medium using Escherichia coli BL21(DE3) strain, induced with 1mM IPTG and incubated over-
night at 18°C, and was identified in both soluble and insoluble fractions. After optimizing the conditions
for heterologous expression, the protein was characterized for its molecular weight (26kDa-31kDa) by
SDS-PAGE and Western blot. The protein isoelectric point (7.7) was determined by Isoelectric Focusing,
and it was similar to the theoretical value. An extract enriched in recombinant protein was obtained after
Immobilized Metal Affinity Chromatography and used in in vitro assays to assess the protein's toxicity
and potential to cause molecular damage. Microscopy analysis confirmed the quality of cells used in the
specially developed cytoassays with primary mussel gill cells. Finally, the protein was further purified
using Size Exclusion Chromatography, attaining =86% purity. The tested protein concentrations did not
cause significant cytotoxicity or molecular damage to cells, which may have significant implications for
further research, as the protein is believed to have an important antimicrobial role, albeit still to be as-
certained. The successful cloning and expression lay out an important precedent for the testing and

exploitation of novel marine proteinaceous bioactives for the purpose of drug discovery.

Keywords: marine natural products; recombinant protein; Escherichia coli; cysteine-rich secretory pro-

teins; toxicity; in vitro assays
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RESUMO

A vasta biodiversidade marinha faz do oceano uma fonte quase inesgotavel de compostos bioa-
tivos com significativo potencial biotecnoldgico, com énfase nos invertebrados marinhos. Particular-
mente, as toxinas apresentam alto valor, pois tendem a evoluir para interagir com alvos moleculares
especificos como meio de protecdo, defesa ou predacdo. Assim, as toxinas, principais componentes
bioativos de venenos e secrecdes similares, revelam potencial para o desenvolvimento de novos far-
macos. A presente tese contribuiu para a investigacao do potencial biotecnolégico de uma nova prote-
ina rica em cisteinas derivada das secre¢des de uma Polychaeta marinha, Hediste diversicolor. A ex-
pressao heteréloga da proteina recombinante foi bem-sucedida. A proteina foi preferencialmente ex-
pressa em Terrific Broth utilizando a estirpe de Escherichia coli BL21(DE3), induzida com 1mM de IPTG
e incubada a 18°C durante a noite, tendo sido identificada na fracao soltvel e insoltvel. Apos otimizagéo
das condicdes de expressdo heteréloga, a proteina foi caracterizada quanto ao seu peso molecular
(26kDa-31kDa) por SDS-PAGE e Western blot. O ponto isoelétrico da proteina (7.7) foi determinado
por Focagem lsoelétrica, sendo préximo do valor tedrico. Um extrato enriquecido com a proteina re-
combinante foi obtido apds Cromatografia de Afinidade com Metal Imobilizado e utilizado em ensaios
in vitro para avaliar a toxicidade da proteina e o seu potencial para causar danos moleculares. A analise
microscépica confirmou a qualidade das células utilizadas nos citoensaios especialmente desenvolvi-
dos com células primarias de guelras de mexilh&o. A proteina foi ainda purificada usando Cromatografia
de Exclusao de Tamanho, atingindo =86% de pureza. As concentragdes proteicas testadas nao causa-
ram citotoxicidade significativa ou danos moleculares, o que pode ter implicagbes significativas para
futuros projetos, pois acredita-se que a proteina tenha um importante papel antimicrobiano, embora
ainda a ser apurado. A clonagem e expressao bem-sucedidas estabelecem um precedente importante
para o teste e exploracdo de novos bioativos proteicos marinhos para fins de descoberta de farmacos.

Palavas chave: Produtos naturais marinhos; proteina recombinante; Escherichia coli; proteinas

secretadas ricas em cisteinas; toxicidade; ensaios in vitro
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1

INTRODUCTION

1.1 Marine Bioprospecting

The interest in marine bioprospecting primarily stems from the vast and ancient biodiversity and
subsequent biochemical diversity of the ocean (Sala & Knowlton, 2006), which boosts it as an almost
inexhaustible source of novel bioactives. However, the full extent of marine biodiversity remains elusive.
As mentioned by Sala and Knowlton (2006), many marine species still need identification, mainly due
to insufficient efforts and loss of experienced taxonomists, contributing to the hindrance of marine bio-
prospecting. Notwithstanding, the increasing demand for novel and sustainable bioactive compounds
for various applications, from biomaterials to pharmaceuticals, is steering bioprospecting toward the
oceans as an unparalleled source of unique marine bioproducts with substantial potential for societal
and commercial benefits (Burgess, 2012). These motivations led to the incorporation of Blue Biotech-
nology by the European Union as a pillar for the Blue Growth Agenda, aiming to promote a purposeful
and sustainable discovery, exploitation, and application of marine resources (see, for instance, Lillebg
et al., 2017). Nevertheless, despite this surge in interest and the immense diversity of marine com-
pounds, the catalog of documented marine natural products still significantly lags behind its terrestrial
counterparts (Ntie-Kang & Syozil, 2020). Figure 1.1 provides an overview of how marine biomolecules
and whole-organisms offer a wide array of potential biotechnological applications, spanning eco-friendly
pesticides, cosmetics, biofuels, detergents, and even food products (see Freitas et al., 2012 and Matrtins
et al., 2014, for further details). Interestingly, a few marine-derived bioproducts already play a pivotal
role in research and in vitro diagnostics (Burgess, 2012). Arguably, the most noteworthy example is the
green fluorescent protein (GFP). Furthermore, marine biomolecules have made relevant contributions
to the development of novel biomaterials and drugs (see Khrunyk et al., 2020 and Mayer et al., 2010 for
reviews). Bioactive proteins and peptides from marine animal venoms, including those from Polychaeta
annelids, seem particularly interesting for this last application due to their specificity but especially to
their diversity (Molinski et al., 2009; Rodrigo & Costa, 2019).
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Figure 1.1 — Marine biodiversity applications. The wide marine biodiversity offers us a massive variety of chemical
compounds with useful and profitable features. This makes the oceans an almost inexhaustible source of novel
bioproducts, like bioactives, used in several areas. Adapted from Freitas et al. (2012), Martins et al. (2014), Khrunyk
et al. (2020) and Mayer et al. (2010).

1.2 Marine Toxins

Toxins are highly prized bioactives because they have evolved to interact with specific molecular
targets and physiological processes in a target organism (Wright, 2019). Proteinaceous toxins are the
main components of animal venoms and poisons, which are complex cocktails that also include salts,
enzymes and enzyme inhibitors, to quote a few (Fox & Serrano, 2008; Inceoglu et al., 2003). Quite
naturally, among the vastness of marine biodiversity, there are many venomous animals, both vertebrate
and invertebrate. Their venoms encompass a repertoire of bioactive molecules such as neurotoxins,
permeabilizing agents, anticoagulants, and antimicrobial peptides (extensively revised in Fry et al.,
2009). Some of these toxins exhibit a potential to act not only in prey but also to recognize mammalian
receptors, making them valuable prototypes for drug development (see Molinski et al., 2009, for exam-
ples). In fact, the diversity of bioactive compounds found in natural environments, such as the ocean,
made marine bioprospecting a compelling alternative to the laborious, costly, and time-consuming pro-

cess of designing synthetic compounds (Rodrigo & Costa, 2019; Collins et al., 2014). Focusing on



protein-based toxins, they have several advantages over metabolites or derivatives, especially for drug
development. First, proteins offer higher specificity in binding to a target and a more complex set of
functions than smaller molecules, which can be justified by the higher number and stronger interactions
that a protein can establish (see Dias & Roque, 2017 for a review on affinity reagents). Moreover, protein
therapeutics are unlikely to interfere with other biological processes due to their high specificity. Addi-
tionally, as the human body naturally produces proteins, these molecules are typically well-tolerated by
the organism. These advantages result in enhanced efficiency for drugs based on proteins, reducing
the required dosage, minimizing waste, and limiting side effects. In addition, it is worth noticing that
proteins can be produced nowadays by recombinant DNA technology, which could be an alternative to
chemical synthesis (see Leader et al., 2008 for further details on the advantages of protein therapeutics).
All these factors evidence that drugs based on proteinaceous toxins, have potential to offer superior
safety, cost-effectiveness, and environmental friendliness compared to small molecules or synthetic
compounds. Consequently, the interest in marine proteins with biomedical potential, such as neurotox-
ins, has increased. Specifically, neurotoxins hold promise as the foundation for novel painkillers and
anesthetics due to their interference with the neuromuscular system. Conotoxins, a subgroup of marine
neurotoxins produced by cone snails, exemplify this biomedical potential. These small proteins and
peptides are mostly composed of 10 to 40 amino acids and are rich in cysteine residues (mostly 4 to 6).
Consequently, conotoxins bear specialized secondary structures resulting from the formation of disulfide
bonds, which are paramount for the stability and function of the proteins. These features confer re-
sistance to proteases and are responsible for the specific and potent interactions of conotoxins with
molecular targets (including ion channels, G protein-coupled receptors, transporters, and enzymes, to
guote a few). In addition, their stability and compact size made possible functional expression using
bacteria (see Jin et al., 2019 for further details on conotoxins). A notable success in this domain is the
approved painkiller Ziconotide, derived from w-conotoxin MVIIA present in Conus magus venom. This
conotoxin is composed of 25 amino acids, six of which are cysteines, and can block calcium channels
essential for the transduction of a neuronal signal (Molinski et al., 2009). Although the commercial ver-
sion of Ziconotide is produced synthetically, the heterologous expression of the functional peptide in
Escherichia coli has already been reported by Xia et al. (2006). Beyond Ziconotide, drugs based on
non-protein marine toxins were already approved with applications in cancer and viral disease treat-
ment, while other marine bioactives are currently in clinical trials (Mayer et al., 2010). However, the
commercial success of drugs based on marine bioproducts remains limited, partly due to challenges in
purifying and identifying active compounds from complex mixtures, often in small quantities (Wright,
2019). Nevertheless, the primary hurdle arises from difficulties in harnessing the vast marine biodiversity
and chemical diversity for practical applications (Burgess, 2012). State-of-the-art methodologies, such
as ‘omics’ and associated computational approaches, and public access databases have been assisting
the discovery, characterization, and even prediction of bioactive effects in mammalians, as the case for
instance of Moutinho Cabral et al., (2002), within toxins from Glycera alba plus Hediste diversicolor and

their potential interactions with the human reactome.



1.3 The Polychaeta case study

The Polychaeta annelids constitute a taxonomic group of aquatic invertebrates little studied by
biotechnologists, albeit representing one of the most diverse and widespread group of aquatic animals.
These annelids' wide distribution has driven specific macroscopic and microscopic adaptations. There-
fore, the remarkable diversity and geographical distribution of polychaetes indicate that these organisms
have potential to produce bioactives compounds, which may hold biotechnological interest. Indeed,
these organisms occupy a vast array of ecological niches, ranging from deep-sea vents to freshwater
rivers and lakes, being virtually present in all types of marine sediments (Glasby & Timm, 2008). The
distribution of these annelids is influenced by multiple environmental factors, including substrate type,
sediment anoxia, pH levels, organic content, plus depth, temperature, and salinity (Hutchings, 1998).
One notable example of their adaptations to the environment is the epidermis, which evolved to provide
essential protection and sensory capabilities, finely tuned to match the species' ecological niches
(Hausen, 2005). Furthermore, the proboscis (an eversible pharynx possessed by many species) shows
diverse modifications that suit multiple feeding and sensing strategies. In addition to these adaptations,
polychaetes can produce secretions containing specific bioactives (including substances such as mu-
cins, toxins, and digestive enzymes) to compensate for a comparatively primitive immune system or to
be used as defense or predation mechanisms (see Rodrigo & Costa, 2019 for a review). These bioac-
tives may hold significant potential for the development of new drugs. As mentioned by the same au-
thors, some of these bioactives were already reported as compounds of interest for the development of
painkillers, anesthetics, anti-cancer drugs, antibiotics, and others. For instance, several neurotoxins
found in fireworms (Amphinomidae) are able to induce muscle relaxation and paralysis by blocking the
neuromuscular transmission and potassium channels (see Von Reumont et al., 2014 and Rodrigo &
Costa, 2019 for examples).

The discoveries presented above have heightened interest in investigating bioactives produced
by polychaetes. This growing interest has drawn attention to abundant Polychaete groups with intriguing
predatory and defensive traits present for instance on the Portuguese coast. One of these species is
Eulalia viridis, a green worm that has been receiving particular attention recently. This species, found in
the rocky intertidal zone, possesses subtle microanatomical features that serve as an adaptation to its
environment and suit its predatory behavior. Among these adaptative traits, the skin of E. viridis bears
specialized cells to secrete mucus, cuticle, and toxins, even in absence of specialized glands (for further
details on E. viridis, see Rodrigo et al., 2018). The same authors also disclosed that some proteins
present in the mucous secretion appear to specifically induce cell-cycle arrest by a mechanism specific
to A2780 ovarian adenocarcinoma cells. These findings support the potential of E. viridis bioactives as
promising candidates for novel anti-cancer treatments (Rodrigo et al., 2021a). The E. viridis case study
showed that annelids from temperate waters, namely the Portuguese coastline, can be an important
source of novel bioactives. Therefore, the biotechnological potential of Glycerids, commonly known as

bloodworms, has garnered attention. These marine worms are predators of small marine invertebrates



and use their proboscis to entrap prey. The proboscis is equipped with four robust jaws connected to
venom glands, each featuring channels and pores for venom release (Moses et al., 2006). Recent tran-
scriptomic analysis suggests that the venom secreted by these annelids comprises a cocktail of marine
toxins, including pore-forming toxins, neurotoxins, protease inhibitors, CAP domain toxins, and various
enzymes (Von Reumont et al., 2014). The combination of these toxins may provoke progressive paral-
ysis of small invertebrates (the typical prey of these annelids), along with cardiac arrest, convulsions,
and eventually death (Michel & Keil, 1975; Bon et al., 1985). The role played by these toxins, the anat-
omy of the venom apparatus and field observations of feeding habits confirmed the Glycerid’s predatory
habits (Von Reumont et al., 2014). Within this Polychaeta group, some toxins with biotechnological
potential have been identified, such as glycerotoxin, a proteinaceous neurotoxin known to act as a cal-
cium channel agonist (Michel & Keil, 1975). In addition, the effects of glycerotoxin appear to be fully
reversible, enhancing its value for biotechnology (Meunier, 2002). Conversely, Hediste (Nereididae),
another Polychaeta group relatively abundant on the Portuguese coast, displays a distinct behavior
compared with Glycerids. In particular, Hediste diversicolor, although possessing an eversible proboscis
adorned with two jaws, its primary function is more related to grasping food (Scaps, 2002; Bryan &
Gibbs, 1979). Scaps’ (2020) review also mentions an alternative feeding technique involving the use of
mucous secretions deposited on the worm’s body surface to collect food particles. In addition, it was
recently suggested that nereidids may be able to secrete unknown bioactives through their skin as a
defense mechanism (Goncalves & Costa, 2020). Another defense mechanism specific to Hediste diver-
sicolor is the secretion of an identified antimicrobial peptide (hedistin) by the natural killer-like cells upon
immune challenge (Tasiemski et al., 2007). As here elucidated, these two Polychaete groups, Glycerids
and Nereididae, hold considerable biotechnological interest owing to their capacity to produce bioactives
endowed with distinctive and useful properties. Understanding the full potential of these bioactives is,
therefore, a critical tool to make these abundant animals in our coast and estuaries an important source
of novel compounds for biotechnological applications.

The research performed by Rodrigo et al. (2018, 2021a) allowed the establishment of a research
pipeline to explore new marine toxins. First, the focus is directed toward species exhibiting characteris-
tics suggestive of toxin production, either in their anatomical features or behavioral traits. Upon identify-
ing a promising candidate within a database, specimens of the species are collected from the North
Atlantic Ocean. Subsequently, their proteomes and transcriptomes are analyzed in silico with the pur-
pose to identify compounds of interest. The identified compounds are then produced and characterized,
and finally, in vitro and in vivo experiments are conducted to assess the toxicity and bioactivity of the
products. Favorable outcomes in these assays pave the way for the subsequent phase: the develop-

ment of a drug. This drug would be subsequently subjected to clinical trials, as depicted in Figure 1.2.
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Figure 1.2 — Marine bioprospecting for drug discovery. Proposed steps to obtain a drug based on a marine
toxin. Adapted from Haque and Ratemi, (2017) and Liang et al. (2019).

In line with the research strategy presented above, Moutinho Cabral et al. (2022) conducted a
comparative transcriptomic analysis of secretory organs from the Polychaetes species Glycera alba and
Hediste diversicolor. The same study revealed the presence of proteinaceous toxins with potential to
interact with the human proteome. Based on these findings, certain proteins of particular interest, pre-
sumed to have biomedical potential, have been selected for further investigation and are detailed in
Table 1.1. One of the proteins that garnered attention is a cysteine-rich venom protein, found to be
overexpressed in the proboscis of Glycera alba. Its sequence exhibits homology to known neurotoxins
from various marine invertebrates. These neurotoxins are characterized by CAP domains and their po-
tential to inhibit potassium channels in neurons (Modica et al., 2015). While this protein demonstrated
potential as a neurotoxin, it did not yield interactions in the interactome-directed analysis due to the
absence of human homologs on the platform. Nonetheless, Moutinho Cabral et al. (2022) proposed that
this cysteine-rich venom protein may interact with the human neuromuscular system. In contrast to G.
alba's neurotoxin candidate and although others cysteine-rich venom proteins appear to be related to
ion channel-blocking activity (see for instance, Jin et al., 2019; Xia et al., 2006; Yamazaki et al., 2002;
Rodrigo et al., 2021b), the cysteine-rich secretory protein released by Hediste diversicolor seems to be
associated with defensive and immune functions. According to Moutinho Cabral et al. (2022), this protein
resembles pathogenesis-related and glioma pathogenesis-related like proteins. Pathogenesis-related
proteins are produced by plants and play a pivotal role in plant defense mechanisms, with some ap-
pearing to act as antimicrobial agents targeting molecules present in the wall of bacterial or fungal cells
(van Loon, 1985; Dos Santos & Franco, 2023). Glioma pathogenesis-related like proteins, found in cer-
tain cancer types, appear to exhibit dual roles in cancer development. For instance, the pathogenesis-

related like protein 1 has been identified as an oncoprotein in some cancers and as a tumor suppressor



in others, holding potential in the treatment of the last group (Wang et al., 2022). This suggests that the
cysteine-rich secretory protein from Hediste diversicolor may possess neurotoxic and antimicrobial po-
tential. Furthermore, the thyrostimulin beta-5 subunit, also identified in Hediste diversicolor, appears to
be up-regulated in the proboscis’ glands. This protein has potential to influence thyroid cell metabolism
due to its homologous ability to interact with the G protein-coupled receptor of thyrotropin, the master
regulator of thyroid gland growth and function (Nakabayashi et al., 2002). In addition to its role in thyroid
regulation and according to the results of Moutinho Cabral et al. (2022) this protein may possess neu-
ronal modulator and hormonal activities, given its non-covalent binding to the alpha-2 subunit of thy-
rostimulin, a glycoprotein hormone also reported in cone shails and gastropods (Heyland et al., 2012;
Robinson et al., 2017). Last but not least, the serine protease inhibitor Kazal-type from G. alba was also
identified in the venoms of other animals (including other Polychaetas’ species), where it was suggested
that it might have antimicrobial or anticoagulation properties (Von Reumont et al., 2014; Rodrigo et al.,
2021b; Kim et al., 2013). These four proteins exhibit considerable biotechnological potential, however,

not all of them will be the focus of this thesis.

Table 1.1 — Identified proteins with biotechnological potential from Glycera alba and Hediste diversicolor
(proteins’ properties were retrieved from Expasy Protoparam program).

. Protein Data Amino Acids Cysteines Molecular Weight
Protein Name

Bank ID Number Number (g/mol)
Glycera albacysteine-  ;p 76544 1 301 22 32167.59
rich venom protein
Hediste diversicolor cys-
teine-rich secretory pro- UTH78536.1 195 10 21135.70
tein
Hediste diversicolor
thyrostimulin beta-5 UTH78537.1 151 10 16647.19
subunit
Glycera alba serine prote-  ;p 7g545 1 396 40 42588.13

ase inhibitor Kazal-type



https://www.ncbi.nlm.nih.gov/protein/UTH78534.1?report=genbank&log$=protalign&blast_rank=1&RID=KSKC33NY016
https://www.ncbi.nlm.nih.gov/protein/UTH78536.1?report=genbank&log$=protalign&blast_rank=1&RID=KSKY9W4V016
https://www.ncbi.nlm.nih.gov/protein/UTH78537.1?report=genbank&log$=protalign&blast_rank=1&RID=KUJ376JC016
https://www.ncbi.nlm.nih.gov/protein/UTH78535.1?report=genbank&log$=protalign&blast_rank=1&RID=KUJA24PY016

1.4 Objectives

This project is a contribution to explore the biotechnological potential of proteins isolated from
marine Polychaeta. The main goal was to develop and test a method to produce a cysteine-rich secre-
tory protein (CRISP), a bioactive protein secreted by the muscular proboscis region of Hediste diver-
siocolor, based on DNA recombinant technology using the Escherichia coli model. This protein was
selected among four proteins of interest reported by Moutinho Cabral et al. (2022) due to its potential
bioreactivity and lower number of cysteines, as previously shown in Table 1.1. Specifically, this thesis
aimed at i) selecting and optimizing the protein expression strategy using E. coli as a biotechnological
model; i) developing a workflow for protein purification and biophysical characterization; and iii) prelim-

inarily verifying its potential toxicity and bioactivity.

To achieve these goals, the research project was divided into three main tasks. The initial phase
involved an analysis of the proteinaceous sequences and selection of one protein to attempt for the first-
time heterologous expression in E. coli under different conditions. After obtaining a soluble recombinant
protein, the subsequent task centered on its purification and characterization. The protein purification
process encompassed the use of immobilized metal affinity chromatography (IMAC) and size exclusion
chromatography (SEC). The characterization efforts included the determination of the molecular weight
and isoelectric point of the protein through SDS-PAGE, Western blot and isoelectric focusing (IEF), plus
the identification of the recombinant protein through liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS). To evaluate the protein's toxicity and bioactivity, a series of cell-based as-
says were conducted, namely the neutral red and comet assays, which take cytotoxicity and molecular
damage as main endpoints, respectively. These assays utilized primary mussel gill cells as a toxicolog-
ical model for expediteness and potential sensitivity. Additionally, microscopic analysis was also per-
formed to verify the presence of cytotoxicity signs in the cells, specifically to confirm if the cells and their
organelles (e.g., nucleus) remained apparently viable after exposure to the produced protein. An over-

view of these sequential steps is provided in Figure 1.3.
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MATERIALS AND METHODS

2.1 Chemicals

The following chemicals were used to prepare buffer solutions and solvents: tris (CAS number
77-86-1), glycine (CAS number 56-40-6), and sodium dodecyl sulfate micropellet (SDS, CAS number
151-21-3), from NZYTech. potassium chloride (KCI, CAS number 7447-40-7), 2-mercaptoethanol (CAS
number 60-24-2), sodium phosphate dibasic heptahydrate (NazHPO4 - 7H20, CAS number 7782-85-6),
potassium phosphate dibasic (K2HPO4, CAS number 7758-11-4), sodium bicarbonate (NaHCOs, CAS
number 144-55-8), D(+)-glucose anhydrous (CAS number 50-99-7), DMSO (dimethyl sulfoxide, CAS
number 67-68-5) and urea (CAS number 57-13-6) from Sigma-Aldrich. Sodium chloride (NaCl, CAS
number 7647-14-5), acetic acid (CAS number 64-19-7) and dithiothreitol (DTT, CAS number 3483-12-
3) from Fisher Scientific, and imidazole (CAS number 288-32-4) and glycerol (CAS number 56-81-5)
from Alfa Aesar. From VWR were purchased sodium hydroxide (NaOH, CAS number 1310-73-2),
tween-20 (CAS number 9005-64-5), and potassium phosphate monobasic (KH,PO,, CAS number
7778-77-0). Other compounds were purchased from different suppliers: bromophenol blue (CAS num-
ber 115-39-9) and ethanol absolute (= 99.5 %, CAS number 64-17-5) were from PanReacAppliChem,
CHAPS (3-[(3-Cholamidopropyl)-dimethyl ammonio]-1-propane sulphonate, CAS number 75621-03-3)
and EDTA disodium salt solution (ethylenediamine tetraacetic acid disodium, CAS number 6381-92-6)
from Roth, HCI (hydrochloric acid 37 %, CAS number 7647-01-0) from Chemlab, bio-lyte (CAS number
163-2094) and mineral oil (CAS number 8042-47-5) from Bio-Rad and triton® X-100 (CAS number
9036-19-5) from Promega. The 12.5 % SDS-PAGE gels for electrophoreses were produced in-house
with 30 % acrylamide: bisacrylamide 37.5:1 and 10 % sodium dodecyl sulfate (SDS) solution from Bio-
Rad, ammonium persulphate (APS, = 98%, CAS number 7727-54-0) and N,N,N’,N'-tetramethylethylene-
diamine (TEMED, CAS number 110-18-9) from NZYTech. The Coomassie blue staining solution was
prepared with Coomassie brilliant blue R-250 (CAS number 6104-59-2, Sigma-Aldrich), acetic acid gla-
cial (CAS number 64-19-7, VWR), and methanol (CAS number 67-56-1, Honeywell). Alternatively, the

gels were stained with Silver Stain Plus kit from Biorad.
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2.2 General Equipment

The bacterial growth and protein expression were carried out in incubator KS 4000 ic (IKA) and
the optical density of bacteria cultures was measured in evolution 201/220 ultraviolet-visible (UV-Vis)
spectrophotometer (Thermo Scientific). All the centrifugations made during the lysis and purification
processes used the centrifuge multifuge X3 (Thermo Scientific) or the minicentrifuge Micro Star 12
(VWR). The centrifugations made during the cell-based assays used the Multi-Purpose, High-Speed
Centrifuge 1248R (GYROZEN). All the solutions’ pH was measured with the pHenomenal from VWR
(pH 1100L). Mini-Protean Tetra System (Bio-Rad) was used for SDS-PAGE Electrophoresis and West-

ern blots, and the results were registered using a ChemiDoc XRS+ (Bio-Rad).

2.3 Protein Production

2.3.1 Recombinant DNA construction

The gene encoding for a recombinant protein, named Hdiv_1 and formed by the cysteine-rich
secretory protein sequence from Hediste diversicolor (Accession OL606746, see also Moutinho Cabral
et al., 2022), was optimized for expression in Escherichia coli and synthesized as an outsourced service
from GeneCust (France). The Hdiv_1 sequence, with a Histidine-tag in its N-terminal, was cloned into
the pET15b vector (TB045 5/99, Novagen) using the restriction sites of Ncol and Ndel. Therefore, the

Hdiv_1 sequence is fused to a His-tag in the N-terminal, as shown in Table 2.1.
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Table 2.1 — Hdiv_1 sequences:

CCATGGGCGGCATGGGTCATCATCATCATCATCATACCAACCTGATTATTCTGTTTGCATGTTTTGCGTTT
GCAGTTGCGACGCCGATTGAACTGATTAACCCGGATGCAAATAATTATGAAGAAATGATGAGCAAACGCGG
TACATGTGGTGCACAGCTGGCACGTCTGAGCAGTCGTAGTGCAACCAATTTTCTGAATGCCCATAATACCA
Hdth.NUCMO- AACGCCAGCAGGAAGGCCAGGGTCTGAGTGGTCTGACCTGGGATAGTGATCTGGCGGCACGTGCTCAGGAA
ﬂdeSequence(S' CTGGCAAATAAATGTGTATTTAACCACGGTCTGGCAACCGATTGCAACGGTAAAAGTTGTGGTCAGAATAT
_33 TTATTATAGTGGCGGTAGTAGCTTTAGCGCAGCAAAAGTTGTTGATAGCTGGTATAGCGAAAAGAATGATT
TTACATATAGTAGCAACTCCTGCGCGAGCGGTAAAGCATGTGGTCATTATACCCAGATTGTTTGGAAAAGC
ACCCAGAAAGTGGGTTGTGCGGTTGCAGATTGTACCGGCAAAGTTATGGGCTATAGCCCGGAATATATCGC
AGTTTGTAATTATTTTCCGCCGGGTAATTATATTGGTCAGAAACCATATTAAGGCCATATG

MGGMGHHHHHHTNLIILFACFAFAVATPIELINPDANNYEEMMSKRGTCGAQLARLS
Hdiv_1 Amino SRSATNFLNAHNTKRQQEGQGLSGLTWDSDLAARAQELANKCVFNHGLATDCNGKS
acid Sequence CGQONIYYSGGSSFSAAKVVDSWYSEKNDFTYSSNSCASGKACGHYTQIVWKSTQKVG

CAVADCTGKVMGYSPEYIAVCNYFPPGNYIGQKPY

2.3.2 Bacteria Transformation

The vector provided by Genecust was transformed in Escherichia coli BL21(DE3) and Origami™
B(DE3)pLysS Competent Cells (Novagen), purchased from NZYTech and Sigma-Aldrich, respectively
(Table 2.2). The transformation was performed by the heat shock method. In short, 1.5 uL of the plasmid
(20 ng/uL) was added to 50 uL and 30 uL of BL21(DE3) and Origami™ B(DE3)pLysS bacteria, respec-
tively. Afterward, the bacteria were left in ice for 5 minutes, heated at 42°C for 30 seconds (Origami™
B(DE3)pLysS strain) and 40 seconds (BL21(DE3) strain), and then left in ice for 2 minutes. Finally, 250
uL of SOC medium (super optimal broth with catabolite repression) from the manufacturer kit was added
to the bacteria and incubated at 37°C, 250 rpm for 60 to 90 minutes. The bacteria suspension was
plated in LB agar plates (25 g/L LB Broth, 15 g/L agar granulated, both from NZYTech) with the respec-
tive antibiotics to select the correct transformants. The BL21(DE3) bacteria were plated in LB agar with
ampicillin (stock 100 mg/mL; CAS number 69-52-3) and the Origami™ B(DE3)pLysS bacteria were
plated in LB agar with ampicillin (stock 100 mg/mL), chloramphenicol (stock 30 mg/mL; CAS number
56-75-7), tetracycline (stock 5 mg/mL; CAS number 64-75-5), and kanamycin (stock 50 mg/mL; CAS
number 25389-94-0), all from NZYTech. All plates were incubated at 37°C for overnight or until it was
possible to distinguish colonies.
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Table 2.2 — Escherichia coli strains used in this work:

. . Catalog
E. coli Strains Genotypes Manufacturer
Number

F- ompT gal dem lon hsdSg(rs- ms-) A(DE3
BL21(DE3) ) ) MB00601 NZYTech
*lacl lacUV5-T7 gene 1 ind1 sam7 nin5

F- ompT hsdSg(rs- ms-) gal dcm lacY1l
ahpC (DE3) gor522:: Tn10 trxB pLysS 70839 Sigma-Aldrich

(CamR, KanR, Tet®)

Origami™
B(DE3)pLysS

2.3.3 Protein Heterologous Expression

To develop a strategy for the heterologous expression of a Cys-rich protein (Hdiv_1) in Esche-
richia coli, was decided to test different expression conditions using the BL21(DE3) strain. During the
expression were used different temperatures (37°C, 30°C, and 18°C), induction times (4 and 18 hours),
and two different culture media, Lysogeny Broth (LB) and Terrific Broth (TB). The LB medium was pre-
pared with 25 g/L LB Broth (10 g/L NacCl, 10 g/L tryptone, 5 g/L yeast extract) and the Terrific Broth (TB)
medium was prepared by mixing 20 g/L tryptone, 24 g/L yeast extract micro granulated and 4 mL/L
glycerol (all acquired from NZYTech), with the addition of sterile potassium phosphate buffer (0.017 M
KH2POs, 0.072 M K2HPO,).

A freshly grown BL21(DE3) colony was picked from the selected transformants plate and inocu-
lated in 6 mL of liquid LB with 6 uL of ampicillin (stock 100 mg/mL). This pre-inoculum was incubated
overnight at 37°C and 250 rpm to promote bacterial growth. The next day, the glycerol stock was pre-
pared by mixing 500 uL of the culture with 500 uL of 50 % (v/v) glycerol and then stored at -80°C. A 5
mL sample of the overnight culture was also transferred into 50 mL of LB or TB with 55 uL of ampicillin
and incubated at 37°C and 250 rpm for 3 hours in a 200 mL erlenmeyer. Afterward, 10 mL of the pre-
culture was inoculated into 1 L of LB or TB media, and the appropriate amount of antibiotic was added.
After that moment, the optical density at 600 nm (ODsoo) Wwas measured hourly until obtaining a value of
approximately 0.8, and then the culture was induced. The induction occurred by adding to each culture
1010 puL of 1 M IPTG (to a final concentration of 1mM of Isopropyl B-D-1-thiogalactopyranoside;
NZYTech) and then incubating at the different temperatures with 250 rpm for at least 18 hours. This
protocol was repeated three times, using the glycerol stock for the inoculation step, to perform expres-

sion under all the different induction temperatures (at 37°C, 30°C, and 18°C).

To perform a time course analysis, the ODesoo Was measured during the expression, and samples
were collected before (Bl) and after induction (Al: hourly and overnight). The samples were normalized

overtime by collecting a specific volume determined using the following formula: Vt = 1.2/0ODsoo (where
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Vt is the volume collected from the culture) and the samples were stored at -20°C. Later, all samples
were centrifuged at 12300 rpm for 2 minutes and the supernatants were discarded. The pellets were
resuspended in SDS-PAGE sample buffer (0.05 M tris, 5 % (v/v) SDS, 6 % (v/v) beta-mercaptoethanol,
13 % (v/v) glycerol, 0.4 mM bromophenol blue) and after incubation at 100°C for 10 minutes, the sam-

ples were analyzed through 12.5 % acrylamide SDS-PAGE gels.

The best conditions for Hdiv_1 expression in BL21(DE3) were at 30°C and 18°C with TB medium,
so these conditions were applied for expression in Origami™ B(DE3)pLysS strain. An Origami colony
was picked from the selected transformants plate and inoculated in 1 mL of SOC medium with 1 pL of
each selected antibiotic: ampicillin (stock 100 mg/mL), chloramphenicol (stock 30 mg/mL), tetracycline
(stock 5 mg/mL), and kanamycin (stock 50 mg/mL). This pre-inoculum was incubated at 37°C and 250
rpm for 2 hours to promote bacterial growth, then 1 mL of the culture was transferred to 20 mL of LB
with 20 uL of each antibiotic and left growth overnight in a 200 mL erlenmeyer, maintaining the same
conditions. The next day, the glycerol stock was prepared and 10 mL of the culture was transferred into
1 L of TB medium with 1010 uL of each antibiotic. The culture was incubated in the same conditions
until the ODsoo Was approximately 0.8. Afterward, the culture was induced by adding 1010 uL of 1M
IPTG and incubated at 30°C and 250 rpm for at least 18 hours. This protocol was repeated one more
time, using the glycerol stock for the inoculation step, to perform expression at 18°C. The time course
analysis was performed as described before. All the different protein expression conditions tested are

summarized in Table 2.3.

Table 2.3 — Conditions for recombinant expression of Hdiv_1.:
Expression Conditions E. coli Strains

Temperature and Origami™ B(DE3)

Time After Induction Culture Medium BL21(DES3) pLysS
LB X -
o

37°C; 4 hours B X .
37°C; 18 hours LB X -
(Overnight) B X -
30°C; 18 hours LB X -
(Overnight) B X X
18°C; 18 hours LB X -
(Overnight) B X X

Note: x represents the tested conditions; - represents the conditions that were not tested

In parallel with the aforementioned procedure, we produced an E. coli BL21(DE3) extract without
the plasmid codifying to Hdiv_1 using the best expression strategy. The resulting protein extract con-
tained all soluble proteins intrinsic to BL21(DE3), and it was used as a control for cell-based assays. A

small-scale expression was performed by inoculating 200 pL of non-transformed BL21(DE3) bacteria
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into 2 mL of TB medium. The next day, 1 mL of the culture was transferred to 100 mL of TB medium
and was incubated at 18°C and 250 rpm overnight.

After expression, the bacterial cells were harvested through centrifugation at 4°C and 4500 rpm
for 20 minutes, and the pellets were stored at -80°C. Later, the pellets were subjected to three cycles of
freeze (20 minutes at -80°C) and thaw (15 minutes at 37°C) to fragilize the cell walls. The bacterial pellet
was weighted and for each g of pellet 5 mL of lysis buffer were added. The lysis buffer contained PBS
(10 mM Na phosphate pH 7,4 150 mM NacCl), lysozyme from chicken egg white (0.2 mg/mL; CAS num-
ber 12650-88-3), DNase | from bovine pancreas (5 pg/mL; CAS number 9003-98-9), and cOmplete™
EDTA-free Protease Inhibitor Cocktail, all acquired from Sigma-Aldrich. The cell pellets were incubated
with lysis buffer at 23°C and 300 rpm for 1 hour. After incubation, the suspension was centrifuged at 4°C
and 10000 rpm for 20 minutes to separate the soluble (SF) and insoluble fractions (ISF). All the fractions

obtained were then stored at -80°C.

2.4 Protein Purification and Biophysical Characterization

2.4.1 Hdiv_1 Purification

The Hdiv_1 protein was purified from the BL21(DE3) soluble fraction by immobilized metal affinity
chromatography (IMAC). This purification was carried out using 2 mL of IMAC Ni-Sepharose 6 Fast
Flow (CAS number 17-5318-01, Cytiva), charged with nickel ions. The resin was packed into an empty
disposable PD-10 Columns (CAS number 17-0435-01, Cytiva) using polyethylene frits with 15 mm di-
ameter from the same supplier. Sequentially, the resin was first equilibrated with a binding buffer (20
mM Na Phosphate, 500 mM NaCl, 20 mM Imidazole, pH 7.4) and the absorbance of the flowthrough
was measured at 280 nm to verify that the column was clean. Then, 2 mL of the soluble fraction was
diluted 4:1 in the binding buffer and loaded into the column (2.5 mL of loading with an estimated protein
concentration of 14.6 mg/mL). The column was incubated with the loading sample for 2 hours at room
temperature with orbital agitation of 40 rpm. After incubation, the flowthrough was collected and the
resin was washed with 3 column volumes (CV) of binding buffer. Afterward, the protein was eluted using
a gradient of imidazole concentrations in the elution buffers, allowing the selective elution of proteins
bound to the column. First, to obtain elution 1 and 2 were used 2 CV of Elution Buffer | (20 mM Na
phosphate, 500 mM NaCl and 100 mM imidazole, pH 7.4), then for elution 3 and 4 were used 2 CV of
Elution Buffer 1l (20 mM Na phosphate, 500 mM NaCl and 200 mM imidazole, pH 7.4) and finally to
obtain the elution 5 and 6 were used 2 CV of Elution Buffer Ill (20 mM Na phosphate, 500 mM NacCl and
300 mM imidazole, pH 7.4). The resin was used several times; therefore, a stripping method and re-
charging of the column was performed, as described by the resin suppliers’ instructions. All protein

fractions were quantified for total protein and analyzed in a 12.5 % acrylamide SDS-PAGE gel.
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After IMAC purifications, all the elution fractions containing the protein of interest were pooled
together. The elutions were loaded into Float-A-Lyzer G2 Dialysis Devices (Repligen), with a pore size
of 3.5 kDa — 5 kDa. Some dialysis occurred against 1x PBS (137 mM NacCl, 2.7 mM KCI, 10 mM
Na:HPO4, 1.8 mM KH2HPO4, pH 7.4) for 48 hours. During the dialysis, the PBS was changed three times
each day every two hours. Other dialysis were performed against Kenny’s Salt Solution (400mM NaCl,
9mM KCI, 0.7 mM K2HPO4, 2 mM NaHCOsg, pH 7.5), also for 48 hours, but the buffer changes were
performed with an increasing gradient of NaCl and KCI until the desired concentration was reached, to
avoid protein precipitation. These two buffers were chosen for dialysis because they were used to pre-
pare the cell suspensions in the toxicity assays, as will be explain later in this chapter. Afterward, the
protein samples were concentrated using an Amicon® Ultra-15 Centrifugal Filter Unit with a pore size
of 10 kDa (Millipore). The Amicon was filled with the protein sample and was centrifuged for 30-minute

cycles at 4900g until reaching the desired sample volume or concentration.

Alternatively, after IMAC purification, samples’ aliquots were precipitated to remove imidazole,
interfering with protein quantification and in the separation of proteins by electrophoresis. Therefore, for
these two cases, precipitation with ethanol was used before the procedure. First, the protein solution
was mixed with cold ethanol (1:9 (v:v)) and stored for at least an hour at -20°C, followed by centrifugation
at 4°C, 10000 rpm for 15 minutes, to separate the proteins from the salts in solution. Then, the super-
natant was discarded and after the ethanol evaporation, the pellets were resuspended in 5 % (w/v) SDS

in 100 mM NaOH (for total protein quantification) or in PBS (for electrophoresis).

An extract enriched in Hdiv_1 (obtained after IMAC) was further purified through size exclusion
chromatography (SEC). To perform this purification was used the Superdex™ 75 Increase 10/300 GL
column (Cytiva) and the manufacture instructions were followed. All the purification steps were done
automatically using the AKTA pure™ chromatography system (Cytiva). A method was implemented in
the system for the purification. The first step was the equilibration in PBS buffer (137 mM NacCl, 2.7 mM
KCI, 10 mM NazHPO4, 1.8 mM KH2HPO4, pH 7.4) with a flow rate of 0.5 mL/min for 5 minutes. Afterward,
500 uL of the protein extract was injected into the system and finally the elution step occurred, with a
flow rate of 0.5 mL/min for 70 minutes. The different fractions collected during elution were quantified
and analyzed in a 12.5 % acrylamide SDS-PAGE gel.

Two methods were used for protein quantification: Bicinchoninic acid (BCA) assay and Quanti-
Pro™ BCA assay. The BCA assay is a sensitive cooper-based colorimetric assay used for total protein
guantification. The BCA kit from Sigma-Aldrich used in this work has a linear concentration range be-
tween 200 pg/mL and 1000 pg/mL. For the assay, 25 pL of protein solution (samples before and after
purification and calibration curve solutions) were added to each Flat Transparent 96-well microplate
(Sarstedt) well. To each well was also added 200 pL of the BCA working solution and the microplates
were incubated at 60°C for 15 minutes. After incubation, the absorbance was measured at 560 nm in
the microplate reader (TECAN Infinite 200). The protein concentration was obtained using a calibration

standard curve using a BSA (bovine serum albumin) standard solution (Sigma-Aldrich) with values
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between 0 and 1000 pg/mL. The QuantiPro™ BCA assay (kit from Sigma-Aldrich) relies on the same
reactions and fundamentals that the BCA assay. However, its linear concentration range occurs be-
tween 0.5 pg/mL and 30 pg/mL. In this case, 150 pL of protein solution (samples and calibration curve
solutions) were added to each well of a 96-well microplate. To each well was also added 150 pL of the
working solution and the microplates were incubated at 60°C for 1 hour. Afterward, the absorbance was
measured at 560 nm in the same microplate reader. The protein concentration was obtained with a BSA
calibration standard curve with values between 0 and 30 pg/mL. The i-control 2.0 Microplate Reader

Software from Tecan was used to read absorbances in both assays.

2.4.2 SDS-PAGE protein gels

SDS-PAGE gels with 12.5 % acrylamide were produced in-house. The running gel was prepared
by mixing 750 uL of 1.5 M tris pH 8.8, 2.08 mL acrylamide: bisacrylamide 37.5:1 (v:v), 50 uL of 10%
SDS, 2.1 mL of distilled water, 38 uL of 10 % (w/v) APS and 2.5 uL of TEMED. After this solution was
transferred between the glasses, 1 mL of isopropanol was added to avoid bubbles. After polymerization,
the isopropanol was removed and the stacking gel (5% acrylamide) was added on top. This second gel
consisted in a mix of 450 pL 0.5 M tris pH 6.6, 300 pL acrylamide: bisacrylamide 37.5:1, 18 pL of 10%
SDS, 940 uL of ddH20, 13.5 uL of 10 % APS and 2.0 uL of TEMED. Finally, a comb of 10 or 15 wells
was placed between the glasses, and the stacking gel was left to polymerize. For electrophoresis, the
gel was placed in the running module with running buffer (25 mM tris, 192 mM glycine, 0.1 % (w/v) SDS,
pH 8.3). To each protein solution was added sample buffer (0.05 M tris, 5 % (v/v) SDS, 6 % (v/v) beta-
mercaptoethanol, 13 % (v/v) glycerol, 0.4 mM bromophenol blue), and all samples were boiled at 100°C
for 10 minutes. The electrophoresis occurred at 110 V for 90 minutes and after the running, the gel was
stained with Coomassie blue staining (6 mM Coomassie blue R-250, 8 % (v/v) acetic acid glacial, 45 %
(v/v) methanol) for about 30 minutes. Afterward, was applied the destaining solution (7.5 % (v/v) acetic
acid glacial, 45 % (v/v) methanol) and the gel and its densitometry analysis were performed using the
Image Lab software (Biorad). The markers used for SDS-PAGE electrophoresis were Low Molecular
Weight (LMW) Protein Marker (NZYTech) and the marker Precision Plus Protein™ Dual Xtra PreStained
Protein Standards (Bio-Rad).

2.4.3 Western blot

Before and after purification, various fractions were analyzed by Western blot. This method allows
the detection of histidine-tagged proteins, in this case, the detection of Hdiv_1. The protein samples
were initially loaded in a 12.5 % acrylamide SDS-PAGE gel that ran at 110 V for 90 minutes. The transfer
step occurred at 100 V for 30 minutes and was performed using a transfer buffer (25 mM tris, 192 mM
glycine, 20 % (v/v) methanol), and a 0.45 ym nitrocellulose membrane (Bio-Rad). To confirm that the
transference was successful a staining step was performed using Ponceau-S (0.1 % (w/v) Ponceau-S

in 5 % (v/v) acetic acid; CAS number 6226-79-5, PanReac AppliChem). After removing the staining,
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successive washes were performed with distillated water and 5% (v/v) acetic acid. Subsequently, the
membrane was washed twice with TBS buffer (20 mM tris, 150 mM NacCl, pH 7.5) and blocked using a
blocking solution (from the Qiagen kit or a 3 % BSA solution in TBS) for 1 hour at room temperature,
after which it was washed again with TBS buffer. For the detection step was used a Penta-His HRP
antibody conjugate with Horseradish Peroxidase (HRP diluted in the blocking solution in a dilution be-
tween 1:1000 to 1:1500). As blocking solution were used the solution provided by the Qiagen kit - Anti-
Histidine Horseradish Peroxidase Conjugate kit, and as an alternative a 1% bovine serum albumin (BSA,;
CAS number 9048-46-8, Fisher Scientific) solution in TBS. The incubation was performed overnight at
4°C. The membrane was washed twice the next day, first with 0.1 % (v/v) Tween in TBS and second
with TBS buffer. To visualize the His tagged protein band, 1-Step-TMB blotting (Thermo Scientific) was
added to the membrane as a colorimetric substrate for HRP. The Western blot results were registered

using the Bio-Rad Image Lab software, which was also used to analyze the bands by densitometry.

2.4.4 lIsoelectric Focusing

Isoelectric focusing (IEF) is a method used to separate a complex mixture of proteins according
to their isoelectric point (pl) and molecular weight. In this case, IEF was used to obtain the Hdiv_1
experimental pl. For this procedure were used the PROTEAN IEF cell and 7 cm Immobilized pH gradient
strips (IPG strips), more specifically Immobiline DryStrip Gels, and were followed the instructions of the
manufacturer (Bio-Rad). In particular, were used rehydration buffer (8 M urea, 1 % (v/iv) CHAPS, 100
mM DTT, 0.02 % (v/v) bio-lyte in nanopure water), equilibration buffer (6 M urea, 20 % (v/v) glycerol, 2
% (v/v) SDS, 130 mM DTT), mineral oil and liquid agarose. The electrophoresis occurred at 110 V for
90 minutes, using electrophoresis buffer (25 mM tris, 192 mM glycine, 0.1 % (w/v) SDS, pH 8.3) and
after the running, the 12.5% SDS-PAGE gels were stained by silver staining and analyzed in the Image

Lab Software.

2.4.5 Mass Spectrometry

Two bands of interest obtained after IMAC were analyzed through mass spectrometry to confirm
which of the bands corresponds to Hdiv_1. Firstly, around 35 pg of the protein extract was mixed with a
concentrated sample buffer (0.5 M tris.Cl, 10 % SDS, 30 % glycerol (v/v), 0.6 M DTT, 0.012 % bromo-
phenol blue (v/v)) and the mixture was boiled during 10 minutes. When the sample reached room tem-
perature, were added 5 pl of acrylamide solution for each 30 pl off sample (30 % acrylamide: bisacryla-
mide 37.5:1). After 15 minutes, the sample was loaded in a 12.5 % acrylamide SDS-PAGE gel and the
conditions were set at 110 V for 90 minutes. Afterward, the gel was stained using Coomassie blue and
washed several times using water treated with diethyl pyrocarbonate (DEPC; CAS number 1609-47-8;
BioChemica, Panreac). As soon as it was possible to detect the bands of interest, they were excised
and placed inside 1.5 mL tubes with 0.05 % sodium azide (CAS number 26628-22-8, Sigma-Aldrich)

and preserved at 4°C. The bands were sent to be performed chromatography with tandem mass
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spectrometry (LC-MS/MS) analysis at the Life Sciences Life Sciences Mass Spectrometry Laboratory,
Center for Neuroscience and Cell Biology of University of Coimbra.

2.5 Toxicity Testing

The toxicity or bioactivity of the recombinant product was determined through cytoassays using
primary mussel gill cells, which allowed us to perform simple and practical in vitro assays. Specifically,
the toxic effects of Hdiv_1 in mussel cells were assessed through its impact on cell viability, oxidative
stress, lysosomal membrane stability, and DNA damage, using the trypan blue exclusion test, neutral
red retention assay, and comet assay respectively (Curpan et al., 2022; Repetto et al., 2008; Fairbairn
et al., 1995). The toxicity assays covered in this subchapter were based on the studies performed by
Zhang et al. (2017), Faucet et al. (2004), and Repetto et al. (2008) and further optimized by the Seatox

team.

2.5.1 Animal Collection

Adult Mytilus edulis (4-5 cm and 2-3 cm shell length and width, respectively) were hand-collected
between April and June 2023 during the low tide from a rocky intertidal area in Costa da Caparica (West
Coast of Portugal, 38°38'25.4"N 9°14'20.7"W). The mussels were acclimated in a closed-circulation
system fitted with glass aquaria mesocosms, recreating their natural habitat with controlled salinity, tem-
perature, and photoperiod (30; 19 + 1 °C and 12:12 h, respectively). Animals were fed each two days

with Arthrospira platensis (spirulina from Prozis).

2.5.2 Cytotoxicity Assay

The cytotoxicity assays were optimized by preliminary tests using different buffers in the cell sus-
pensions, as well as different exposure times to, in this case, two treatments: the buffer used in the
suspension and hydrogen peroxide 30% (w/w) in H20 (H202; CAS number 7722-84-1, Sigma-Aldrich).
The cell suspensions were prepared by extracting the mussel gills through dissection, rinsing them in
the sterilized tested buffer, macerating and centrifuging them, and then collecting the supernatant. The
viability of the cell suspension was determined by adding trypan blue (CAS number 72-57-1, Sigma-
Aldrich; 0.04 % (v/v) in the tested buffer) to 25 uL of the cell suspension (1:1). Viable and dead cells
were quantified using a DM 2500 LED model microscope (Leica Microsystems) and a Neubauer cham-
ber to determine the cell density. Cell viability was calculated by dividing the number of viable cells by
the total number of cells (being expressed as percentage). In the course of this project, all prepared cell
suspensions were subjected to the trypan blue assay before any treatment to verify whether cell viability
was greater than 90 %. Only in these cases the suspensions were used in the assays. Afterward, cell
suspensions were prepared in the same tested buffer, with a known cell density of 1 x 10° cells/mL.
From this suspension, 5 x 10* cells were seeded in each exposure well of the 96 Well Cell Attachment
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Treated Flat BottomTissue Culture Plates (VWR) and incubated with the treatment during the selected
exposure time. Each condition had three technical replicates (three wells per each condition). Subse-
quently, the plate was centrifuged to increase cell adherence, and the wells were washed with the tested
buffer. Finally, 100 pL of Neutral Red (PanReac; 0.04% (w/v) in the tested buffer) was added to the
wells, and after 2 hours of incubation (and more washes), the dye was replaced with a destaining solu-
tion (1% (v/v) acetic acid glacial and 50% (v/v) ethanol). Cytotoxicity was determined by quantifying the
dye incorporated in viable cells, measuring absorbance at 540 nm with the Multiskan SkyHigh Microplate
Spectrophotometer (Thermo Scientific). The buffers tested in this optimization attempt were Dulbecco’s
PBS (without Mg and Ca) prepared in-house (137 mM NacCl, 2.7 mM KCI, 10 mM Na2HPO4, 1.8 mM
KH2HPO4, pH 7.4), Dulbecco’s PBS (without Mg and Ca) purchased from VWR, Hank’s Balanced Salt
Solution (138 mM NacCl, 5.33 mM KCI, 0.3 mM Na:HPOs; 0.44 mM KH2PO4, 4 mM NaHCOg, 5.6 mM
D(+)-glucose; pH 7.4) and Kenny’s Salt Solution (400mM NaCl, 9mM KClI, 0.7 mM KzHPO4, 2 mM Na-
HCOs, pH 7.5). The exposure times tested were 10, 20, 30 and 60 minutes.

After optimizing the assay, the cytotoxic potential of Hdiv_1 was assessed by subjecting the mus-
sel gills cells to different concentrations (0O pg/mL, 1 pg/mL, 5 pg/mL, 25 pg/mL and 50 pg/mL) of the
extract containing the protein of interest (ExtHdiv_1) for the estimation of the half-maximal inhibitory
concentration (IC50). The same concentrations of a protein extract containing all soluble proteins intrin-
sic to BL21(DE3) when plasmid codifying for Hdiv_1 is absent (ExtP) were used as a control to elimi-
nated residual interference effects caused by contaminants. The cell suspension preparation, the via-
bility assessment and the assay itself were performed as described before, using only the Kenny’s Salt
Solution and 30 minutes as the exposure time. The assays were performed three times (biological rep-
licates), and technical triplicates were included to minimize technical error. Hydrogen peroxide was used

as a positive control in all assays.

2.5.3 Comet Assay

The alkaline comet assay (first described in Singh et al., 1988) was performed to determine if
Hdiv_1 could potentially cause DNA damage in mussel gill cells, adapted from Martins and Costa (2020),
with modifications. In brief, after obtaining a cell suspension in Kenny’s Salt Solution, with viability su-
perior to 90 % as described for the neutral red assay, the cells were exposed in tubes, to two different
protein concentrations, 50 ug/mL and 5 pg/mL. The protein extracts used were ExtHdiv_1 (extract con-
taining Hdiv_1) and ExtP (control to discard the contaminant's effects). Were also used other two con-
trols, in one the cells were exposed to only Kenny’s Salt Solution and in the other one the cells were
exposed to hydrogen peroxide. After 30 minutes of exposure (at 18°C), the suspensions were washed
with Kenny’s buffer as described before, and new Kenny’s solution (100 pL) was added to the tubes.
After resuspending the cells in the new buffer, 20 uL of the suspension was embedded in 180 pL of
molten (~ 37 °C) 1 % w/v low melting point agarose (LMPA, CAS number 39346-81-1, Sigma-Aldrich)

prepared in Kenny’s Salt Solution. Then, two 80 uL drops of LMPA with the incorporated samples were
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placed in slides precoated with 1.2 % w/v normal melting point agarose (Eurobio Scientific) prepared in
TAE buffer (40 mM tris, 1 mM EDTA; 20 mM acetic acid glacial). The slides were immediately covered
with a coverslip, and LMPA solidified at 4°C for 15 minutes. Per each sample two slides were prepared
(technical replicates) and the assay was repeated three times (biological replicates). After LMPA solid-
ification, the coverslips were gently removed, and the slides were placed in cold lysis buffer (2.64 %
(w/v) NaCl, 3.72 % (w/v) EDTA, and 5 mM Tris, pH 10), supplemented with 10 % v/v DMSO and 1 %
v/v Triton X-100 before use. The lysis occurred for 1 hour at 4°C in the dark, and after this step the slides
were transferred to cold electrophoresis buffer (1 mM EDTA and 300 mM NaOH) for 40 minutes. After-
ward, the electrophoresis was run at 25 V and 4°C for 30 minutes, maintaining the dark conditions. This
process was performed using the CSL-COM20 Comet assay tank from Cleaver Scientific. Subse-
quently, slides were neutralized in cold 0.1 M Tris-HCI buffer (pH 7.5) for 15 minutes and dehydrated in
cold methanol for 15 minutes for archiving. The slides can be directly analyzed after the neutralization
step or after rehydration of archived slides in cold Milli-Q water for 30 minutes. The preparations were
stained for the analysis by dropping 40 uL of GreenSafe Premium (Nzytech) diluted in Milli-Q water
(1:500) in each half slide. A coverslip was placed immediately on top of the slides, and they were placed
in the dark for 10 minutes at room temperature to allow the dye to bind to the DNA. Subsequently, the
nucleoids were visualized in a DM 2500 LED model microscope equipped with an EL6000 model ultra-
violet source and an MC 190 HD camera (all from Leica Microsystems). The micrographs of comet fields
were obtained in grayscale mode at 400 x magnification and were scored using the software Com-
etScore 1.6 (Tritek), with an analysis of 100 nucleoids per sample. The measurements were made for
two main metrics: % DNA in Tail and Olive Moment. Additionally, the nucleoids were distributed into five
classes based on the % DNA in Tail (0 — 20, 20 — 40, 40 — 60, 60 — 80, and 80 — 100 %), according to
the data retrieved from the software. This distribution was useful for statistical analyses and quality
assessment. The % DNA in Tail was considered a direct measure of DNA damage, while the derived
metric Olive Moment was analyzed for comparative purposes as a metric conceived to handle hetero-
genous distribution of DNA in tails (Olive et al., 2012).

2.5.4 Statistical Analysis

The statistical analysis was computed using the R 4.3.1 software (lhaka & Gentleman, 1996) and
the RStudio interface with packages car (to evaluate assumptions for parametric analysis) and gplots
(to plot data). The Shapiro-Wilk’s and Levene’s tests were used to evaluate normality and homoscedas-
ticity, respectively. When the data met the assumptions for parametric analyses was employed ANOVA
based on Tukey’'s HSD (honestly significance difference) test for multiple comparisons. The different
protein extracts and concentrations were the two independent variables (both of which factorial). The
dependent variables considered were Cytotoxicity (%) for the neutral red assays and % DNA in Tail and

Olive Moment on the comet assay. The significance threshold a was set at 0.05 for all analyses.
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2.5.5 Microscopy Analyses

A microscopy analysis was applied to visually assess and compare the morphology of cells sub-
jected to various treatments. The procedures used in this subchapter were adapted from Costa (2018).
The treatments studied included 50 pug/mL of ExtHdiv_1 and ExtP and the control conditions used in the
comet assay. The analysis was performed using the cell suspensions left from the comet assay without
the LMPA mixing. All replicates, encompassing both technical and biological replicates, were combined
for fixation. The fixation process involved adding 4% (w/v) paraformaldehyde (PFA; CAS number 30525-
89-4, PanReac) in Kenny's Salt Solution at 4°C to the cells. Following fixation, the cells were centrifuged
at 800 g at 20°C until visible cell pellets were formed. Subsequently, paraformaldehyde was removed,
and the pellets underwent post-fixation with a solution containing 1% (w/v) osmium tetroxide (OsOg;
CAS number 20816-12-0 Sigma-Aldrich) in Kenny's Salt Solution. After two hours, the samples were
centrifuged at 800 g for 7 minutes at 20°C to re-concentrate the cells into pellets, followed by removal
of the osmium tetroxide and three washes with milliQ-grade ultrapure water (each wash lasting 10
minutes). The subsequent step involved dehydration, achieved through a progressive series of acetone
(ranging from 30 % to 100 %), with centrifugation between each step to maintain pellet integrity. Finally,
the samples were embedded in Epon resin (Epoxy-Embedding Kit, Sigma-Aldrich). During intermediate
steps, infiltration was carried out using Epon: Propylene oxide (CAS number 75-56-9, Thermo Scientific)
ratios of 1:2, 1:1, and 2:1 (30 minutes each). Semi-thin sections (200 - 500 hm) were obtained using an
Ultramicrotome Reichert Jung Ultracut E and stained with Toluidine Blue (CAS number 92-31-9, Thermo
Scientific). Histological analyses were performed using a DM 2500 LED model microscope equipped
with a MC 190 HD camera (Leica Microsystems).
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3

RESULTS

3.1 Introduction

A recombinant protein named Hdiv_1, formed by the sequence of the cysteine-rich secretory
protein fused to a His-tag at the N-terminal, was constructed (Figure 3.1A). The Hdiv_1 gene sequence
synthesis and cloning into pET-15b expression vector was outsourced. The recombinant protein is com-
posed of 208 amino acids, ten of which are cysteines, and has a theoretical molecular weight of ~ 22
kDa (the chemical properties were analyzed using the protein sequence and are summarized in Table
3.1). Upon arrival, the plasmid was successfully transformed into Escherichia coli strains — BL21(DE3)

and Origami™ B(DE3)pLysS, ideal for recombinant production of Cys-rich proteins.

@ Re1: Ncol Re2: Ndel
MCS
N-term — His-tag mc-term
R pET - 15b

Cysteine-rich Amp lacl
secretory protein
[Hediste diversicolor]

Figure 3.1 — Hdiv_1 gene and pET - 15b vector schemes. A) Hdiv_1 Construction strategy, formed by the His-
tag in the N-terminal, linked to the cysteine-rich secretory protein sequence B) Vector pET — 15b Scheme. MCS:
Multiple Cloning Site; AmpR: Sequence that confers resistance to Ampicillin; lacl: gene that codes for lac repressor
protein; ORI: Replication origin; Rel: Restriction Enzyme 1 (Ncol); Re2: Restriction Enzyme 2 (Ndel).

Table 3.1 - Fusion protein properties (theorical data retrieved from Expasy Protoparam tool).

Extinction co-

Protein Number of  Number of Molecular efficient (M- Isoelectric  Protein

Name residues Cysteines Weight cm?) Point solubility

Hdiv_1 205 10 22260.9 g/mol 33515/32890  7.59 | oor water
solubility
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3.2 Protein Expression

In Figure 3.2 are presented the SDS-PAGE gels of the time course analysis for the different pro-
tein expression conditions tested (summarized before in Table 2.3). According to the SDS-PAGE gels,
the band expected for Hdiv_1 (with a theoretical molecular weight of 22 kDa) was not clearly present
after induction at 37°C in both media (Figure 3.2A). On the other hand, some differences between before
and after induction were observed when the expression was performed at 30°C and 18°C (Figure 3.2B
and 3.2C). These differences were particularly noticeable when the expression was done using Terrific
Broth (TB) media. The gels also showed no significant differences in the protein pool between 4 and 18
hours after induction (ON). Due to all these, the recombinant expression in E. coli BL21(DE3) at 30°C
and 18°C in TB media were considered the best expression conditions and used for further studies. The
SDS-PAGE gels of the time course analysis for the expression in Origami™ B(DE3)pLysS at 30°C and
18°C (ON) with TB medium are present in Figure 3.3. This time, the time course analysis did not show
significant differences between the protein pool before and after induction during the expression in any

of the conditions tested.
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Figure 3.2 — Results of recombinant expression of Hdiv_1 under different conditions using Escherichia coli
BL21(DE3) strain. A) 12.5 % SDS-PAGE gel of crude extracts obtained after expression at 37°C using 1 mM IPTG
and different culture media: Lysogeny Broth (LB) and Terrific Broth (TB). Samples collected (15 pL each): before
induction (BI), after 1h, 2h, 3h, 4h, and 18h (ON) of induction, and before harvesting the culture (Al). B) and C) 12.5
% SDS-PAGE gel of crude extracts obtained after expression at 30°C and 18°C, respectively, using 1 mM IPTG
and different culture media: Lysogeny Broth (LB) and Terrific Broth (TB). Samples collected (15 pL each): before
induction (BI), after 1h, 2h, and 18h (ON) of induction, and before harvesting the culture (Al). Markers: Low Molec-
ular Weight Protein Marker (M) and Precision Plus Protein™ Dual Xtra (Mp). Staining with Coomassie blue. The
highlighted region indicates the expected location of Hdiv_1.
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Figure 3.3 - Expression of Hdiv_1 under different conditions using Escherichia coli Origami™ B(DE3)pLysS
strain. A) 12.5 % SDS-PAGE gel of crude extracts obtained after expression at 30°C using 1 mM IPTG and Terrific
Broth (TB) media. Samples collected (15 L each): before induction (Bl), after 1h, 2h, 3h, 4h, and 18h (ON) of
induction, and before harvesting the culture (Al). B) 12.5 % SDS-PAGE gel of crude extracts obtained after expres-
sion at 18°C using 1 mM IPTG and Terrific Broth (TB) media. Samples collected (15 pL each): before induction (BI),
after 1h, 2h, 3h, 4h, and 18h (ON) of induction, and before harvesting the culture (Al). Marker: Low Molecular
Weight Protein Marker (M). Staining with Coomassie blue. The highlighted region indicates the expected location
of Hdiv_1.
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Figure 3.4 shows the SDS-PAGE gel and Western blot with the soluble (SF and SFIl) and insol-
uble fractions (ISF) from the E. coli BL21(DE3) extracts obtained at 18°C and 30°C (Figure 3.4A and
3.4B, respectively). As shown in the Western blot, it was possible to correlate a band with Hdiv_1 in all
fractions (soluble and insoluble) resulting from the expression at 18°C in TB medium (Figure 3.4B). The
identified band appeared to have a molecular weight of 30 kDa. Using gel densitometric analysis, it was
noticed that this band corresponds to a 30 kDa band in the normalized gel shown in Figure 3.4A. Even
though Western blot did not detect this band in the 30°C fractions, a 30 kDa band was present in the
30°C lanes in the normalized gel. The fractions from the expression at 18°C and 30°C using the Ori-
gami™ B(DE3)pLysS strain were also analyzed through SDS-PAGE gel (Figure 3.4C). A band with 30
kDa was also present in all fractions (soluble and insoluble). However, the total protein concentration of
the soluble fractions, especially the one from the expression at 18°C, is considerably higher in
BL21(DE3) expression (20.30 = 3.65 mg/mL) when compared to that obtained with Origami™
B(DE3)pLysS expression (4.52 + 0.59 mg/mL).
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Figure 3.4 — Analysis of the different protein fractions from expression in Escherichia coli BL21(DE3) and
Origami™ B(DE3)pLysS after cell lysis. A) 12.5 % SDS-PAGE gel of crude extracts obtained after expression at
30°C and 18°C in BL21(DE3) using Terrific Broth (TB) medium and cell lysis. Normalized gel (35 pg of total protein
per lane) with samples from the different fractions: Soluble fractions (SF and SFII, obtained after the first and second
lysis, respectively) and Insoluble fractions (ISF). Marker: Low Molecular Weight Protein Marker (M). Staining with
Coomassie blue. B) Western blot using a 0.45 pm nitrocellulose membrane and revealed using a colorimetric de-
tection method. In each lane, 35 ug of total protein per lane from the different BL21(DE3) expression fractions and
R1b as the positive control (C+). Marker: Precision Plus Protein™ Dual Xtra (Mp). C) 12.5 % SDS-PAGE gel of
crude extracts obtained after expression at 30°C and 18°C in Origami™ B(DE3)pLysS using Terrific Broth (TB)
medium and cell lysis. Normalized gel (35 pg of total protein per lane) with samples from the different fractions:
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Soluble fractions (SF) and Insoluble fractions (ISF). Marker: Low Molecular Weight Protein Marker (M). Staining
with Coomassie blue. The highlighted region indicates the expected location of Hdiv_1.

3.3 Purification of Hdiv_1

After comparing the total protein and the estimated Hdiv_1 concentration obtained in all fractions
(from the two different E. coli strains), the soluble fraction (SF) from the BL21(DE3) expression at 18°C
was selected to attempt Hdiv_1 purification by immobilized metal affinity chromatography (IMAC). From
this purification, was obtained a normalized SDS-PAGE and a Western Blot (Figure 3.5A and 3.5B).
After IMAC, a band with 26.5 kDa was detected by Western blot, which should correspond to Hdiv_1,
showing that this protein was eluted in elution E4. The same band was not detected by Western blot in
other fractions (loading and other elutions), notwithstanding in the normalized gel (Figure 3.5A), bands
with molecular weights close to the band of interest were observed in other lanes. The band detected
at this moment had a lower molecular weight (26.5 kDa) compared with the band detected before puri-
fication (30 kDa), as shown before in Figure 3.4B. The densitometry analysis of the SDS-PAGE gel
(Figure 3.5A) allowed to characterize the two bands that appeared in the elution E4: the one detected
before purification with a molecular weight around 30 kDa and an intensity of 36.6 % and the band
detected after IMAC with a molecular weight around 27 kDa and an intensity of 18.9 %. Thereby, in
subsequent analysis of SDS-PAGE gels these two bands were taken into account. Figures 3.5C and
3.5D show the SDS-PAGE gels obtained after the dialysis and concentration of the elution E4 in two
different buffers: Dulbecco’s PBS and Kenny’s Salt Solution. In these gels was observed the presence
of the bands of interest after dialysis, showing a similar pattern to E4. The same happened in the sam-

ples after concentration, suggesting that significant protein loss did not occur during these steps.
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Figure 3.5 - Hdiv_1 purification by immobilized metal affinity chromatography and dialysis. A) 12.5 % SDS-
PAGE gel of Hdiv_1 purification. Normalized gel (10 ug of total protein per lane) with samples from the different
fractions. Marker: Low Molecular Weight Protein Marker (M). Staining with Coomassie blue. B) Western blot using
a nitrocellulose membrane 0.45 pm and revealed using a colorimetric detection method.10ug of total protein per
lane and R1b as the positive control (C+). Marker: Precision Plus Protein™ Dual Xtra (M). C) 12.5 % SDS-PAGE
gel of elution E4 after dialysis to PBS and concentration (Load of 15 ulL). Marker: Low Molecular Weight Protein
Marker (M). Staining with Coomassie blue. D) 12.5 % SDS-PAGE gel of E4 dialysis to Kenny’s Salt Solution and
concentration (Load of 15 pL). Marker: Low Molecular Weight Protein Marker (M). Staining with silver stain. D: E4
after dialysis; C: E4 concentrated; F: filtrated during concentration. The highlighted region indicates the expected
location of Hdiv_1.
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As observed in Figure 3.5A, many other protein bands were present in the elution E4, correspond-
ing to contaminants. Figure 3.6 exhibits an SDS-PAGE gel obtained after size exclusion chromatog-
raphy (SEC), performed as an attempt to improve Hdiv_1 purification. The fractions collected over time
from SEC were analyzed in the gel, and fraction C appeared to be the purest, showing a band at 31 kDa
with an intensity of 85.8 %. However, the other band of interest (with a molecular weight around 27 kDa)
did not appear to be present in this fraction. The total protein concentration of fraction C was 2.23 £ 0.07
pg/mL. Summarizing, it was possible to obtain a significant estimated amount of both bands of interest
in the soluble fraction after expression, based on 1 L of culture (792 mg and 2355 mg). However, these
guantities decreased significantly after purification by IMAC and SEC (in which only one band was de-
tected). As a consequence, and presuming that the band detected after SEC corresponded in fact to
Hdiv_1, it was obtained a yield of 0.24 %. The quantities of proteins obtained along the expression and

purification process are summarized in Table 3.3.
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Figure 3.6 — Hdiv_1 purification by size exclusion chromatography. 12.5 % SDS-PAGE gel of Hdiv_1 purifica-
tion (approximately 30 kDa). A to | correspond to fractions collected over time (Load of 15 plL) Marker: Low Molecular
Weight Protein Marker (M). Staining with silver stain. The highlighted region indicates the expected location of
Hdiv_1.
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Table 3.2 —Summary of Hdiv_1 production yield after expression in BL21(DE3):

Escherichia coli Strain BL21(DE3)
Sample Fractions SF SFII ISF
Total protein mass (mg/L) 20 300 + 3 650 5380+ 2400 53890 £ 2 530
N _ 3.94 4.2» 2.0~
g Initial Hdiv_1 content (%)
S 11.68 12.28 6.88
o _ _ 792A 226~ 10787
Estimated Hdiv_1 mass (mg)
2 3558 6568 3 665°
Total protein mass after IMAC (mg) 89+11 - -
Estimated Hdiv_1 content after 36.6%
= IMAC (%) 18.98
ZE Total protein mass after SEC (mg) 2.23+0.07 - -
g:_" Estimated Hdiv_1 content after
85.8* - -
SEC (%)
Estimated Hdiv_1 mass (mg) 1.914 - -
Yield (%) 0.244 - -
Notes:

SF — Soluble Fraction

ISF — Insoluble Fraction

A —Values considering the SDS-PAGE band with 30-31 kDa

B - Values considering the SDS-PAGE band with 26-27 kDa

Crude:

Total protein mass — Total mass of protein produced in one liter of culture quantified by BCA assay;

Initial Hdiv_1 content — Hdiv_1 content estimated by SDS-PAGE gel densitometry (Figure 3.4A).

Estimated Hdiv_1 mass — Hdiv_1 mass in one liter of culture calculated from estimated content x total protein mass
Purified:

Total protein mass after IMAC — Total mass of protein in E4 elution obtained by IMAC quantified by QuantiPro™ BCA
Assay, estimation was based on 1 L of culture;

Estimated Hdiv_1 content after IMAC — Hdiv_1 content estimated by SDS-PAGE gel densitometry (Figure 3.5A)
Total protein mass after SEC — Total mass of protein in Elution C obtained after SEC quantified by QuantiPro™ BCA
Assay, estimation was based on 1 L of culture;

Estimated Hdiv_1 content after SEC — Hdiv_1 content estimated by SDS-PAGE gel densitometry (Figure 3.6) is
also used as Purity Ratio

Estimated Hdiv_1 mass — Hdiv_1 mass in one liter of culture after purification calculated from estimated content x
total protein mass

Yield - Estimated purified Hdiv_1 Mass / Estimated crude Hdiv_1 Mass x 100

3.4 Biophysical Characterization

In Figure 3.7 are present the results of isoelectric focusing (IEF), using soluble and insoluble
fractions from the expression at 18°C with TB media (E. coli BL21(DES3) strain). In both fractions we
observed the presence of proteins with molecular weights compatible with those of our protein-of inter-
est, furthermore exhibiting a pl similar to the theoretical (7.6 obtained from Expasy Protoparam tool),
around 7.7. However, excising the respective bands from the gel was cumbersome and the subsequent
mass spectrometry results (by LC-MS/MS) obtained at the time of the thesis submission were inconclu-

sive, suggesting that contamination with proteins intrinsic to E. coli occurred.
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Figure 3.7 — Protein characterization by isoelectric focusing. 12.5 % SDS-PAGE gel with samples after cell
lysis from expression at 18°C using Terrific Broth (TB) medium. Normalized gel with 169 pg of total protein. A)
Soluble fraction; B) Insoluble fraction. Marker: Low Molecular Weight Protein Marker (M). Staining with Coomassie
blue.

3.5 Cytotoxicity Assays

Preliminary assays using PBS as cell medium and protein vehicle resulted in high cytotoxicity
(similar or even higher than the H202 control) in 10-min bioassays, which led to the assay optimization
by performing tests with different buffers and exposure times. Of the four buffers tested, the one that
demonstrated a more regular curve between cytotoxicity and exposure time during the assays was
Kenny’s Salt Solution. As represented in Figure 3.8, this buffer showed a cytotoxicity of around 0 % until
30 minutes of exposure, while after 42.64 minutes of exposure, the cytotoxicity was half the maximum
value. According to these results, the cytotoxicity of Hdiv_1 was then tested using cell suspensions in

Kennys’ Salt Solution and an exposure time of 30 minutes.
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Figure 3.8 — Dose-response curve of Kenny’s Salt Solution cytotoxicity over time. Results from the neutral
red assay optimization attempt. Cytotoxicity of Kenny’s Salt Solution in mussel gills cells over exposure time. The
half-maximal value for cytotoxicity was estimated at approximately 43 min. Results were obtained from independent
experiments. Values were given in mean +- standard deviation. Curve was produced by non-linear estimation
through a log-linear fit.

As it was unfeasible to acquire a substantial quantity of highly purified Hdiv_1 for conducting in
vitro assays, the E4 elution resulting from IMAC was used, henceforth referred to as ExtHdiv_1 (protein
extract containing Hdiv_1). The neutral red assay results showed that as the protein concentration of
ExtHdiv_1 increased, the cytotoxicity percentage did not show a corresponding rise, remaining below 6
% in all assays. A similar trend was observed with the control ExtP, in which cytotoxicity also remained
below 6 % for the different concentrations tested. When comparing all these results and the negative
control (cell suspension treated only with Kenny’s Salt Solution, revealing around 4 % cytotoxicity), no
significant differences were found (Tukey’s HSD test, p = 0.932) unlike when comparing to the positive

control, which showed a cytotoxicity of 86 % (Tukey’s HSD test, p =5 x 101).

3.6 Comet Assay

Regardless of the metric analyzed (% DNA in tail or Olive Moment) no significant differences in
DNA damage were detected between the treatments ExtHdiv_1 and ExtP and the different concentra-
tions tested (Tukey’s HSD test, p = 0.823 when comparing % DNA in tail and p = 0.779 when comparing
Olive Moment), as shown in Figure 3.9.
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Figure 3.9 — Comet assay results to identify DNA damage. A) Results from Comet assay expressed as % DNA
in Tail plus standard deviation, from mussel gills cells exposed to different concentrations of ExtHdiv_1 (extract
containing Hdiv_1) and ExtP (extract without Hdiv_1). The control (cells only exposed to Kenny’s Salt Solution) is

represented by the concentration O ug/mL. The letter “a” indicates there are no significant differences between
extracts (Tukey’s HSD test, p > 0.05). B) Results from Comet assay expressed as Olive Moment plus standard
deviation, from mussel gills cells exposed to different concentrations of ExtHdiv_1 (extract containing Hdiv_1) and
ExtP (extract without Hdiv_1). The control (cells only exposed to Kenny’s Salt Solution) is represented by the con-

uan

centration O pg/mL. The letter “a” indicates that there are no significant differences between extracts (Tukey’s HSD
test, p > 0.05). All results were obtained from independent experiments (n=3). Values were given in mean +- stand-
ard deviation.

3.7 Microscopy

The results of optical microscopy illustrated in Figure 3.10 revealed the success of cell fixation
and impregnation in the resin, even in the presence of a considerable quantity of osmium residues within
the samples. Upon microscopy analysis, we discerned what appeared to be viable cells in the samples
treated with 50 pg/mL of ExtHdiv_1, 50 pg/mL of ExtP, and with only Kenny's Salt Solution (control)
(Figure 3.10A-C). In these cases, it was observed that the cell nuclei and membranes appeared to
remain relatively undamaged, with no significant disparities observed among the three treatments. Ad-
ditionally, these samples seemed heterogeneous with respect to cell and nucleus morphology, as ex-
pected, as they should contain different cell types, potentially including hemocytes (cells from inverte-
brate’s immune system) and epithelial cells. Conversely, the sections of the suspension treated with
hydrogen peroxide exhibited a substantial accumulation of what seemed to be cellular debris (Figure
3.10D). Moreover, the individual cells identified in this last condition appeared to have nuclear or mem-
brane damage. Overall, cells were seemingly intact (in the first three conditions), which showed that the

harvesting procedure and sub-acute toxicity testing was adequate.
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Figure 3.10 — Mussel gill cells exposed to different treatments. A) Resin (EPON) sections of primary mussel
gill cells in suspension exposed to 50 pg/mL of ExtHdiv_1. B) Resin (EPON) sections of primary mussel gill cells in
suspension exposed to 50 pg/mL of ExtP. C) Resin (EPON) sections of primary mussel gill cells only exposed to
Kenny’s Salt Solution (control). D) Resin (EPON) sections of primary mussel gill cells in suspension exposed to
hydrogen peroxide. Scale corresponds to 25 pm. All sections stained with toluidine blue. n: nuclei; os: osmium
residues; cd: cell debris.
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A4

DISCUSSION

In the last years, multiple successful cases involving the expression of animal toxins using differ-
ent models, from Escherichia coli to mammalian cells, have been reported (see Rivera-de-Torre et al.,
2022, for a review). However, the documented cases concerning heterologous expression of marine
proteinaceous toxins apart from conotoxins are relatively scarce. Conotoxins have been successfully
expressed in E. coli (e.g., Yu et al., 2018; Nielsen et al., 2019); nevertheless, these toxins and other
marine peptides and small proteins are typically synthesized by solid-phase chemistry (for further de-
tails, see Papon et al., 2022). Only recently have been documented the successful heterologous ex-
pression of proteins derived from other marine invertebrates, for instance, nicomycins derived from a
Polychaeta (Panteleev et al., 2018). Some challenges emerge when dealing with larger and more com-
plex proteins, particularly in attempting to obtain properly folded proteins with a precise disulfide pattern,
vital for the activity of a Cys-rich toxin (Zhang et al., 2011). Even in this context, we managed to suc-
cessfully produce a recombinant protein derived from the cysteine-rich secretory protein from Hediste
diversicolor (Hdiv_1, 10 cysteines), and additionally, we optimized the conditions for its efficient expres-
sion. The experimental conditions selected for protein expression were meticulously chosen. Firstly,
both culture media used, Lysogeny Broth (LB) and Terrific Broth (TB), were already reported in the
successful expression of other marine proteins (e.g., conotoxins and reflectins, respectively) (see ex-
amplesin Yu et al., 2018; Nielsen et al., 2019; Phan et al., 2016; Lychko et al., 2023). During the current
work, the TB medium emerged as the most adequate for Hdiv_1 expression, probably due to its richer
composition compared with LB medium. The TB medium has a higher content of yeast extract than LB
and an additional carbon source (glycerol). In contrast, LB medium provides amino acids as the primary
source of carbon and energy, which could increase the media pH during catabolism, as previously re-
ported in Kram and Finkel (2015). Moreover, TB medium does not have NaCl in its composition unlike
LB, and instead contains potassium phosphate salts that, according to the same authors, may delay the
medium alkalization. This TB buffering effect prevents a rapid rise in the pH of the medium, which is
critical, as medium alkalization inhibits bacterial growth and accelerates the entry into death phase (Far-
rell & Finkel, 2003). Furthermore, the induction temperatures used for protein expression were also
reported in the literature. The expression at 37°C and 30°C was already performed in the heterologous

expression of conotoxins, as described in Yu et al. (2018) and Liu et al. (2020). However, it was also

39



reported that lower temperatures (15°C — 23°C) favor the expression of soluble and functional proteins
(for further explanation, see Sahdev et al., 2007). This effect can be related for instance to increased
stability and correct protein folding patterns at lower temperatures, due to the temperature-dependent
nature of the hydrophobic interactions responsible for the formation of inclusion bodies (Strandberg &
Enfors, 1991). Taking this information into account, we added a lower expression temperature (18°C)

into our approach, which showed to be the most adequate temperature for Hdiv_1 expression.

The Hdiv_1 product is based on a eukaryotic protein, however, it was expected that a functional
protein could be produced using Escherichia coli strains, as Hdiv_1 does not appear to require post-
translational modifications. The results indicate that Hdiv_1 was expressed using both E. coli strains
(BL21(DE3) and Origami™ B(DE3)pLysS), but with the BL21(DES3) strain was possible to obtain around
four times more soluble protein than using the Origami™ B(DE3)pLysS strain. The BL21(DE3) strain is
used as a standard for protein expression, and it was already used in the successful expression of some
functional conotoxins (se for instance Yu et al., 2018 and Xia et al., 2006). However, these conotoxins
have less cysteines in their composition compared to Hdiv_1, so, unlike them, Hdiv_1 could be non-
functional when expressed in the BL21 cytosol due to challenges in its folding, what is in accordance
with Stewart, (1998) (e.g., the conotoxins studied in Yu, et al., 2018 and Xia et al., 2006 have 4-6 cys-
teines, while Hdiv_1 has 10 cysteines). For the production of functional cysteine-rich proteins, their fold-
ing must be precise, and it requires the correct formation of disulfide bonds between cysteines. These
bonds are formed through oxidation, thus for their establishment in bacteria is necessary to change the
reducing environment of the cytosol or send the protein to the periplasm, where the environment is more
oxidative (Ma et al., 2020; De Marco, 2009). In this context, the Origami™ B(DE3)pLysS strain has a
genetic advantage since it has mutations on reductase genes, contributing to oxidations in the bacterial
cytosol. Thereby, in theory, this strain should enhance the expression of soluble and functional disulfide
bond-dependent proteins in the bacteria cytosol, as reported in some cases (e.g., Rabhi-Essafi et al.,
2007). However, the results presented here do not show evidence of improved expression. In some of
their studies, Lopez-Cano et al. (2022) and Nozach et al. (2013) achieved similar results, showing that
probably the efficient expression of a soluble protein using the Origami™ B(DE3)pLysS strain is de-

pendent on the expressed protein composition and fusion tag, as hypothesized by the last author.

Western blots enabled us to detect two bands that potentially correspond to Hdiv_1 - at 27 kDa
and 30 kDa. Both bands have a higher molecular weight compared with the theoretical value of the
fusion protein (22 kDa). This effect also occurred with other authors when studying Cys-rich proteins
(lakoucheva et al., 2001). lakoucheva and colleagues observed more than one band with close molec-
ular weights in SDS-PAGE gels, all corresponding to the recombinant protein. They further explained
that, although denaturation of the protein was induced by boiling the samples with a buffer containing
b-mercaptoethanol, the highly oxidative environment in the SDS-PAGE gel (due to the addition of APS)
may have led to the formation of disulfide bonds during electrophoresis. On the other hand, they hy-

pothesized that the differences between the theoretical and the experimental molecular weight could
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exist due to disordered C-terminal and N-terminal domains. After Hdiv_1 purification attempt by IMAC,
the same behavior reported by lakoucheva and colleagues was observed in SDS-PAGE gel (Figure 3.5)
— two bands in the elution E4 (later called ExtHdiv_1). Therefore, exists a possibility of both bands
detected during this thesis corresponding to Hdiv_1. To verify this hypothesis and to confirm the pro-
duction of Hdiv_1, LC-MS/MS analysis was performed. However, the inconclusive results obtained after
all the experimental work suggested contamination with proteins intrinsic to E. coli. This may be related
to the collection of incorrect bands on the 12.5% SDS-PAGE gel due to difficulties in analyzing the gel.
In any case, considering the previous Western blot results and the proximity between the pl of the de-
tected bands and the theoretical Hdiv_1 pl, the possibility of one of these bands (or both) corresponding
to Hdiv_1 should not be disregarded. Despite the contaminants (other proteins) present in E4 fraction,
IMAC allowed an enrichment of 33 % of the band detected around 30 kDa and 7 % of the one detected
around 27 kDa. In any case, this method was not as efficient as expected for Hdiv_1 purification, prob-
ably related to the inaccessibility of the protein tag to the immobilized metal due to the occlusion of the
tag in the protein. To optimize this purification step, the His-tag could be extended to increase its affinity
for the resin, allowing washes at high imidazole concentrations to remove non-specifically bound con-
taminants (Grisshammer & Tucker, 1997). However, a longer tag could cause perturbation in the protein
function (Bornhorst & Falke, 2000). Therefore, it would need to be removed after purification, and for
that, it would be necessary to include a sequence recognized by a protease between the protein of
interest and the tag, as well as an additional purification step to separate the tag from the protein, which
can be cumbersome (Pina et al., 2021). Alternatively, another purification step for polishing could be
added to achieve a higher purification (e.g., ion exchange or size exclusion chromatography) common
strategy for the purification of therapeutic proteins (Sanchez-Trasvifia et al., 2021). In fact, we tested
SEC, which resulted in one of the bands (the one around 30 kDa) with a purity of 86 %, so including this
strategy in the purification workflow could be crucial. However, for functional characterization of Hdiv_1,
we used the samples from E4 (sample ExtHdiv_1), since it contained the two bands of interest and the
extract obtained after SEC had a lower protein concentration. As a control, we used a crude extract
containing all soluble proteins intrinsic to E. coli BL21(DE3) when plasmid codifying for Hdiv_1 is absent
(sample ExtP). The ExtP control contains all the proteins that may represent contaminants in the Ex-
tHdiv_1, so consequently the sample ExtHdiv_1 was considered of sufficient quality to be used in the in

vitro cell-based assays.

The cytotoxic potential of Hdiv_1 was first evaluated through the neutral red assay, in which the
ability of viable cells to incorporate the supravital dye neutral red in the lysosomes is used to estimate
the percentage of viable cells in the culture (Repetto et al., 2008). The results showed that any of the
extracts (ExtHdiv_1 and ExtP) or different protein concentrations tested (1 pg/mL, 5 pg/mL, 25 pg/mL,
and 50 pg/mL) seemed to have a significant cytotoxic effect on mussel gill cells under the assessment
circumstances. In addition, the comet assay also showed that both extracts did not seem to cause DNA
damage. The metrics analyzed correlated with DNA damage: the percentage of DNA in the tail (% DNA

in tail) and Olive moment (distance between the centers of the head and tail times the rate of DNA in
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the tail) showed the same pattern when comparing any extract with the negative control (cells treated
only with the suspension buffer). For more information on the comet metrics, see Hong et al., (2020). In
the other control, where the cells were treated with hydrogen peroxide, comets were not detected, pos-
sibly due to cell death. The results of the cytotoxicity assays were corroborated by microscopic analysis,
in which Hdiv_1 (50 pg/mL) did not appear to have more harmful effects on cells than the negative
control used (Kenny's Salt Solution). All these results seem to indicate that Hdiv_1 does not cause
cytotoxic effects, which could have several possible explanations. Firstly, it is worth considering that the
effect of Hdiv_1 might be obscured by contaminants present in the extract (ExtHdiv_1). The presence
of contaminants in the extract causes the dilution of Hdiv_1, and consequently, the Hdiv_1 effect may
have been reduced. Maybe distinct results could have been obtained if we had used the extract resulting
from size exclusion chromatography since this sample boasts an approximate 86 % purity for one of the
bands of interest. On the other hand, the function of this protein may not be associated with a damaging
effect on cells. Although cytotoxic proteins have recently been identified in the venom of another poly-
chaeta (E. viridis), reported in Rodrigo et al. (2021a), Hdiv_1 may have other role. For example, as a
CRISP, Hdiv_1 has some potential to act as a neurotoxin since other CRISPs have already been re-
ported as such (see for instance Yamazaki et al., 2002). In this way, the effects of Hdiv_1 would only
be visible when evaluated in whole organisms, analyzing the impact on the nervous system. Besides its
neurotoxic potential, this protein may be more related to a defensive role, according to Moutinho Cabral
et al., (2022). As mentioned by Moutinho Cabral and colleagues, the Hediste diversicolor itself appears
to produce more bioactives associated with defense mechanisms than predation. In this context, the
Hdiv_1 potential to act as an antimicrobial should be considered and studied in future approaches. If
indeed this protein proves to be valuable as a neurotoxin or antimicrobial compound, it is advantageous
not to cause death, mutations, or other types of damage in eukaryotic cells. Another hypothesis that
must be considered is the possibility that the produced Hdiv_1 may not be active. The actual folding of
the produced protein was not studied in this project (due to time constraints), so although the protein
has a three-dimensional structure (since it was obtained in the soluble fraction), this does not prove that
it holds its native folding, which it is essential for Cys-rich proteins activity (see for instance, Nielsen et
al., 2019). This is particularly relevant due to the large number of cysteines in the composition of Hdiv_1.
The disulfide bonds between these cysteines are essential for the correct folding and consequently
activity of the protein (Zhang et al., 2011). Knowing that there are some struggles for these bonds for-
mation in the BL21(DE3) cytosol (Stewart, 1998), the ones that were formed in Hdiv_1 could be incor-
rect, leading to the expression of a dysfunctional protein. In addition, it is not yet known whether any
cofactor or specific protein interaction, naturally present in the annelid venom, would be necessary for
this protein activity and stability (see an example of a cofactor essential for protein activity in Gierula
and Ahnstrom, 2020). If this is the case, this factor must be present in the same extract as Hdiv_1 to
induce its activity. Thus, further studies will be necessary to test these hypotheses, namely characteri-
zation of secondary structure by circular dichroism. However, regardless of which hypothesis will be
verified in the future, the potential for new drug development of the cysteine-rich secretory protein of H.

diversicolor or its derived Hdiv_1 should not be discarded.
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The conditions used in the cytotoxicity assays may not have been the most adequate to obtain
significant cytotoxicity, which could also explain the cytotoxicity lack of Hdiv_1. In the first attempts of
the neutral red assay, the results did not seem very consistent since appeared to exist less cytotoxicity
when the cells were treated with hydrogen peroxide compared to all other treatments, including the
negative control. This makes no sense considering that H.O2 was being used as a positive control, since
it was already reported as potentially cytotoxic (Eastman & Guilarte, 1990). Consequently, the assay
was re-optimized before testing Hdiv_1-containing extracts. Thereby, different buffers were tested in the
preparation of the suspension, as well as different exposure times of the cells to the treatment. In fact,
the difficulties previously experienced with this assay seemed to be related to the suspension buffer.
Among the buffers tested was Dulbecco’s PBS (calcium and magnesium-free), the one prepared in the
laboratory that had previously been used in this assay and also a commercial version. Both had similar
compositions, with only a slight change in sodium phosphate concentration. Hank’s Salt Solution has
the same constituents as PBS with the addition of glucose and sodium bicarbonate. The last buffer
tested, Kenny’s Salt Solution, has a higher NaCl and KCI concentration than the previous buffers and
does not have sodium phosphates in its composition. Both Dulbecco’s PBS and Hank’s Salt Solution
are commonly used in mammalian cell cultures (Repetto et al., 2008; Osterberg & Roussa, 2009).
Kenny’s Salt Solution is not as widely-used as the former, but it has also been referenced in comet
assays using fish liver cells, for instance (Amado et al., 2006). The results of this optimization attempt
showed that Kenny’s Salt Solution seemed to be the most suitable buffer for these cell cultures. Addi-
tionally, it is perhaps the most interesting buffer for cultures of marine organisms with an inefficient
osmotic balance maintenance system since its composition is similar to the saline composition of salty
water due to its large proportion of NaCl. The remaining buffers have a lower salt concentration, which
could lead to osmotic stress in the mussel cells or even cause cytolysis during the assay (lysis due to
osmotic disbalance). On the other hand, some potential neutral red precipitates were detected when
Hank’s Salt Solution was used, so some compounds present in this buffer may cause neutral red pre-
cipitation during the assay, leading to inconsistent results. Optimizing this protocol also allowed to in-
crease the exposure time of the cells to the treatments compared to what was initially being used. This
also makes the assay more sensitive in detecting cytotoxic effects, as proteins have more time to exert
their effect on cells. However, we also have to consider that the different concentrations of total protein
used and the time of cells’ exposure to the protein could not have been enough to trigger Hdiv_1 effect.
Notwithstanding, it was possible to successfully optimize this strategy, converting it into a quick and
practical tool for cytotoxicity screening.

The culture of primary mussel gill cells used in the assays may also have influenced the cytotox-
icity results. Mollusks such as mussels are an attractive model organism for toxicity studies. They are
particularly suitable for ecotoxicological studies of pharmaceuticals and other contaminants since they
can be used to monitor the presence and changes in concentration of compounds in the ocean (Swiacka
et al., 2019). In fact, these marine animals have some characteristics that make them useful for toxico-

logical studies, for instance, their capability to bio-accumulate different xenobiotics like pesticides, drugs,
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heavy metals, and toxins (Ozkoc et al., 2007; Solla et al., 2016; Blanco, 2018; Pempkowiak et al., 1999).
In addition, Mytilus edulis (the species used in this project), has a sedentary behavior, a high distribution
on the Portuguese coast, and a great resistance and adaptation capacity (Sukhotin et al., 2003). More-
over, the collection, maintenance, and manipulation of these mollusks are easy and low-cost, and tox-
icity assays on these animals (in vivo) or on their cells (in vitro) are also easy to perform, cost-effective,
and relatively fast (Curpan et al., 2022; Ladhar-Chaabouni & Hamza-Chaffai, 2016). In this specific
project, cultures of primary cells derived from mussel gills were used to assess Hdiv_1 toxicity. This type
of cells was selected after some histological studies performed by the Seatox team showed that the gills
of the mussels collected had fewer parasites and less cell damage when extracted compared to other
tissues (e.g., digestive glands). It is important to note that the primary cell population used is heteroge-
neous, presenting different cell types, from epithelial cells to defense cells, as reported in Gémez-Mendi-
kute et al. (2005). The microscopic analyses performed show this same panorama, as several cells with
different appearances were detected, many of which we believe to be defense cells. Therefore, the
heterogeneity of the culture and the presence of numerous defense cells in it may also have influenced
the effects detected on the cytotoxic assays. Nonetheless, the cytopathological alterations caused by
exposure to the recombinant protein could not be assessed in detail during the present work and will in
the near future require further sectioning and transmission electron microscopy to determine, e.g., cell

death type and alterations to the plasma membrane and mitochondria.
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5

CONCLUSIONS AND FUTURE PRESPECTIVES

Notwithstanding the encountered limitations, this research successfully yielded a recombinant
marine Polychaeta protein from its coding sequence using a highly cost-effective and practical model
for such endeavors. Additionally, this thesis made strides in assessing the bioactivity of the recombinant
protein, revealing that it does not exhibit a significant level of cytotoxicity toward animal cells, although
its effects on vertebrates remain uncharted territory. This information will be valuable for guiding future
investigations into the bioactivity of Hdiv_1. Furthermore, the work conducted in this project made a
considerable technical contribution, as the employed strategy holds the potential to pave the way for
various applications. An efficient and cost-effective cytoassay was also refined throughout this en-
deavor, offering a valuable tool for initial bioactivity screenings of diverse compounds of interest. In

summary, this thesis plays a pivotal role in surmounting multiple challenges within blue biotechnology.

In brief, marine bioactives have exhibited great biotechnological potential in recent years, serving
as a secure and cost-effective resource for developing novel products with advantageous and econom-
ically viable properties across various domains. Therefore, marine toxins have garnered considerable
attention from the scientific community, stemming from their potential to yield new, safer, environmen-
tally friendly, and efficacious drugs. The Polychaeta, a class of marine invertebrates, have revealed a
great interest in this matter. Their wide distribution has compelled the species within this class to develop
different compensatory mechanisms to address inefficient predation, defense and immune systems,
such as the secretion of venoms, complex mixtures of toxins. However, more information about these
annelids or the properties of the toxins they secrete is still needed to understand their biotechnological
potential. To investigate the biotechnological potential of marine proteins, the recombinant protein
known as Hdiv_1, derived from the cysteine-rich secretory protein secreted by Hediste diversicolor, was
expressed for the first time. The protein was partially characterized by its experimental molecular weight
and isoelectric point. Although some uncertainty persists regarding which of the two detected bands
corresponds to Hdiv_1 in SDS-PAGE gels, both bands were successfully concentrated in the same
extract, which was obtained in enough amounts to perform the cell-based assays. Efforts were also
made to obtain a purer form of Hdiv_1, resulting in high purity for one of the bands of interest but in

limited quantities for cell-based assays. Furthermore, Hdiv_1 did not exhibit cytotoxic effects, nor did it
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induce DNA damage on primary cultures of cells from mussel gills. This observation could be attributed
to various factors, including the possibility that the protein has not evolved to cause significant cytotox-
icity in eukaryote cells, especially mollusks cells, which are not its intended target. Nevertheless, the

potential of the cysteine-rich secretory protein for developing new drugs should not be underestimated.

In the future, the mass spectrometry analysis should be repeated and the Hdiv_1 folding should
be studied through circular dichroism to elucidate whether the recombinant protein produced assumes
a specific secondary structure pattern. Alternatively, we could study the folding in silico with structures
of other Cys-rich proteins and conotoxins, already available in public databases, or explore the potential
of AlphaFold as an Al tool to predict the folding of Hdiv_1. If the expressed protein is indeed folded,
additional assays should be conducted to assess the bioactivity of the recombinant protein and, conse-
quently, its biotechnological potential, which may involve repeating cytotoxicity assays with increased
protein concentrations and further cytopathological analysis. Furthermore, it would be prudent to explore
the potential neurotoxic and antimicrobial function of the protein through assays involving animal models
and bacterial cells, respectively. Conversely, if the produced protein is found to be dysfunctional, modi-
fications in the production and purification workflow will be necessary. Regarding expression, an alter-
native E. coli strain, such as SHuffle® Express Competent E. coli, could be considered. Like Origami™
B(DE3)pLysS, this strain possesses a genotype favorable to forming disulfide bonds in E. coli cytosol.
Specifically, SHuffle stain constitutively expresses an isomerase capable of facilitating the formation of
correct disulfide bonds between cysteine residues. Another approach could involve isolating the protein
from the insoluble fraction rather than the soluble one. This strategy is noteworthy as successful cases
where functional proteins were obtained from inclusion bodies have been reported (see an example in
Maksum et al., 2022). To obtain a functional protein the inclusion bodies would need to be treated with
different buffers. First, it would be necessary to solubilize them and then induce protein refolding. This
method is more time-consuming but may lead to the correct protein conformation. Overall, the key to a
comprehensive understanding of the cysteine-rich secretory protein hinges on further investigations into
its folding and potential functions. Finally, Hdiv_1 purification could be optimized to obtain a higher yield
by attempting other methodologies, e.g., ion exchange chromatography. Moreover, although the bioac-
tivity or potential toxicity of Hdiv_1 remains uncertain, this project successfully produced a CRISP in
both soluble and insoluble forms (in inclusion bodies) via a rapid and cost-effective methodology: re-
combinant DNA technology. Demonstrating how the feasibility of this production approach for complex

marine proteins, such as CRISPs, holds significance in the future of blue biotechnology.
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APPENDIX

A.1 R script for assumption checking

# First, the assumptions of the parametric tests must be tested (the variables are inde-
pendent, the normality and homogeneity of the variables will be tested):

library (carData)

library(car)

#0pen and organize data. This code was adapted for each variable analyzed in this thesis:
cytotoxicity from the cytotoxicity assays and % DNA in Tail and Olive Moment from the Comet
assay

Dados<-read.csv ("C:\\Users\\Utilizador\\OneDrive - FCT NOVA\\Ambiente de Trabalho\\Cata-
rinaFaustino\\An&dlise Comet\\DNA in Tail.txt",sep=";",header=TRUE, row.names=1)

Dados$Protein.Concentration<-as.factor (Dados$Protein.Concentration)

nFactors=nlevels (Dados[,1])

Factors=levels (Dados[,1])

nVariables=ncol (Dados)

Variables=colnames (Dados)

## Check normality for each sample (concentrations vs variable), using shapiro test--> if
p>0.05 then the data follows a normal distribution:

Dados$X..DNA.in.Tail<-as.numeric (Dados$X..DNA.in.Tail)

for(i in 2:nVariables)

{

for(j in l:nFactors)
{
print (paste(sep=" ","Variable:",colnames (Dados) [i],";","Factor:",Factors[j]))

print (shapiro.test (Dados[Dados$Protein.Concentration==Factors[j],1]))

}

## Results: The data of variables "Cytotoxicity", "% DNA_in Tail" and "Olive Moment"
follow a normal distribution (p>0.05).

##Then the homogeneity of variances was tested: if p>0.05 then the data are homogeneous:

for(i in 2:nVariables)

{

print (paste(sep=" ","Variable:",colnames (Dados) [1]))
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print (leveneTest (Dados[,i]~as.factor (Dados[,1]),center=mean))
}
# Results - The variances from the variables "Cytotoxicity", "% DNA_ in Tail" and "Ol-
ive Moment" present homogeneity
# According to the results, the variables data "Cytotoxicity", "% DNA in Tail" and "Ol-

ive Moment" fulfill the assumptions of the parametric tests.

A.2 R script for the Tukey's test (parametric multiple compari-

sons)

# Multiple comparisons were made by the F-test (Anova). Again, this code was adapted for
each variable ("Cytotoxicity", "% DNA in Tail" and "Olive Moment") and was run after running

the code in A.1

for(i in 2:nVariables)

{
print (paste(sep=" ","Variable:",colnames (Dados) [1]))
print (summary (aov (Dados[,i]~Dados[,1])))

print (TukeyHSD (aov (Dados[,i]~Dados[,11)))

A.3 R script for plotting the results (Comet Assay)

library(gplots)

# Mean and deviation calculation (in this case the % DNA in tail results):
DNAMeans<-aggregate (Dados, X..DNA.in.Tail~Protein.Concentration, mean, na.rm=TRUE)
DNASD<-aggregate (Dados, X..DNA.in.Tail~Protein.Concentration, sd, na.rm=TRUE)

# Defining data order

DNAMeans<-DNAMeans([c (1, 1, 4, 2, 5, 3),]

DNASD<-DNASD[c (1, 1, 4, 2, 5, 3),]

# Defining errors
plotLimits<-as.data.frame (
cbind (
(DNAMeans|[,2]+DNASD[,2]),
(DNAMeans [, 2] -DNASD[,2])

)
colnames (plotLimits)<-c ("upper", "lower")
#ANOVA result (multiple comparison from Tukey’s test)

statsText<-c("a", "a", "a","a", "a", "a")
windowsFonts (Calibri = windowsFont ("Calibri"))

windows (6, 5)

par(lwd = 2, mar = c(5, 5, 1, 1), family = "Calibri")
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# Defining custom names for each pair of bars

custom names <- c("0", "5", "50") # One name for each pair of bars

# Specifying the positions of the custom names

midpoints <- c(1.15, 4.3, 7.4) # values adjusted as needed

DNAPlot <- barplot2(

DNAMeans$X..DNA.in.Tail, # vy values

plot.ci = TRUE, # plot error bars

ci.u = plotLimitsS$upper, # upper limit of error bars

ci.l = plotLimitsS$lower, # lower limit of error bars

col = c("rosybrown", "steelblue", "rosybrown", "steelblue", "rosybrown",

space = ¢c(0.1, 0.1, 1, 0.1, 1, 0.1), # Create space between bars
xlab = expression(italic("Protein Concentration") * ' (ug/mL)'"),
ylab = expression(italic("%$ DNA in Tail")),
ylim = c(0, 1.9 * round(max (plotLimitsS$upper, 1))), ## change the y limit
lwd = 2,
ci.lwd = "2",
ci.width = 0.4,
cex.lab = 1.2,
cex.axis =1,
names.arg = rep("", length (DNAMeans$X..DNA.in.Tail))
)
# Adjust the graph
abline(h = 0, lwd = 4)
text (
DNAPlot([, 11,
plotLimits$upper + 0.1 * max(plotLimitsS$Supper),
statsText
)
# Add a legend
legend ("topright", legend = c("ExtHdiv_ 1", "ExtP"),

col = c("rosybrown", "steelblue"),
bty — vvnvv,
pch = 20,

pt.cex = 2.5,

cex = 1,

horiz = FALSE,

inset = ¢ (0.1, 0.1))

# Add custom names for pairs of bars using the specified midpoints
axis (1,

at = midpoints,

labels = custom names,

tick = FALSE)

# The same code was adapted for plotting the Olive Moment results
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