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Abstract  

Aquaculture industry is experiencing a fast and impressive growth but is also facing economic 

losses caused by infectious diseases such as vibriosis. Antibiotics are not a good treatment since they 

present an environmental and public health threat due to resistant bacteria emergence, making the 

vaccines the most viable way to control and prevent fish infectious disease. The  aim  of  this  work  is  

to  produce  an  outer  membrane  protein-OMP  extract  rich  in  a Vibrio  OmpK protein,  a  potential  

vaccine  against  vibriosis.  Outer membrane proteins were extracted from Vibrio alginolyticus by 

centrifugal and ultracentrifugal separation. Sarkosyl, Triton X-100 and SDS detergents were used as 

solubilizing agents. Centrifugal separation of sarkosyl 1% (w/v) gave a  yield  of  5.6mg  OmpK/L  of  

culture  medium OD=4.0 while ultracentrifugation  in  the  same  conditions 1.8mg of OmpK/L of 

medium OD=4.0. 

Anion exchange and hydrophobic chromatography trials over the centrifugal extract showed high 

similarities in OMPs properties, leading to poor fractionation. Centrifugal membrane ultrafiltration of 

Triton X-100 and of sarkosyl centrifugal extracts showed that OMPs interactions with sarkosyl 

molecule impaired their permeation through membranes, while permeation is permitted for Triton X-

100. Sarkosyl 1% (v/v) ultracentrifugal extract was the most adequate to isolate the OMPs and and 

permit the purification of OmpK but it leads to low total protein yield. Moreover, ultracentrifugation 

cannot be performed at large scale, making it improbable to produce enough amount of native OmpK 

protein for aquaculture fish vaccination. 

 

 

 

Key-words: Membrane proteins extraction, OmpK, Vibrio alginolyticus, Membrane protein purification, 
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Resumo  

Apesar do seu rápido crescimento, a indústria da aquacultura também enfrenta perdas consideráveis 

devido às doenças infeciosas. Devido à emergência de bactérias resistentes a antibióticos, as vacinas 

constituem a opção mais viável para controlar e prevenir doenças infeciosas nos peixes, como a 

vibriose causada por bactérias do género Vibrio. 

O objetivo principal deste trabalho consiste em produzir um extrato de proteínas de membrana 

externa (OMPs) de Vibrio alginolyticus e purificá-lo de modo a enriquecê-lo na proteína OmpK, uma 

potencial vacina contra a vibriose.  

Foram realizadas extrações por centrifugação e ultracentrifugação combinadas com solubilização 

mediada pelos tensioactivos sarkosyl, Triton X-100 ou SDS. O sarkosyl 1% (w/v) foi o mais adequado 

para a extração com rendimentos de 5,6 mg de OmpK/L e 1,8mg de OmpK/L de meio de cultura 

DO=4 respetivamente por centrifugação e ultracentrifugação. Ensaios de cromatografia de troca 

aniónica e de interação hidrofóbica sobre o extrato centrífugo mostraram uma elevada similaridade 

nas propriedades das OMPs, impedindo o seu fracionamento. A ultrafiltração por membranas dos 

extratos centrífugos de Triton X-100 e de sarkosyl mostrou que as interações das OMPs com sarkosyl 

impedem a permeação proteica enquanto esta é permitida para Triton X-100. 

O extrato ultracentrífugo com sarkosyl 1% (w/v) foi o mais adequado para isolar as OMPs e 

possibilitar a purificação de OmpK, mas origina um rendimento proteico reduzido. Contudo, a 

ultracentrifugação não é realizável em larga escala, tornando improvável a produção de quantidade 

suficiente da proteína OmpK nativa para vacinar peixes em aquacultura. 

  

Palavras – chave: Extração de proteínas de membrana, OmpK, Vibrio alginolyticus, purificação de 

proteínas de membrana, sarkosyl, Triton X-100. 
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1. Introduction  

1.1. Project  

In the search to introduce vaccines in aquaculture against vibriosis, there has been a lot of interest in 

outer membrane proteins of Vibrio against vibriosis bacteria since they share a common antigen 

among the genus. The aim of this work is to extract and purify native OmpK protein from cultured 

Vibrio alginolyticus bacteria, to assess its potential for vaccination against Vibrio alginolyticus and 

other Vibrio species. The Vibrio alginolyticus strain used was provided by EPPO-Olhão Pilot 

Pisciculture Station of IPMA- Instituto Português do Mar e da Atmosfera, Portugal, and the 

experimental work was done at BERG- Bioengineering Research Group of IBB - Institute for 

Bioengineering and Biosciences unit at IST- Instituto Superior Técnico, Universidade de Lisboa.  

1.2. Aquaculture industry 

Aquaculture is the farming of fresh or saltwater aquatic organisms such as fish, molluscs, crustaceans 

and aquatic plants. It is practiced since the earliest time but gained relevance in the 1980s due to its 

impressive growth and capacity to supply fish, not only for human consumption but also for fish oil or 

fishmeal production. In addition, its fish production has overcome the fish production by capture.  

According to the Fisheries and Aquaculture department of Food and Agriculture Organization (FAO), 

aquaculture farms around 580 aquatic species mainly finfish, molluscs and crustaceans and for the 

past five decades has grown more rapidly than the word population. Despite the expansion, the sector 

is still facing  issues related to the information and publication of policies, development plans and 

regulations in order to guarantee a worldwide economically sustainable and responsible development 

of the sector [1]. 

Another important and global constraint of aquaculture sector is fish infection by enteric red mouth, 

winter ulcer or vibriosis diseases. Those cause mass mortality and consequently economic losses 

estimated in a range of hundreds of millions to billions of dollars worldwide per year. Infectious 

disease pathogens include bacteria, fungi, virus and parasites. Bacteria are the most relevant and 

threatening pathogens due to a high adaptation ability that guarantees them survival and growth 

independently of the host or environment [2].  

 

Antibiotics have been used to treat bacterial diseases in aquaculture but, despite their effectiveness, 

they present a public health hazard due to antimicrobial residues in the products and environment, 

emerging of resistant pathogens and spread of antibiotic-resistance genes. Some alternative to 

antibiotics are probiotics, essential oils, phage therapy and vaccines. [3]  

Vaccines are the most promising way to prevent infectious disease in aquaculture environment and 

have been used for the last three decades, by oral, immersion or injection administration. Vaccines 

still present some limitations namely the cost, the stress caused to fish during vaccination, and the fact 
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that most disease appear in larval stage when the fish are too small to be vaccinated or has not 

developed yet a functional immune system. Other obstacles consist in insufficient knowledge of fish 

immune system and its interactions with the pathogens, and the fact that most available vaccines are 

directed to a specific fish or against a specific pathogen, having a reduced protection range. [2], [4], 

[5]. 

In aquaculture, one of the most devastating bacterial infectious disease is vibriosis by Vibrio species. 

Although there are already commercial vaccines against the most common bacteria that causes 

vibriosis, the disease continues to be an issue as a result of opportunistic bacteria emergence. [2], [6]. 

 

1.3. Vibrio alginolyticus and vibriosis characterization  

The Vibrio genus is composed by 131 known species [7] in which 12 are related to human infections 

while more than 27 are associated with fish and shellfish disease causing huge losses on the fish farm 

industry [7],[8].  Listonella anguillarum (formerly Vibrio anguillarum), Vibrio ordalii, Vibrio salmonicida, 

and Vibrio vulnificus are the ones associated with fatal and devastating vibriosis disease, but there 

has been given special attention to other species, namely Vibrio alginolyticus for being involved in fish, 

shellfish, shrimps and echinoids and human infectious diseases [9], [10]. 

1.3.1. Vibrio alginolyticus  

Vibrio alginolyticus is a gram negative aerobic bacteria, with a broad geographic distribution in 

temperate marine and estuarine waters, that  lives in most marine animals intestine as a part of their 

saprophytic microbiota [11]. Microscopically, Vibrio alginolyticus is a curved rod-shaped bacterium 

(Figure 1-1) of 2 to 3 micra in length bacteria with a single flagellum responsible for its high motility. As 

others Vibrio species, it grows selectively in TCBS - thiosulfate citrate bile salts sucrose agar forming 

large yellow colonies of 2-3mm diameter [12]. Under favourable conditions, Vibrio alginolyticus has a 

generation time from 12 to 25 minutes, depending on the strain, with moderate halophile conditions 

that range from 0.5 to 6% of salt concentration, being 3% NaCl the optimal one. Vibrio alginolyticus 

bacteria can be found at a pH range of 4.5-5 to 10.5-11 and  temperature range of 10ºC to 42ºC but 

optimal growth is observed at pH between 7 and 8, and temperature range of 20ºC to 37ºC  [13], [14], 

[15]. 

Vibrio species isolation may be done using blood agar with 3% NaCl or enriched media as tryptic soy 

agar growth medium that are selective for Vibrio species. Posterior differentiation can be done using 

vibriostatic agents such as Novobiocin and 0/129 that inhibit Vibrio sensitive species growth, allowing 

to differentiate them from closely resistant ones.  Although with low certitude, the disease is thought to 

be transmitted through oral via among the populations [16]. 
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Figure 1-1 Vibrio alginolyticus image obtained by SEM. [17] 

Although Vibrio alginolyticus is object of study due to its pathogenicity, it also arouse interest as a 

potential probiotic organism due to its fast growth that can easily overcome other pathogens, and is 

also cultured to produce biological molecules, as proteases,  for commercial purposes [18]–[20]. In 

addition, Vibrio alginolyticus and other Vibrio species are commonly studied for their copper and 

sodium chloride resistance, two characteristics that are essentials for their adaptability in seawaters 

[21], [22]. 

1.3.2. Vibrio alginolyticus identification  

In case of vibriosis outbreaks, phenotypic characters description and biochemical tests are normally 

performed to identify Vibrio species in order to apply the most adequate treatment. However those 

techniques are time consumable (2-3 days) and have low specificity since they do not differentiate 

pathogenic and non-pathogenic bacteria. In addition, bacterium develop phenotypic characteristics as 

a result of their adaptation in the environments making it inaccurate to exclusively rely on those 

characteristics [23], [24].   

Vibrio alginolyticus is hard to differentiate from Vibrio species especially from V. parahaemolyticus 

since both have very similar biochemical properties. The most reliable and accurate way to identify 

Vibrio alginolyticus consists in DNA based molecular methods [12], [23]. Molecular methods of Vibrio 

alginolyticus and other Vibrio identification include DNA-DNA hybridization, multi locus sequence 

analysis (MLSA), and random amplification of polymorphic DNA (RAPD), restriction fragment length 

polymorphism (RFLP), and ribotyping of 16S rRNA. For detection purposes, those techniques are 

combined with PCR technique. Although the previous technique are highly efficient for Vibrio 

alginolyticus detection, they are time consuming, expensive and require expertise and advanced 

laboratory equipment, making them inadequate for field identification [23], [25]. Recently, a new Vibrio 

alginolyticus detection method was established, allowing the rapid (20-60min) diagnostic of the 
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bacteria in the field and laboratory. The detection tool is based on a loop-mediated isothermal 

amplification (LAMP) that detect, and amplifies by real-time PCR, Vibrio alginolyticus toxR gene which 

codes a transmembrane protein and  is known as a Vibrio virulence gene since it is responsible for the 

regulation of virulence genes of many Vibrio pathogens, mainly the tdh gene encoding thermostable 

direct haemolysin, a major virulence factor of the genus [24], [26]. 

 

1.3.3. Vibriosis  

1.3.3.1. Vibriosis in fish  

Vibriosis, as mentioned previously, is an infectious disease, caused by bacteria of Vibrio genus, that 

affects many marine animals, mostly larvae and young forms, and human beings. The disease was 

associated to more than 40 fish species and its pathology regarding fish farming is more studied and 

characterized in the case of Vibrio anguillarium, the most virulent and mass mortality causing bacteria 

of the genus [27]. Endo or exotoxins are thought to be the molecules responsible for the Vibrio species 

virulence but there are no histological studies that uphold those hypothesis [28].  

Clinical symptoms of the disease in fish are the same among the bacterial genus but vary slightly 

according to the pathogen’s species and host’s organisms.  Attended fish show symptoms as lethargy, 

septicaemia, loss of appetite causing anorexia; darkening, reddening or discoloration of the skin, 

anorexia, anaemia and finally death. In some cases, the disease is asymptomatic and causes sudden 

death. In acute stages, skin lesions appear and evolve to necrosis. Internally, the disease causes 

muscle and liquefactive necrosis of tissues and kidney, interfibrillar haemorrhage, pale gills due to the 

anaemia and periorbital edema. As an immune response, diseased fish show an increase in the 

number of leucocytes and lymphocytes. After infection, the disease development is influenced by the 

incubation time, evolution and virulence of the pathogen, as much as the environment and stress 

conditions of the infected population. Vibriosis infections commonly result in over 50% of mortalities in 

affected populations between 24h and 48h. Preliminary diagnostics of vibriosis can be made by 

external and internal observations of the symptoms but precise diagnostics requires isolation and 

identification of the pathogen [16], [28].   

In vibriosis outbreaks, animals are treated with antibiotics by oral administration. The main substances 

administrated are Terramicyn which active substance is oxytetracycline, or sulfamezarine at 

respectively 3g and 5 g per 0.45 kg of fish. In case the previous antibiotics don’t work, a combination 

of 3 grams of sulfamethazine and 2 grams of furoxone per 0.45 kg of fish is used. The substances are 

fed to the fish for a period of 10 days that may be extended until mortalities return to normal rates. 

Commercially available antibiotics include Terramicyn, sold in a sinking feed, and Romet, composed 

of sulfadimethoxine and ormetoprim, sold in floating feed and must be administrated for 5 days. 

Despite its effectiveness, antibiotic administration is limiting since it can only be used for fishes that 

are fed and its effect depends on the pathogen sensitivity, and in the food uptake of the treated fish. 

As referred previously, antibiotics have the disadvantage of creating resistant bacteria causing a 

health and environmental issue [16], [28]. 
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Initially, Vibrio alginolyticus was not perceived as a vibriosis causing agent but has been concerning 

fish farming industries since there are report of its pathogenic effects in addition to experimental tests 

that corroborates the pathogenicity of the bacterium with the previously cited symptoms. The 

bacterium was proved to cause mass mortality, close to 100% in red abalone, haliotis rufescens, [29],  

sea horse, Hippocampus reidi [30],  and gilt-head Sea Bream, Sparus aurata L. [11]. Studies 

concluded that the virulence of Vibrio alginolyticus is due to its ability to adhere to host mucus, grow 

under iron-limiting conditions and obtain iron from chelated molecules, and to its hydrolytic activities. 

In addition to toxR gene, OmpK and collagenase are thought to be the molecules that give the 

bacteria its virulence [31]. Furthermore, assays done in gilt-head sea bream showed that fishes 

injected with the bacteria’s extracellular products of this bacterium experienced death after 72h of 

incubation, evidencing a cytotoxic effect of the products [11].  

1.3.3.2. Vibriosis in humans  

Among the Vibrio species that are pathogenic to humans, Vibrio cholerae, Vibrio vulnificus and Vibrio 

parahaemolyticus are the prevalent ones. The pathogens contact with human through consumption of 

raw or undercooked seafood or exposure of wounds to seawater, mainly in summer time. Vibriosis 

main manifestations in humans are food poisoning, gastroenteritis, septicemia, wounds infections and 

otitis media and external. Vibrio alginolyticus infections in human are not as common as the previous 

ones but are still important. Vibrio bacteria does not cause serious complications in human hosts 

except in the case of immunocompromised persons, in which case it can lead to severe symptoms 

and even mortality. The diagnostic for humans is similar as described for the fish (1.3.3.1). 

1.3.3.3. Vibriosis control in aquaculture  

Control and management of Vibrio species outbreaks require high control and maintenance of water 

and culture conditions. Stressful fish farming conditions as poor nutrition or poor water quality, 

chemical treatments, improper handling or overcrowding are favourable to infectious agents. Thus it is 

critical to keep new fishes away from existing ones and guarantee that culture facilities and tanks are 

always sanitized and waste free. 

As Vibrio bacteria are opportunistic pathogens, the pre-existence or infection of other pathogens can 

help them grow and spread more rapidly, mainly parasites which are known for damaging fish tissues, 

giving the bacteria ideal locations to insert in the host’s organism [16].  

1.4. Vaccines in aquaculture industry  

Initially, antimicrobial chemicals and antibiotics were effectively used against infectious diseases in 

aquaculture industry. However emergence of resistant pathogens, need for huge amounts related with 

health and environmental concerns led to a decline of chemotherapeutics and antibiotics use. 

Vaccines are seen as an alternative since the 1940’s and 1950’s for presenting relevant advantages 

such as cost effectiveness; minor environmental impacts, minimal of resistant pathogens and 

chemicals products use.  Vaccines aims to protect vaccinated organisms against disease by inducing 
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long term immunity and stimulation of the immune system memory. The first successful vaccine in fish 

farming was introduced in the USA in 1970s against vibriosis, in salmon cultures. After the success of 

this vaccines, research was done with the objective of minimizing antibiotics use and develop more 

vaccines. Vaccine development is influenced by its safety, cost-effectiveness, vaccinated species and 

administration route. Furthermore, the fish vaccination must take into account the fish species, status 

of immune system, farming technology, environment and stress factors [28], [32]. Vibriosis vaccines 

research and state are developed further in sections (1.5) and (1.6) respectively.  

Aquaculture vaccines are based in three main techniques namely whole pathogens, subunit and DNA 

based vaccines. Whole pathogens vaccines consists in attenuated or killed pathogens that are 

introduced in the organism of the fish in order to induce their immune response [33]. 

 Attenuation of pathogens can be done by genetic manipulation, heat or culture in inadequate 

conditions; it is the most effective form of vaccine but can be risky due to residual virulence, capacity 

to harm immunocompromised vaccinates or regain of the virulence through genetic alterations into the 

host. Pathogens can be killed using chemicals such as formaldehyde, ethyleneimine or β-

propiolactone that inactivate completely the cell and inhibit nucleic acid replication preventing 

microbial growth. Contrary to attenuated cells, killed cells do not present a risk of virulence but have 

immunosuppressive components and a lower antigenicity since most proteins that interact with the 

host are denatured. In addition, they are mostly combined with adjuvants that may be toxic to 

vaccinated fishes [34].   

Subunit vaccines consist in the introduction of an antigenic molecule obtained by direct extraction and 

purification from the pathogen, recombination or chemical synthesis. Compared to whole pathogen 

vaccines, they have the advantage of zero bacterial growth and do not introduce immunosuppressive 

molecules or toxins in the host but on the other hands, it is highly difficult and costly to successfully 

identify and produce those proteins in high quantity and proper quality for vaccination purposes [33], 

[34].   

DNA based vaccines consist in the introduction of a vector, commonly a plasmid, in which it was 

inserted the gene that encodes an antigenic protein. The plasmid is replicated and the gene 

expressed in the host’s organism stimulating immune response against the pathogen. This technique 

is cost effective, relatively simple and safe but there are some issues about the spread of the gene 

vector in the environment, giving resistance to other bacteria [33].  

 

Vaccines can be administrated by three routes, immersion, injection and oral. Oral vaccination through 

feeding is the most appropriated for mass vaccination, for being easy and stressless towards 

vaccinated animals. On the other hand, this method has poor efficacy related to insufficient or 

excessive dosage and antigen destruction in the gut. 

Immersion techniques include direct immersion in tanks, spraying or showering fishes with vaccines 

preparation and are practiced in mass vaccination of small fishes but are not appropriated for all kind 

of vaccines.  

Injection by parenteral route is the most effective vaccination technique, since it guarantees proper 

dosage and quality of the substances, but it is the most costly due to fish anaesthesia necessity and 
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careful handling making it impracticable in small fishes that weight less than 10 grams. An outstanding  

characteristic of injection is its possible combination with adjuvants,  enhancing its effect with 

nonspecific activation of macrophages and consequent amelioration of specific immune response [4], 

[32].  

Nowadays, there are about 27 commercial vaccines, mostly multivalent, available for fish industry. The 

major producers are Intervet International (Netherlands), Novartis Animal Health (Switzerland), 

Schering-Plough Animal Health (USA), Pharmaq (Norway) and Bayer Animal Health (Germany/ 

Canada). Most of the commercialized vaccines are directed for salmon and trout farming in Northern 

Europe, Chile, Canada and USA. Although the vaccines are current in the aquaculture industries, 

there are still a lot to do in research and development of vaccines since the current ones are only for 

specific species diseases. It is also necessary to find an appropriate alternative for aquatic plants, 

invertebrates since they do not have an adaptive immune system, making the vaccines useless in 

their culture [4], [28], [32]. 

1.5. Vaccines against vibriosis  

Vibriosis first vaccines were based in formaldehyde-inactivated broth cultures and used in salmon 

culture. In the 27 vaccines commercially available against aquaculture infections, 9 of them are 

against vibriosis. (Table 1-1) shows the commercially available vaccines against vibriosis according to 

their specificity. Most of the vaccines are based in inactivated whole-cells in which lipopolysaccharides 

(LPS) are the main antigens [35] [32].  

Table 1-1: Commercially available vaccines against vibriosis [32] 

Vaccines against specific vibrio species 

Vibrio anguillarum vaccine 

Vibrio salmonicida vaccine 

Multivalent Vaccines 

Combined Vibriosis/Furunculosis vaccine 

Combined Vibriosis/Furunculosis/Coldwater Vibriosis/Moritella viscosa/IPNV vaccine 

Combined Vibriosis/Furunculosis/Coldwater Vibriosis/Moritella viscosa vaccine 

Combined Pasteurella/Vibriosis vaccine 

Vaccines for specific fish species 

Vibriosis vaccine for cod 

Shrimp Vibriosis vaccine 

Vaccine for specific environment 

Warmwater Vibrio spp vaccine 
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1.6. OMPs as vaccine candidates against vibriosis 

1.6.1. Outer membrane proteins  

As illustrated (Figure 1-2), Gram negative cell envelope is composed of two membranes: the inner or 

cytoplasmic membrane, and the outer membrane. The membranes are separated by the perisplasmic 

space which contains perisplasmic proteins and a layer of peptidoglycan which is a structural polymer 

that is responsible for the cell wall strength. Bacterial inner membrane is essentially composed of 

phospholipids in its outer and inner leaflet. The outer membrane inner leaflet is also composed of 

phospholipids while its outer leaflet is composed of LPS which structure consist in a hydrophobic lipid 

region A region and a distal O-antigen region both connected by an oligosaccharide core. Both inner 

and outer membranes incorporate proteins that mediate transport, cell permeability and 

communication with the exterior [36], [37]. 

 

 

Figure 1-2 Structural representation of Gram-negative cell envelope. OM-outer membrane; OMPs- outer 
membrane proteins; PL- polysaccharide; IM-Inner membrane [38] 

OMPs are responsible for approximately 50% of the outer membrane mass and include not only 

integral membrane proteins, characterized by β-barrel structures, but also lipoproteins that are linked 

to the outer membrane protein through N-terminal attached lipids. OMPs are involved in 

communication between cell and surrounding, and assist cell response and adaption to stressful or 

harsh environment and are also highly important in pathogenic bacteria for exhibiting epitopes that 

trigger host’s immune response, and for enhancing the cell adaption against host’s immune system 

[39], [40].  
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1.6.2. OmpK protein as a vaccine candidate  

OMPs such as OmpW, OmpU, OmpC and OmpK are highly conserved among the vibrio species, and 

are located in the cell surface which make them easily recognizable as antigens. In addition, they were 

proved to have different expression levels as a response to hostile environmental changes, being 

eligible as potential vaccines against vibriosis [40], [41].  

Vibrio alginolyticus Ompk is an approximately 31.3 kDa protein coded by an 864 bp gene, composed 

of 281 amino-acid residues, with an isoelectric point between 4.78 and 4.87 [42]. Along with the 

isoelectric point, amino-acid residues quantity and molecular weight of the protein are characteristics 

that vary among species and strains. Biologically, the protein functions as a receptor for a broad-host-

range of vibriophages. Both OmpK gene and resultant protein are believed to play important roles in 

Vibrio genus infection and pathogenicity [40], [43].  Polyclonal antibodies raised against the protein in 

guinea pig reacted with other 5 Vibrio species confirming that OmpK proteins from different species 

are analogous making the protein a possible genus-specific antigen, eligible as a versatile vaccine 

against Vibrio species and a potential tool in their detection. [8], [42], [44].  

Presently, there are no vibriosis vaccines based on native outer membrane proteins. Most of 

experiments were done using recombinant OmpK or other OMPs. The genes are cloned using 

plasmids vectors, transformed and highly expressed in E.coli by IPTG induction. The extraction of 

recombinant OMPs is normally done using SDS as solubilizing detergent and the expressed genes 

are normally linked to histidine tags that allow posterior purification by affinity chromatography using 

Ni-NTA resins [8], [45], [46] .  

1.7.  Membrane protein production workflow  

Membrane protein production is composed of different steps (Figure 1-3) that begin with the culture of 

the cells that produce the protein, followed by cell harvest and disruption while preserving the 

membrane quality. Following membrane recovery, the membranes are solubilized in order to extract 

their proteins and finally the target one is purified.  
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Figure 1-3 Workflow overview for membrane protein isolation and purification [47]. 

  

1.8. OMP extraction  

Extraction of outer membrane protein from natural source is normally done in two main steps. The first 

consists in the isolation of the outer membrane after cell lysis, and the second is the solubilization of 

the membrane in order to release the proteins.  

When extracting target proteins that are inserted or linked to subcellular fractions, the first step 

consists  in the  isolation of the subcellular fraction by cell fractioning, which has proved to be a 

successful and efficient technique to recover proteins from subcellular fractions since proteins linked 

to their specific compartment are more stabilized and less susceptible to damage [48].  

1.8.1. Cell fractioning 

Cell fractioning is a technique that separates cells into subcellular components and has a high 

relevance in scientific domains such as proteomics and cellular organelles morphology or composition 

study. It is composed by two main steps, the first is the homogenization of the cells and the second is 

the fractioning of cell homogenate by centrifugation [49].  
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1.8.1.1. Homogenization  

Homogenization is the mechanical disruption of cell while maintaining the characteristics and 

morphological structure of cell fractions and organelles. Compared to chemical or enzymatic lysis, 

homogenization is gentler since it breaks cells in their principal components without inactivating or 

destroying them.  Techniques include grinding, cutting, osmotic shock, ultrasonic vibration and high 

pressure. For microbial samples treatment, sonication and high pressure are the more suited 

mechanical cell lysis method.  

Sonication is cell disruption by ultrasonic sound waves in which an electrical signal of 50Hz or 60 Hz is 

fed to an electric crystal that transforms it into high frequency oscillations with about 20 kHz. The high 

frequency vibrations are transferred to a metal at the end of which there is a probe. The probe is 

inserted in the cellular suspension and quickly moves forward and back due to the vibrations, causing 

interchanges of compression that put the sample gas bubbles under pressure. The compression 

interchanges with rarefaction that causes the gas bubbles to decompress and release shock waves 

that provide sufficient energy for the cells disruption. During sonication, the high energy release 

causes sample heating, which needs temperature control to avoid protein or cellular contents 

denaturation. Sonicator operates mostly at laboratory scale, up to 100mL and work in an ON/OFF 

cycle where the OFF time is important to cool down the samples. careful set of the sonication 

parameters such as time, electrical power and frequency are important to promote cold working 

conditions, [50], [51]. 

Cell disruption by high pressure consists in forcing cells through a narrow space that causes the cell 

membranes to shear. A French press is the most common high pressure homogenizer for single cell 

organisms and consists in a cylinder called the pressure cell, with a piston type pump at one end and 

an exit valve at the other. During disruption, the cell suspension, up to 50mL, is loaded on the 

pressure cell and submitted to high pressure, 104 psi (6.9×104 kPa).  After compression, the 

suspension is forced by the piston pump to pass through the exit orifice causing cell shear due the 

pressure drop caused by contact with atmospheric pressure.  This disruption technique is more suited 

for bacteria and yeast cells for having cell walls that are resistant to gentler disruption techniques [50], 

[52].  

Cell homogenization is done in mild conditions at cooling temperature, mainly 4ºC, neutral pH between 

7-7.4 and in ionic buffers that stabilize the sample. Since the cell is destroyed mechanically, most of 

the biological processes of the cells are active after disruption; thus depending on the studied 

organism and target molecule or organelle, it may be important to add protease inhibitors such as 

EDTA or reducing agents as mercaptoethanol to the lysate in order to prevent protein lysis and 

damaging oxidation reactions [52], [53].  
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1.8.1.2. Centrifugation  

Centrifugation principles  

Centrifugation is a process in which heterogeneous mixtures suffer sedimentation under a centripetal 

force. Naturally, sedimentation occurs in all systems due to gravitational forces with an acceleration   

𝑔 = 9.8𝑚𝑠−1 that can drastically increase when particles are submitted to centrifugal forces. 

Centrifugal force makes particles undergo a curved path and has a direction that is orthogonal to the 

particles motion.  

The centrifugal force, G (m.s-2) applied to a particle is obtained by: 

𝐺 = 𝜔2 𝑟                                                                                                                  1.1 

 

Where 𝜔 is the angular velocity (radians per second) and 𝑟 is the radial distance of the particle from 

the axis rotation (m). Knowing that 2𝜋 rad equals 360ºC, angular velocity ω  and centrifugal force can 

be respectively expressed as:  

𝜔 =
4𝜋2(𝑚𝑖𝑛−1)

60 (𝑠.𝑚𝑖𝑛−1)
                                                                                                       1.2 

𝐺 =
4𝜋2(𝑚𝑖𝑛−1)2 𝑟

3600 (𝑠2.𝑚𝑖𝑛−2)
                                                                                                    1.3 

 

Where the rotor speed (min-1) expresses the number of revolution per minute (rpm). 

Centrifugal force can be expressed in rpm or relative centrifugal force (RCF), as multiples of 

gravitational force in " × 𝑔”. 

Suspended biological particles can be separated by centrifugation or ultracentrifugation according to 

their density, size shape, medium viscosity and rotor speed. In cell fractioning techniques, some 

separations are only possible when the centrifugation occurs at very high speeds. It is then necessary 

to use an ultracentrifuge that allows such very high speeds rotation. There are two main centrifugation 

types in the biological field: analytical centrifugation that uses high centrifugal forces to separate 

macromolecules or molecular assemblies, and preparative centrifugation that is applied for the 

separation of tissues, cells, subcellular structures and membranes vesicles. Cell fractioning can be 

made by preparative differential or density gradient centrifugation [50]. 

 

Differential centrifugation  

Differential centrifugation is used to fractionate biological samples according to the size and density of 

their components. In a biological suspension, all the particles are equally dispersed in the solution, but 

when submitted to centrifugation, larger and denser particles, mainly cellular organelles and 

membrane fractions, are pelleted down while smaller and lighter ones remain in the supernatant 

leading to a separation by sedimentation. After centrifugation, the pellet containing the heavier and/or 

larger particles must be carefully separated from the supernatant. Differential centrifugation is a rapid 

and simple technique but has the disadvantage of contamination between the pellet and supernatant. 
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In order to maximize separation and reduce contaminations, the pellet can be ressuspended and 

centrifuged again [50], [54].  

Differential centrifugation can be used immediately after homogenization for few minutes at small 

speed to pellet unbroken tissues, non-homogenized whole cells, cell nuclei and large debris [50]  

 

 

Figure 1-4: Diagram of particles sedimentation in differential centrifugation [50]. 

 

Density gradient centrifugation   

 

Density gradient centrifugation is a process that uses high speed centrifugation to separate particles of 

similar size according to their different density (centrifugation rate) in rate zonal centrifugation, or their 

banding density (isopycnic-zonal centrifugation). Both techniques are applied in increasing density 

gradient in which the solvent is chosen according to density of the particles to be separated.  

Rate zonal centrifugation is a semi analytical method that separates macromolecules or cellular 

fractions and consists in depositing the sample to separate in the top of a continuous or discontinuous 

increasing density gradient, which is created using aqueous solutes, mainly sucrose. Centrifugation 

gradients can be prepared by a gradient device or by diffusion of discontinuous layers with different 

density. Applying centrifugal acceleration, the sample will form different layers, assemblies of particles 

with same density and subsequently same sedimentation velocity which will move through the density 

gradient as single zones [50], [54].  

Isopycnic centrifugation is performed in a density gradient, mostly cesium chloride in which particle 

separation is based on sedimentation equilibrium. In the process, the sample is equally distributed 

along the centrifuge tube. After centrifugation, particles will move until reaching their isopycnic 

position, a point where their density equals the density of the solvent, being separated according to 

their density and regardless of their size [54], [55].  
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Figure 1-5 Diagram of particles behaviour in a) rate zonal centrifugation and b) isopycnic zonal centrifugation 

[56].   

 

Differential and density gradient centrifugation are more relevant in animal’s cells study since those 

cells have organelles and are more differentiated but they are also relevant in microbial cell envelopes 

extraction, proteomics or study envelope linked macromolecules such as proteins or lipids. Both 

techniques can be performed in centrifuges at low speed or in ultracentrifuges, at up to 900000 g, 

depending on the separation objectives. Although both can perform cell fractioning, density gradient 

centrifugation has a higher resolution when compared to differential centrifugation [50].  

 

 

Figure 1-6: isolation of different organelles by differential centrifugation [57].  

 

1.8.2. Membrane solubilization 
 

After membrane extraction, it is necessary to solubilize the membrane in order to recover constitute 

proteins. As illustrated in (Figure 1-2), membranes are constituted especially by phospholipids and 

amphiphilic proteins that are not soluble in water, making them difficult to dissociate. Detergents are 

capable to solubilize hydrophobic proteins and help mimic their natural interactions with the 

membrane, allowing their manipulation without compromising the 3D native structure. Furthermore, 



 
 

15 
 

they can allow differential solubilization of bacterial envelopes according to the different properties of 

their components, making them important tools in the study of bacterial cell envelopes.  

Detergents are small surfactant (surface active agent) molecules with a polar hydrophilic portion and a 

hydrophobic linear alkyl chain, respectively referred to as “hydrophilic polar head” and “hydrophobic 

tail”. In aqueous solutions, detergents form spherical or elliptical micelles that allow them to solubilize 

hydrophobic proteins in water providing them the membrane bilayer conformation. Due to their 

amphipathic properties, detergents can efficiently dissociate lipid-lipid, lipid-protein and protein-protein 

interactions, being highly important in membrane disintegration and protein extraction, purification and 

manipulation. There is a wide range of detergents with different properties, advantages and 

disadvantages that are important to know to permit selection of the ones that are the most 

appropriated for each case. When choosing detergents for protein extraction and purification, it is 

important to know their classification and solution properties such as critical micellar concentration and 

temperature, cloud point, aggregation number, and chemical stability in solutions [58].  

1.8.2.1. Detergents characteristics and classification  

Detergents can be classified as ionic, non-ionic or zwitterionic according to the properties of their 

hydrophilic groups. Ionic detergents can be cationic or anionic, according to the net charge of their 

polar head. This group of detergents is known to be most effective in protein solubilization, but their 

solubilization properties come along with a strong denaturant effect that constitute a limitation in their 

use.  

Non-ionic detergents have an uncharged polyoxyethylene or glycosidic groups and are normally 

milder than ionic detergents thus less denaturant, although it is known that among the group of non-

ionic detergents, the ones with short hydrophobic chain are more denaturant than those which have 

longer chains.  

Zwitterionic detergents are both positively and negatively charged while being electrically neutral. 

They are moderately effective in solubilization, and consequently have intermediate denaturant effects 

[58], [59].  

It is imperative to know detergent solutions properties, since they help predict their influence in protein 

solubilization and structure. Detergents important solution properties include critical micelle 

concentration, critical micelle temperature, aggregation number, kraft and cloud point.  

Critical micelle concentration (cmc) is the minimal concentration at which detergents stop existing 

exclusively as monomers and are able to solubilize proteins, or form micelles. Micelles are 

aggregations of various monomers through non-covalent interactions. The number of monomers that 

is necessary to form a micelle, aggregation number, is an intrinsic characteristic of detergents and is 

variable according to their properties. Detergent cmc is inversely proportional to the number of carbon 

in the alkyl chain and directly proportional to the existence of double bonds and branch points in the 

molecule skeletal. The temperature at which the cmc is reached is called the critical micellar 

temperature (cmt). Above this temperature, solutions are a mixture of detergent monomers and 

detergent crystals, being the kraft point the temperature at which solution becomes a mixture. At low 

temperature and above their cmc, some detergents form a cloud that allows their separation from the 



 
 

16 
 

aqueous phase and can assist protein separation. The temperature at which the cloud can be formed 

is called the cloud point [58], [60]. 

When working with detergents, it is recommended to use a concentration that is at least 2x and 10x 

cmc in recombinant membrane protein and native membrane protein solubilization, respectively. It is 

important to notice that the previous detergents properties influence on detergents effectiveness are 

dependent on detergent group and are variable into the same group [59].   

1.8.2.2. Detergents in OMP solubilization 

 

Along the literature, OMPs are recovered by separating cell envelopes using detergents that can 

selectively disintegrate some envelopes while others remain intact. N-lauroylsarcosine, commonly 

known as sarkosyl, sodium dodecyl sulphate (SDS) and Triton X-100 are the detergents of choice 

when it comes to OMPs solubilization.  

Sarkosyl is the detergent of choice in OMPs extraction since it is believed to selectively solubilize the 

cytoplasmic membrane leaving the outer membrane insoluble. The molecule can be found in its free 

acidic state, C15H29NO3, or as a sodium salt, C15H29NO3Na with respective molecular weights of 271.4 

g.mol-1 and 293.4 g.mol-1. In aqueous solution, sarkosyl has a solubility ≥100 mg/mL and critical 

micelle concentration of 9.5 mM to 15 mM at 20-25ºC, according to the solution properties. The 

aggregation number of sarkosyl is around 600, being removable by dialysis. Sarkosyl is a mild 

solubilization detergent since it does not denature proteins. Furthermore, it is compatible with protein 

quantification by UV absorbance at 280nm since it has minimal absorbance at this wavelength [61]. 

Most reports and protocols claims that 1% (w/v) or 2% (w/v) sarkosyl only solubilize inner membrane 

leaving others membrane intact  but there are also evidence that 1% sarkosyl is capable of solubilizing 

up to 70% of outer membrane proteins [62]. 

 
Figure 1-7: Skeletal formula of sarkosyl [63] 

 

 

SDS is an anionic salt of formula C12H25NaO4S. It is the harshest solubilizing detergent, being often 

used as a denaturant agent for proteins, it has an average molecular weight of 288.4 g.mol-1, an 

aggregation number of 62, a water solubility of 200 mg/mL and a cmc range of 7mM to 10 mM at 20-

25ºC. SDS does not interfere with protein quantification at 280nm nor is dialyzable [64].  

 
Figure 1-8: Skeletal representation of SDS [65] 
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Triton x-100 is the common name for octylphenol ethylene oxide condensate, a liquid mild non 

denaturing and non-ionic detergent which molecular formula is C14H22O(C2H4O)𝑛, 𝑛 = 9 − 10 and 

average molecular weight 625 g.mol-1. Triton x-100 has a cmc and aggregation number in a range of 

0.22mM to 0.24 mM and 100-155 respectively, depending on solution and external factors. Due to its 

high molecular weight and aggregation number, higher structures are unable to pass through dialysis 

membranes. Contrary to sarkosyl, Triton x-100 has a high absorbance in the UV spectra at 280nm, 

making it an interference source in protein quantification by absorption at 280nm [66].  

 

 
Figure 1-9: Skeletal representation of Triton X-100 [66] 

 

Although the previous detergents are used in outer membrane solubilization, they present advantages 

and disadvantages when compared to each other. SDS and sarkosyl are both anionic detergents, 

sarkosyl is preferred for native protein extraction since it has gentler effect on protein structure while 

SDS is normally used in recombinant protein extraction probably because those are mostly expressed 

as inclusion bodies, being necessary a harsher detergent to solubilize them.  Both Triton x-100 and 

sarkosyl are known for their ability to solubilize membrane envelopes but for outer membrane protein 

extraction, sarkosyl is usually the detergent of choice since it is known for being more selective than 

Triton in membrane envelopes solubilization [62].  

1.8.2.3. Detergents removal 

 

 Ideally, the detergent of choice would be the one that help extract and solubilize the target protein 

from its native environment without denaturation, and is compatible with downstream purification 

technique. In most protocols that produce membrane proteins, the detergent that is used to extract it is 

not necessary the most appropriate for the further steps leading to the necessity of detergent removal 

or change before proceeding.  

Detergents with low micellar molecular weight can be removed by dialysis, which is the most common 

way of detergent removal and consists in using a dialysis membrane through which the detergent pass 

from one solution to another. This technique reduces detergent concentration to minimal preventing 

detergent micelle formation around the proteins. Nevertheless some detergents can lose their ability to 

be dialyzed when they establish strong interactions with the proteins. Along with dialysis, detergents 

can also be removed by anionic, hydrophobic or size exclusion chromatography [58]. 
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1.8.2.4. Alternatives to detergents 

 

Although detergents can efficiently solubilize proteins, they present some disadvantages like the 

denaturation of proteins and protein-detergent and detergent-detergent equilibrium micelles that leads 

to protein destabilization over time. Thus, there have been made efforts to finds ways to solubilize 

proteins while maintaining their functions and native structure. Non detergents surfactants include 

peptidetergents, lipopeptides, hemifluorinated surfactants, amphipols and tripod amphiphiles. 

Peptidetergents are amphipathic toxic peptides that disrupt cell membranes and solubilize membrane 

proteins giving them a native-like environment. Lipopetides consist in a short amphipathic peptide with 

two hydrophobic alkyl chains at each side. In protein solubilization, the alkyl chains binds to protein 

hydrophobic domain while the peptide form a shell that allows their solubility in water. Amphipols are 

amphipathic polymers that bind tightly to proteins and stabilize them for a long period of time. 

Compared to traditional detergents, amphipols have the advantage of not forming micelles, which 

reduce viscosity problem and minimize undesired effect that are caused by detergent micelles. 

Hemifluorinated surfactants are molecules with a fluorinated hydrophobic tail and a polar head group 

and are not miscible with lipids, thus incapable to solubilize membranes, but solubilize proteins. Tripod 

amphiphiles consist of a tetrasubstituted carbon atom with three hydrophobic tails that bind to the 

protein and allow its solubilization in water [58]–[60].  

In addition to non-detergent surfactants cited, membrane like systems are also a good alternative to 

solubilize membrane proteins, providing them a stabilizing environment that is highly similar to native 

one. They include bicelles that are a mixture of detergents or short lipids chains mixed with lipid at a 

particular concentration, proportion and temperature; and lipid cubic phases which consist of 

concentrated aqueous dispersions of lipids. Both systems create a membrane-like structure that 

integrates membrane proteins in a membrane like environment keeping them stable [58], [60].  

Both non-surfactant detergent and membrane system are good alternatives to detergent when it 

comes to protein solubilization, however there are still few reports of their use so far, and none of them 

were related to protein purification field. The few reports that exist are from non-surfactant detergents 

application in protein crystallization and structural studies [58], [60].   
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1.8.3. Overview of OMPs extraction in literature 

Table 1-2 includes a resume of the main techniques used for OMPs extraction with respective source 

and relevant observations.  

Table 1-2: Overview of main techniques used in Gram-negative bacteria OMPs extraction  

Technique Description Source Observations 

Ultracentrifugation 
with Sarkosyl.   

1. Centrifugation of bacterial cells at 
3500g for 10 min at 4ºC; 2.Cell 
wash in sterile saline solution 
(0.15M NaCl); 3. Ressuspension in 
saline solution and disruption by 
sonication for 8 exposures of 15s 
each; 4. Cell debris separated by 
centrifugation at 10000g for 20 min; 
5. Supernatant centrifuged at 
100000g for 2h; 6. Ressuspension 
in 1% (w/v) sarkosyl solution; 7. 
Incubation at room temperature for 
2h; 8. Ultracentrifugation for 2h at 
100000g.  

[67] Most referred 
technique for outer 
membrane protein 
extraction.  

Centrifugation 
with HEPES and 
Sarkosyl. 

1. Cell centrifugation at 10000g for 
2min; 2. 3 washes with PBS- 
phosphate saline buffer; 3. 
Ressuspension in Tris-HCl-NaCl 
buffer (50mM, pH 8 and 0.3% 
NaCl); 4. Sonication for 5 min on 
ice; 5. Centrifugation at 10000g to 
remove cell debris; 6. Centrifugation 
of supernatant at 20000g at 4º C for 
1h; 7. Pellet ressuspension with 
HEPES solution (10 mM pH 7.4 1% 
sarkosyl). 8. Incubation at room 
temperature for 30 min; 9. 
Centrifugation at 20000g at 4ºC for 
1h. 

[68] Technique used 
for extraction of 
recombined 
OMPs. 

  

1.9. Protein purification strategies 

Native membrane proteins purification is mainly based in chromatographic techniques as primary and 

secondary purification method depending on the characteristics of the target protein and the protein 

sample.  

Chromatography is a separation technique in which a mobile phase, the mixture to separate passes 

through a stationary phase which retains or not the constituents of the mobile phase according to their 

properties. Based on those characteristics, chromatography can be done based on specific affinity, 

hydrophobic, ion exchange, size exclusion or mixed mode interactions. Chromatographic steps 

include the binding of target molecule and contaminants to the stationary phase using buffers that 

promote the binding interactions; followed by washing of non-linked molecules and finally a selective 

elution using a buffer that contains a counter ligand and/or changes the working conditions such as 

pH, ionic strength and polarity, allow selective elution of contaminants and target proteins [69].  
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1.9.1. Affinity chromatography  

Affinity chromatography is based on interactions between the target protein and specific molecules 

that are fixed on the stationary phase (ligands). This chromatography exploits biospecific interactions 

such as antigen/antibody interactions, or non-biospecific interactions and is mainly used for 

recombinant proteins purification. Frequently, where the gene that codes for the recombinant protein 

also introduces a histidine tag at the surface that will bind to chelated metal ion of the mobile phase 

and are selectively eluted using different concentrations of imidazole which will compete with the 

target protein by binding to the chelated metal ions. Although affinity chromatography is from far the 

most efficient separation technique, it relies on a high level knowledge of the protein as the existence 

of a molecule that interacts specifically and exclusively with it [69].  

1.9.2. Ion exchange chromatography  

Ion exchange chromatography (IEXC) is based on ionic interactions between the mobile phase and 

the sample proteins. According to the charge of the stationary phase, the chromatography can be 

cationic in which case a positively charged protein will bind to a negatively charged resin, or anionic 

where the protein has a negative net charge that binds to a positively charged resin. The net charge of 

the protein is dependent on the pH value of the chromatographic environment. When working in a pH 

that is higher or lower than the target protein isoelectric point (pI), the protein will have respectively a 

negative or positive net charge. IEXC guarantees a satisfactory purification of proteins but is easily 

influenced by external factors such as pH alterations during the chromatography or existence of micro 

environment or molecules that can lead to unpredicted (unspecific) bindings. Charged detergents are 

important interfering agents in ion exchange chromatography since their charge can induce them  to 

bind to the resin or simultaneously to the proteins [69].  

1.9.3. Hydrophobic interactions chromatography   

Membrane proteins have a hydrophobic moiety responsible for their insertion in the cell lipidic bilayer 

and therefore do not interact with a solid matrix in a simple aqueous environment. Membrane proteins 

have different hydrophobicity depending on their location in the membrane. Hydrophobic 

chromatography technique exploits that difference of hydrophobicity among molecules by promoting 

interactions with a hydrophobic stationary phase, strength of the interactions depends on their 

hydrophobic characteristics.  In the ligation phase, the buffer has a high kosmotropic salt ion 

concentration that interacts with water molecules and promotes protein binding to the resin. Protein 

elution from the mobile phase is done using buffers with gradual lower salt concentration. In protein 

purification by HIC, ammonium and sodium sulphate are the most used kosmotropic salts since they 

are known for stabilizing protein structures [69].  

1.9.4. Size exclusion chromatography  

Contrary to other chromatography techniques, size exclusion or gel permeation chromatography is a 

separation technique that is not based in the biochemical properties of the protein but only in their 
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molecular size. The mobile phase in this technique consists of a bead with different pore sizes. When 

the sample to separate is loaded, proteins enter and move through the column by diffusion, according 

to their size. Molecules that are too large to enter pores are immediately eluted from the columns 

within their void volume. Big size proteins move rapidly through the columns and therefore are the first 

to be eluted while small size proteins have lower rate travelling though pores and consequently take 

more time to be eluted. The elution of proteins is also dependent on molecular structure.  Linear 

molecules are most easily diffused through the column when compared to globular ones. Compared to 

the previous techniques, gel filtration is easier to operate and enables multimers separation and 

protein structural preservation, since there are no chemical interactions involved in the process. On 

the other hand, the technique has low resolution, low capacity and originates highly diluted samples. It 

is often used as a second purification technique after performance of other separation technique  [69].  
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2. Materials and Methods  

In the following (Table 2-1), are listed the most important reagents used in the experiments described 

in this section.  

Table 2-1: Description of manufacturer, grade and minimum purity of reagents applied in the present work 

Reagent Manufacturer Grade Minimum Purity (%) 

40% acrylamide/bis 
acrylamide 

Bio-Rad For research 99.9 

Acetic acid glacial Fisher Chemical Analytical  99.88 

APS SIGMA Molecular biology 98 

BCA reagents Thermo Scientific _ _ 

BSA SIGMA 
For research and 

development  
98 

DE 52 Whatman   _ 

EDTA Fisher  
Lab and 

manufacturing use  
99.5 

Formaldehyde Panreac  p.a, ACS 36.5 

HEPES SIGMA Lab 99.5 

KCl Merck p.a 99.5 

KH2PO4 Panreac analysis p.a 99 

Laemmli buffer 2x Bio-Rad For research _ 

LB Broth Nzytech Research  

NaCl Fisher Chemical ACS 99.5 

NaOH Fisher  
Lab and 

manufacturing use 
98.3 

NaH2PO4 Panreac p.a; ACS 98.0 

(NH4)2SO4 Merck p.a; ACS;ISO 99.5 

N-Lauroylsarcosine SIGMA Molecular Biology 97 

SDS Merck  For synthesis  90 

TEMED SIGMA Molecular biology  98 

Thiosulfate Citrate Bile 
Salt (TCBS) 

Liofilchem _ _ 

Tris base Fisher BP152-1 Molecular Biology 
 

99.8 

Triton X-100 Merck Molecular Biology  _ 

Tryptic soy broth (TSB) 
Liofilchem USP/EP/JP _ 
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2.1. Bacterial strain 

Vibrio alginolyticus bacterial strain CECT 521 used in this experimental work were provided by Olhão's 

fish farming station (EPPO-Olhão Pilot Pisciculture Station of IPMA- Instituto Português do Mar e da 

Atmosfera, Portugal). The strain was provided in TCBS selective medium and LB plates. The bacterial 

was then inoculated in new LB and TSB plates with 3% of NaCl and liquid cultures were also 

performed to created cell banks in glycerol 20% (v/v) solution and frozen at -80ºC. 

2.2. Cellular growth 

2.2.1. Cellular growth on agar plates 

For the bacterial growth in plates, cells from one cryovial of the frozen bank were plated in TCBS agar 

to selective growth in the 37ºC incubator. Afterwards, they were plated in TSB agar 1% NaCl and/or 

LB with 3% NaCl concentration. New plates were created each week in order to maintain the bacteria 

ability to grow.   

2.2.2. Liquid medium cell culture 

LB or TSB broth were prepared according to the manufacturer indications with 3% (w/v) NaCl addition.  

Volumes of 100mL of the medium were introduced into 1000 mL flasks which were then autoclaved at 

121ºC for 20 min. The inocula were overnight cultures in TSB or LB medium, inoculated with bacterial 

plates. For inoculation, a determined volume of overnight culture was introduced in each flasks, in 

order to obtain an initial optical density (OD) of 0.05. The growth was at 30ºC and 150 rpm and 

monitorized by OD measurement with an hour interval. The final OD of the cell is around 3.0 for LB 

medium and 4.0 for TSB medium. Those maximum OD values were reached after approximately 8 to 

10 hours of growth. The OD measurements were taken at the wavelength of 600nm using an HITACHI 

U-2000 UV/VIS spectrophotometer.  

2.2.3. Estimation of Vibrio alginolyticus dry weight  

In order to obtain a correlation between Vibrio alginolyticus dry weight concentration as a function of 

OD600nm of suspensions, cells were grown until stationary phase, harvested by centrifugation and 

ressuspended in PBS solution. The pellet was diluted (1:10) in phosphate buffered saline (PBS) buffer 

originating a OD600nm of 0.93 suspension. The latter solution was further diluted to create solutions 

which OD600nm ranging from 0 to 0.93, using PBS as solvent and blank solution. All the previous 

solutions were made in triplicates. Aliquots of 2mL from 0.93 OD600nm suspension were pipetted to 8 

previously dried and weighted eppendorfs. The same was done using only PBS solutions and all the 

eppendorfs were further dried for 48h. The eppendorfs’s empty weight were subtracted from the final 

weights to obtain dry salt and dry cells plus salt weights. Finally, cell dry weight was obtained 

subtracting the salt weight from the cell plus salt one. The final value is an average of all 8 measures. 

Knowing the concentration of dry cell weight of the 0.93 OD600nm suspension, it was possible to deduce 

the respective concentration of other dilutions to permit establish the correlation.  
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2.3. OMP extraction  

The extractions performed using sarkosyl, Triton X-100 and SDS are illustrated through the section in 

(Figure 2-1), (Figure 2-2) and (Figure 2-3) respectively.  

2.3.1. Cell lysis by sonication 

After growth, volumes of 50mL of cells suspension were collected by centrifugation in 50mL falcon 

tubes and were washed 3 times with PBS (centrifugation at 5000 ×g for 5 min). Cells are then 

ressuspended in 10ml of 50mM Tris-HCl buffer with 0.3% NaCl and sonicated at 70W, 5s on/15 s off 

using a Bandelin Plus sonicator using with its TI 13/Fz probe for 7min. During the sonication, the cells 

were kept in ice in order to refrigerate.   

2.3.2. OMP extraction with sarkosyl  

For OMP extraction, illustrated in (Figure 2-1), cell lysate was centrifuged at 10,000 ×g for 20min in 

order to remove cell debris. The supernatant obtained from debris removal was centrifuged for 1h at 

20,000xg (Eppendorf centrifuge 5810R) and 4ºC to collect the membrane fragments in the new pellet. 

Those fragments where then ressuspended in a sarkosyl 1% (w/v) and 10mM HEPES (pH 7.4) 

solution, respectively and incubated for 30 min at room temperature. Following the incubation, the 

solution was centrifuged at 20,000 ×g for 1h at 4ºC. Soluble inner membrane particles are obtained in 

the supernatant while non-soluble OMPs were recovered in the pellet which was then ressuspended in 

sterile saline 0.90% (w/v) solution and conserved at -20ºC [68]. 

For sarkosyl extraction using ultracentrifugation, the same protocol was applying using 100,000 × 𝑔 

(Beckman XL-90 Ultracentrifuge) for centrifugation 2 and 3 at 4ºC for the membrane and OMPs 

recovery steps for 1 and 2h centrifugation times, respectively [41], [67]. For each ultracentrifugation, 

the samples volume were around 10.5 mL since the ultracentrifuge rotor can take 6 tubes of 11mL 

capacity each.  



 
 

25 
 

 

Figure 2-1: Workflow overview of sarkosyl OMP extraction. P1- Pellet 1; S1- Supernatant 1; S2- Supernatant 2; 

P2- Pellet 2; P3- Pellet 3. 
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2.3.3. OMP extraction using Triton X-100  

Membranes were recovered as described in 2.3.2 and washed with 20mM Tris-HCl (pH 8) solution. 

The resultant pellet was ressuspended in 20mM Tris-HCl 1% (v/v) Triton X-100, 10mM EDTA and 50 

mM NaCl (pH 8) solution and incubated for 30min. OMP were obtained in the supernatant after 

centrifugation at 20000 × 𝑔 for 1h [70].  

For ultracentrifugation extraction, the same protocol was used with the difference that the 

centrifugation 2 and 3 were done using 100000 × 𝑔 at 4ºC 1 and 2h, respectively [70]. 
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Figure 2-2: Workflow overview of Triton X-100 1% OMP extraction. P1- Pellet 1; S1- Supernatant 1; S2- 

Supernatant 2; P2- Pellet 2; P3- Pellet 3. 
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2.3.4. OMP extraction with SDS 

Cell membranes were recovered as described in 2.3.2, ressuspended in 10mM Tris-HCl pH 7.7 

containing 2% (w/v) SDS solution and incubated at room temperature for 30min. the suspension was 

centrifuged at 20000 × 𝑔  for 1h30min at 20ºC and pellet ressuspended in 50mM Tris-HCl with 0.4M 

NaCl, 1% (w/v) SDS, 5mM EDTA, 0.05% 2-mercaptoethanol and 3mM NaN3 (pH 7.7) for 2h at 37ºC. 

Suspension was centrifuged at 4ºC and 20000 × 𝑔 to recover the OMP in the supernatant [70].  

In ultracentrifugation extraction with SDS, the protocol was performed the same way as described in 

the workflow of (Figure 2-3) except for the centrifugations who had different conditions. Centrifugation 

2, 3 and 4 were performed at 100,000 × 𝑔  for 1h, 30min and 1h, respectively  [70]. 
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Figure 2-3:  Workflow overview of SDS OMP extraction. P1- Pellet 1; S1- Supernatant 1; S2- Supernatant 2; P2- 

Pellet 2; P3- Pellet 3; S3- Supernatant 3; P4- Pellet 4; S4- Supernatant 4. 
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2.4. Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) were run in vertical 12% 

resolving and 4% stacking gels both prepared with 40% acrylamide/bis-acrylamide solution 29:1 using 

BERG protocols. The resolving gel and stacking gel were prepared respectively with 11.68% and 

3.89% of acrylamide/bis-acrylamide solution, resolving buffer (0.375M Tris-HCl, 0.1% SDS pH 8.8) 

and stacking buffer (0.125M Tris-HCl, 0.1 SDS pH 6.8) along with Milli-Q water, APS and TEMED.  

Electrophoresis samples were prepared with 25µL of Laemmli buffer 2x, 5µL of 1M DTT and 20µL of 

protein solution. The final solution was boiled for 10min at 100ºC and then cooled at room 

temperature. 

For electrophoresis run, each gel lane is loaded with a total volume of 20µL (fixed volume used for all 

samples) of the sample and 3µL of marker. The run is done at 90V using electrophoresis power supply 

(Bio-Rad) until the front of the gel reaches the bottom of the gels.  

After run, gels were stained by incubation in 0.1 % (v/v) Coomassie blue for approximately 1h with 

gentle mixing. Gels are then distained by successive washes with a distaining solution composed of 

30% ethanol (EtOH) and 10% glacial acetic acid  [71] 

OmpK protein relative quantification in SDS-PAGE gel was estimated using ImageJ software. For 

each lane, the software was used to estimate areas of all bands and then the relative quantity of 

OmpK molecular weight band was deduced.    

2.5. Isoelectric focusing  

Isoelectric focusing- IEF was performed using PhastGel IEF 3-9 kit (GE Healthcare). Aliquots of 2µL of 

protein sample and 1µL of marker (GE Healthcare pI 3-10) were applied by capillarity in the middle of 

the IEF gel and ran at 15ºC in the electrophoresis device (PhastSystem from Pharmacia).  After the 

machine ran the gel, it was removed from the electrophoresis device and stained, in a Petri dish 

successively for 5min at 20ºC in trichloroacetic acid (TCA) 20%; 2min at 50ºC in (50% EtoH/10% 

acetic acid (HAc)); 6min at 50ºC (10% EtoH/5% HAC); 6min at 50ºC ( 8.3% Glutaraldehyde); 8min at 

50ºC (10% EtoH, 5% HAC); 4min at 50ºC in MilliQ water; 10min 40ºC (0.5% silver nitrate); 1min at 

30ºC (MilliQ water); 5min 30ºC in developer (0.015% formaldehyde in 2.5% sodium carbonate); 5min 

at 50ºC 5%HAC [72]. 

2.6.  Purification  

2.6.1. Anionic exchange chromatography  

2.6.1.1. Batch assay 

Batch binding assay was done in a 2mL eppendorf using 200mg of DE52 Whatman weak anion 

exchange resin previously prepared according to the manufacturer’s instructions. After removing the 

resin storage solution, 2×1mL of regeneration buffer (1M NaCl, 20mM Tris-HCl, pH 6) was added; 

after the resin deposit, the supernatant was discarded. The resin was then washed with 3×1mL MilliQ 

water followed by 10×1mL of binding buffer (20mM Tris-HCl, pH 6). Protein extract was applied to the 
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resin and incubated for 20min at room temperature. After incubation to promote protein binding, 

supernatant was removed and the resin was washed with 2×1mL binding buffer to remove unbound 

proteins. Step elution was done the using 20mM Tris-HCl solution with different NaCl concentrations. 

For each elution step/ each NaCl concentration, 4×1mL solution to wash the resin. All the 

supernatants recovered during stepwise elution were analysed spectrophotometrically in a Nano drop 

device, with the elution solution as a blank, to determine their protein concentration and were 

concentrated in the speed vac concentrator. After concentration, samples were dialyzed against 

deionized water (section 2.7) in order to remove the salt and their protein profile was analysed by 

SDS-PAGE. 

2.6.1.2. Column preparation 

IEXC column was prepared using DE52 weak resin previously prepared according to the 

manufacturer’s instruction (GE Healthcare). Agilent Bond Elut reservoir mini column with 3mL capacity 

and 10mm diameter was adapted to a peristaltic pump (ISMATEC, ISM833C) set at a flow rate of 0.14 

column volume (CV)/min. A polyethylene frit was placed in the bottom of the column and the resin 

slurry was carefully introduced in the column using a Pasteur pipette. MilliQ   water was passed 

through the column until 1mL resin level stabilization within the column. A second frit was placed in the 

top of the resin to prevent its turbulence during the chromatography.  Packed column was stored in 

0.2% (w/v) benzalkonium solution as recommended by the manufacturer. Before use, the storage 

solution was washed with MilliQ water.  

2.6.1.3. Mini column assay 

 For mini chromatography, 5CV of regeneration buffer (1M NaCl, 20mM Tris-HCl, pH 6) was 

percolated through the column. The column was then washed with 4CV of MilliQ water following by 

10CV of binding buffer (20mM Tris-HCl, pH 6). A determined volume of sarkosyl protein extract was 

applied to the column which was percolated by addition of 1CV binding buffer. 1CV was recovered 

and its absorbance measured at 280nm using HITACHI U-2000 UV/VIS spectrophotometer. Step 

elution was then done using Tris-HCl buffer pH 6 with different NaCl concentrations ranging from 

10mM to 1M. After elution with 1M NaCl, 4CV of the extract detergent solution was percolated through 

the column to verify if all the proteins were eluted. For each elution solution, the column was washed 

until the Abs280nm reaches values close to zero. After the chromatography, elution peaks were pooled 

and concentrated in a SpeedVac (Savant DNA from Thermo Scientific), desalted by microdialysis 

against MilliQ (section 2.7) water and their protein profile was obtained by SDS-PAGE.  

For Triton X-100 extract purification by anion exchange chromatography in a mini-column, the same 

protocol was used with the difference that the eluted fractions were all concentrated in Speed Vac, 

desalted by microdialysis against water and their protein contend was quantified using BCA protein 

quantification kit since Triton X-100 detergent highly interferes with protein quantification by 280nm 

absorbance.  
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2.6.2. Hydrophobic chromatography   

Column hydrophobic interaction chromatography (HIC) was performed in 1mL of Phenyl Sepharose 6 

Fast Flow resin (GE Healthcare), packed by the same procedure described in (2.6.1.2) after washing 

the initial storage solution with MilliQ water.  The column was stored in 20% ethanol (v/v) at 4ºC until 

use.  

 The chromatography was done at room temperature and pH 7. The resin was washed with 5CV of 

MilliQ water and equilibrated with the binding solution (50mM phosphate buffer with respective 

ammonium sulphate binding concentration).  The sample was applied on the top of the column and 

following, 1CV binding buffer was introduced. Then, elution began using decreasing ammonium 

sulphate concentration buffers steps with pH 7 until zero salt concentration buffer. For each step- 

elution buffer, 1CV samples were taken and quantified by Abs280nm measurements.  

Pooled elution peaks were desalted by micro-dialysis (section 2.7) against MilliQ water in order to 

remove salt, concentrated in the SpeedVac (Savant DNA from Thermo Scientific) and then analysed 

by SDS-PAGE.  

After the chromatography, the extraction detergent solution is percolated through the column, 

recovered and analysed in order to guarantee that all proteins were efficiently eluted from the column.  

2.6.3. Ammonium sulphate salting out 

Protein salting out studies were performed in 2mL eppendorf or 15mL Falcon tubes according to the 

protein extract volume. In both cases, 1M Tris-HCl pH 7.5 was previously added to the solutions in 

order to reach a final protein concentration of 50mM [73]. Ammonium sulphate 70% (w/v) 

concentrated solution was carefully added to the protein solution in order to obtain 10, 20, 30, 40 and 

50% of ammonium sulphate. For small volume preparations, the solution in eppendorf tubes was 

gently shacked and incubated at room temperature for 15min while for larger volumes the solutions 

were stirred with a magnetic plate in cold room for 30min. After precipitation, suspensions were 

centrifuged at 18,000× 𝑔, 4ºC for 45min. For every salt concentration, supernatants with soluble 

proteins were carefully removed, concentrated in the SpeedVac (Savant DNA from Thermo Scientific), 

desalted and analysed by BCA protein quantification and SDS-PAGE [74].  

2.7. Micro-dialysis 

Micro-dialysis was performed in order to remove sarkosyl or SDS detergents from the extract but also 

to desalt chromatographic elutions. The process was done using cut-off cellulose membranes with 

23µm thickness and 12-14 kDa molecular weight (OrDial 14, Orange Scientific). Samples to dialyse 

were introduced in 2mL eppendorf tubes which caps were removed and changed by dialysis 

membrane pieces that were attached to the eppendorfs with tight rubber bands. The eppendorfs were 

inverted in order to keep the containing liquid near the membrane and placed in 2L beakers filled with 

MilliQ water. The beaker was kept overnight at 4ºC under slow agitation.  
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2.8. Diafiltration and concentration 

Diafiltration of samples were performed in order to desalt and concentrate small samples or to 

separate proteins by their molecular mass. For desalting, 500µL of samples were introduced in 2mL 

centrifugal filtration unit with 10kDa membrane (Amicon Ultra-2 30K from Millipore). The Amicon was 

then centrifuged at 4000g and 4ºC for 20min. The process is repeated until reaching the desired 

volume of concentrated solution.  The permeate is discarded while the concentrated protein retained 

in the Amicon unit is washed with MilliQ water, recovered and analysed. For protein separation, the 

process is done the same way using 50kDa Amicon centrifugal unit and a centrifugal time of 15min. 

After reaching the desirable amount of sample, the permeate is concentrated in the SpeedVac (Savant 

DNA from Thermo Scientific) after which both permeate and concentrated proteins were analysed by 

SDS-PAGE.  

2.9. BCA protein quantification  

Protein quantification were performed using a quantification BCA Assay Kit (Pierce BCA from Thermo 

Scientific). The calibration curve and quantification assays were performed according to the 

manufacturer’s instructions. For calibration curves, a 2mg/mL of BSA- Bovine Serum Albumin (BSA) 

solution was prepared with the working buffer. The BSA solution was further diluted in order to obtain 

9 standard solutions of known concentration that range from 0 (blank) to 2000µg/mL. Aliquots of 25µL 

of each standard solution were mixed with 200µL of BCA reagent in the wells of a microtiter plate. 

Reagent was prepared according to the manufacturer’s indications and in duplicates. Highly 

concentrated samples were diluted in order to reach concentrations that fit the method concentration 

range. Solutions were mixed in a plate shaker (Tritamax 1000 from Heidolph) for 30s and then 

incubated, according to the manufacturer’s instructions, for 1h at 37ºC. After incubation, the 

absorbance of incubated mixtures in the microplate were read at 562nm (SpectraMax 340pc from 

Molecular Devices) and average values of absorbance plotted as a function of protein concentration.  

Protein samples/BCA reagents mixture were prepared as for the standard, and the respective protein 

concentrations were estimated using the average absorbance data and established calibration curve.  
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3. Results and discussion  

3.1. Bacterial growth  

V. Alginolyticus batch culture growth was monitorized taking samples of the culture and measuring 

their OD at 600nm. Although TSB 3% NaCl was pointed as the optimal growth medium for Vibrio 

alginolyticus bacteria [13], the bacteria predominant culture condition in literature was in TSB 1% NaCl 

[41]. The growth was then studied for LB and TSB 3% NaCl along with TSB 1%. Average growth 

curve and exponential log phase are illustrated in (Figure 3-1). 

 

Figure 3-1: Growth curve of Vibrio alginolyticus CECT 521 at 30ºC and pH 7 representation in LB 3% NaCl; TSB 

1% NaCl and TSB 3% NaCl; and their respective representation of the exponential log phase of the culture. The 
arrow in the graph indicates the beginning of the stationary growth phase.  

 

Since the media were inoculated with an overnight culture, the growth begun already in the bacterial 

exponential phase and lasted for around 4h for all the media. Using the exponential phase graph (B), it 

was possible to determine the growth rate µ and consequent doubling time 𝑡𝑑 for the species in each 

culture medium. Growth rate was µ= 1.16 h-1; 1.24 h-1 and 1. 25 h-1 for LB 3%; TSB 1% and TSB 3% 

medium, respectively, with respective duplication times of and 𝑡𝑑 = 36min; 34min and 33min. 

Observing the growth curves, the exponential phase is highly similar and have the same duration in all 

medium but it is possible to notice that TSB 3% exponential growth is the highest. Those observations 

are confirmed by the growth rates and consequent doubling times obtained from data in Figure 3-1B 

which are concordant with literature values where it is related that TSB 3% is the optimal medium for 

Vibrio alginolyticus growth [13]. V.alginolyticus TSB 3% doubling time found here was higher than in 

literature where the doubling time for 13 strains of V.alginolyticus ranged from 12min to 25min [14]. 

The higher doubling time can be explained by the differences of the strains and higher temperature, 

37ºC. The agitation used in the literature was not specified, but may be a probable source of 

difference in the growth conditions. However the main source of difference in growth rate is probably 
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the use of not only a different carbon source (seawater-yeast extract-peptone) in the literature but also 

the fact that the salt source was sterile seawater instead NaCl, thus allowing the bacteria to grow in an 

environment that is more coincident with the natural one.  

Overall, Vibrio alginolyticus has lower growth in LB medium when compared with TSB medium, a fact 

that may be justified by the 1% NaCl concentration instead of 3% indicated as optimal by the literature 

since the differences between those concentrations are minimal. Moreover, the culture in TSB 1% can 

be preferred to TSB 3% for production considering that after the exponential phase, the OD values for 

TSB 1% are higher than TSB 3% values consequently giving a higher final OD and cell concentration, 

which is intended when culturing cells for bioproducts  collection. 

For the rest of the experiments, Vibrio alginolyticus was cultured in TSB media with 1% NaCl and 

temperature and pH of 30ºC and 7 respectively. 

3.2. Centrifugal extraction  

3.2.1. Sarkosyl extraction yield and SDS-PAGE profile  

In OMPs extraction using centrifugation, the total protein content from all fractions were quantified to 

monitorize total and target protein distribution during cell fractioning and deduce the extraction overall 

and step yields. The next scheme (Figure 3-2) represents the overall workflow of sarkosyl 1% 

extraction with the respective total protein content and yield through the involving steps.  
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Figure 3-2: Average sarkosyl 1% centrifugation extraction workflow with total protein and yield of each step. 
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The previous results show that OMPs extraction using sarkosyl 1% has an overall total protein yield of 

ƞ = ƞ1 × ƞ2 × ƞ3 of 2%, based on total protein after cell lysis. Theoretically, membrane proteins are 

estimated as 20% of total bacterial cell proteins [75] while the experimental membrane fragment’s total 

protein is approximately 18% of the total protein after cell lysis. The lower yield obtained during the 

experiment can be explained by membrane fragments losses during cell debris removing.  After the 

final centrifugal separation, the supernatant is much richer in proteins with a total protein yield of 14%, 

than the pellet ƞ1 = 9% meaning that the OMPs are lower in quantity when compared to the inner 

membrane proteins, obtained in the supernatant.  

 

Figure 3-3: (A) SDS-PAGE profile of different supernatants and pellets during sarkosyl 1% extraction. M- 

Molecular weight marker; S1- Supernatant 1, 92 µg of proteins; S2- Supernatant 2, 80 µg; P2- Pellet 2, 55 µg of 
proteins, S3- supernatant 3, 43 µg of proteins; P3- Pellet 3, 30 µg of proteins . (B) SDS-PAGE profile of 

concentrated S3 43µg of proteins and P3 30µg of proteins). The yellow rectangle include the 31kDa line band 
possibly identified as OmpK protein. 

 

Observing the SDS-PAGE profile of the different extraction steps (Figure 3-3), no difference important 

is observed between the profiles except for the protein amount in the fractions, which was not 

expected since the purpose of the extraction is to create a final extract S3 that is enriched in OMPs. 

The absence of differences in the protein profile can be due to a poor separation since according to 

literature [76], high speeds are indispensable for efficient isolation of membranes envelopes and in 

this case, it is possible that the centrifugal speeds used were not sufficiently high to perform the 

required separation. Furthermore, the literature from which this protocol was based was used to 

extract recombinant and not native OMPs which can justifies the lack of resolution in the extraction 

since recombinant membrane proteins are not incorporated in the host’s membrane but are 

accumulated in form of vesicles that are easier to extract using low centrifugation speeds [68].  

S3 and P3 samples (Figure 3-3 B) were concentrated in order to allow a better visualization of the 

constitute bands. Recalling the literature, OMPs profile from V.alginolyticus is composed of 

approximately 15 bands and 6 major proteins, with pronounced bands [77], however that is not 

concordant with the protein profile obtained for P3. The final extraction of the experiment is loaded 

with protein, seeming to have over 30 bands. This corroborates the previous remarks regarding a low 
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separation resolution, making the final extract extremely contaminated probably with inner membrane 

and perisplasmic proteins.  

Although OMPs are believed to be in P3, according to literature [41], [67], both S3 and P3 have the 

same protein profile and show a 31 kDa molecular weight band that is assumed to be the target 

protein OmpK. The fact that both supernatant and pellet have the same protein profile after membrane 

solubilization and centrifugal separation of soluble and non-soluble particles  can be explained by the 

hypothesis that sarkosyl 1%  can solubilize up to 70% of outer membrane proteins besides inner 

membrane ones [62].  

According to the fact that both S3 and P3 have the same protein profile and a 31kDa molecular weight 

band is present in both of the fractions, it was assumed that the OmpK protein was present not only in 

the pellet but also in the supernatant and in higher quantity in the latter, leading to choose the 

supernatant as the extract of interest.  

 

3.2.2. IEF of sarkosyl 1% centrifugal extract 
 

Knowing that other proteins might have the same molecular weight as OmpK, it is necessary to 

substantiate the protein identity using another technique. IEF- isoelectric focusing of the extract was 

carried out in order to separate and characterize the protein according to its isoelectric point beside its 

molecular weight.  

 

Figure 3-4: Isoelectric focusing of sarkosyl 1% centrifugation extract; the yellow line is the hypothetical 

localization of OmpK band, according to its isoelectric point. 
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(Figure 3-4) shows the results of IEF from sarkosyl 1% extract. The proteins from the extract were 

supposed to have different distinct pI thus separating and allowing the identification of the target 

protein but that was not possible since the extract has a high amount of protein leading to poor 

resolution of the IEF separation.  The IEF profile shows that all the proteins present in the extract have 

isoelectric points below 5.85 which is consistent with literature values since OmpK protein pI is known 

to have pI values between 4.78 and 4.87.  

Sarkosyl 1% solution for extraction using centrifugation led to poor separation since the SDS-PAGE 

profile of the fractions were very similar. SDS-PAGE and IEF profiles of the final protein extract show a 

high content of protein which make it impossible to identify and characterize the target protein with 

certitude. But the fact that one band is positioned at the right molecular weight and in the right pI 

interval of OmpK make it possible to infer that the band in question corresponds to the OmpK protein.  

Using ImageJ software to analyze the SDS-PAGE profile, it was possible to determine the percentage 

of the OmpK band in all the protein extract, which is around 4%. Considering previous percentages 

and the total protein yield obtained after the extraction, OmpK extraction considering S3 has a yield of 

0.6% per total protein of the lysate while the same yield for P3 extract is around 0.06%. From this, it 

was deduced OmpK extraction yield is 0.6mg/L of V.alginolyticus medium with final OD600nm=4.0 when 

considering the P3 and 5.6mg/L considering S3, respectively. Those values are only estimates since 

the densitometry technique does not allow a high accuracy but guiding from them. OmpK protein has 

a really low yield when produced by extraction.  

3.2.3. Effects of operating parameters on sarkosyl extraction 

Since the OmpK previous extraction conditions did not lead to an enrichment of the target protein 

nor a reduced quantity of contaminants, studies were done with slight differences in the sarkosyl 

extraction protocol in order to see if a better yield of final total protein, enrichment of the target protein 

or lower contaminants content would be originated. The alterations implemented were regarding 

sarkosyl concentration in the extraction solution, the incubation time of the membranes in sarkosyl 

solution and finally the centrifugation duration during the OMPs recovery. Table 3-1 and Figure 3-5 

show a comparison of the total protein yield and SDS-PAGE profiles of final extract and pellets, 

respectively obtained upon of the variations of the first sarkosyl 1% extraction protocol A. 

Table 3-1: Initial and final total protein and total protein yield of different sarkosyl 1% extraction variations. 

Conditions 
Total protein yield in 

P3 (%) 

Total protein Yield in 

S3 (%) 

A - 1% Sarkosyl + 30min incubation + 1h final centrifugation 10% 14% 

B - 1% Sarkosyl +2h incubation + 2h centrifugation 6% 13% 

C - 2% Sarkosyl +2h incubation + 2h centrifugation 4% 8% 
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Figure 3-5: SDS-PAGE profile of supernatants and pellets of the different variations of sarkosyl OMPs extraction.  

 

Regarding the previous results, the extraction yield using the sarkosyl 1% centrifugal extraction 

technique led to the highest protein contents both in the final pellet and supernatant. Comparing the 

condition A and B where the variables are the incubation and centrifugation times, both the total 

protein yield and SDS-PAGE profile are very similar leading to conclude that nor the incubation nor the 

centrifugation time influence OMPs extraction. Comparing B and C, it is clear that a higher 

concentration of sarkosyl leads to a lower total protein content both in the pellet and supernatant. 

Those observations were confirmed by the protein profiles where sarkosyl 1% lane has more protein 

than the lanes with sarkosyl 2% lane. This results is concordant with the denaturant effect of sarkosyl, 

which is probably higher at an increased detergent concentration; furthermore, the sarkosyl 2% 

extraction has also higher incubation and centrifugal time that probably contribute to the lower protein 

recovery since denatured proteins would have precipitated and leave the extract in fraction P2. 

Regarding the total protein mass balance through the extractions, some mass balances were incorrect 

due to experimental errors or protein loss during the experiments.  

 All the conditions studied have the same protein profile with less or more proteins according to final 

total protein thus the variations don’t affect the protein content of the extraction. Comparing the pellets 

SDS-PAGE profiles with the supernatants ones (Figure 3-5) inscribed in the yellow lines, it is possible 

to see that the band localized at 31kDa is more pronounced and has a higher resolution in the 

supernatants than in the pellets leading to conclude that total and target protein seem to have a higher 

recovery yield in the supernatant when compared to the pellet which is not expected since OmpK is 

supposed to be in the pellet fraction.  

Overall it can be said that the 1% sarkosyl centrifugal extraction condition, A is the better than the 

others; B does not show major differences and is more time consuming and C leads to a lower content 
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of final protein when it is simultaneously more time and sarkosyl consuming than condition A. It is then 

possible to conclude that OMPs extraction by cell fractioning and sarkosyl extraction is not improved 

by increased centrifugation and incubation duration but is dependent of sarkosyl concentration in the 

extraction solution. SDS-PAGE profiles of the extracts also show that the target protein is more 

present in the supernatant at higher levels than in the pellet. Regarding the SDS-PAGE and IEF 

protein profile, the low quality and definition of the protein profiles are due to the existence of the 

detergent molecules in the samples.  

3.2.4. Comparing sarkosyl, SDS and Triton X-100 extraction 

SDS and Triton X-100 extractions were also performed attempting to obtain a better total protein yield 

or a higher amount of the target protein, with their respective protocols previously described (section 

2.3).  Extractions were done using aliquots of the same cell culture to guarantee an uniform cell 

sample. Sarkosyl 1% and 2%, Triton X-100 1% and SDS were the detergent solutions used for the 

extractions. The final Triton X-100 and SDS extracts were compared to final supernatant from sarkosyl 

extractions.  Results of total protein yields are shown in (Table 3-2), and SDS-PAGE profiles in (Figure 

3-6). 

Table 3-2: Initial and final concentration of total protein and total protein yield of centrifugal extraction 

(supernatants S4 or S3) using different detergents. 

 

Figure 3-6: SDS-PAGE protein profile extracts from different detergents. (A) The Extract were diluted in order to 

load each lane with approximately 20µg of protein. Tx1%-Triton-x 100 1% (S3); SDS-Sodium Dodecyl Sulphate 
(S4); S1%-Sarkosyl 1% (S3); S2%-Sarkosyl 2% (S3).  (B) The lanes were loaded with no diluted final extracts 
Tx1%-Triton X-100 (S3) 38µg of protein; SDS 34µg of protein; S1%-Sarkosyl 1% 50µg of protein; S2%-Sarkosyl 
2% (S3) 20µg of protein. The yellow line is to point out 31kDa band.  

 

Extraction solutions 
Total protein of 

cell lysate (g) 

Final extract 

volume (mL) 

Final extract 

concentration(mg/mL) 

Total protein of final 

extract (mg) 
Total protein Yield (%) 

Sarkosyl 1% (S3) 0.28 15.0 2.6 39 14% 

Sarkosyl 2% (S3) 0.30 15.0 2.0 30 10% 

SDS 1% (S4) 0.34 7.0 2.0 14 4.1% 

Triton X-100 1% 

(S3) 
0.30 15.0 1.9 29 10% 



 
 

42 
 

Regarding the previous results, the fact that sarkosyl 1 and 2% is able to solubilize outer membrane is 

confirmed since the supernatant from sarkosyl extraction has the same protein profile as the outer 

membrane protein extract from Triton X-100 and SDS extraction using different protocols (Figure 3-6 

B). Sarkosyl 1% extraction has the highest yield followed by Triton X-100 10%, sarkosyl 2% and finally 

SDS. SDS low recovery is not surprising since the detergent is more denaturant than both Triton X-

100 and sarkosyl. Furthermore, its extraction protocol has two solubilization steps and one more 

centrifugal step than for extraction with other detergents leading to a higher loss and denaturation of 

proteins. Protein recovery with Triton X-100 is lower than with sarkosyl but still satisfactory when 

compared to SDS values, which is normal since its effect on protein is milder than that of SDS. In 

(Figure 3-6 A), in which the extracts were diluted in order to have the same amount of protein in all the 

lanes. Sarkosyl 1% and 2% extracts have the same protein profiles as that of Triton X-100 with few 

differences. SDS lane shows much less bands than the others and shows no 31kDa molecular band, 

seeming that the OmpK protein is not present in the extract.  But looking at (Figure 3-6 B) where the 

respective crude extract was loaded, it is possible to see that SDS extract protein profile is also 

coincident to that of other detergents. Both SDS and Triton X-100 have a more pronounce band of a 

protein that is around 40kDa, presumably a putative porin, characteristic of the Vibrio genus [41], 

showing that protein was selectively enriched when using those detergents. Regarding the target 

protein, none of the extracts revealed a higher amount of the target protein OmpK presence, thus the 

detergent extracts are equally enriched in the target protein except for SDS where the band is present 

in even lower quantities when compared to the others.   

Previous results highlight that the final supernatant obtained in sarkosyl 1% extraction provides a 

protein profile in the extract similar to other detergents reinforcing the idea that the supernatant S3 has 

a higher content of OMPs than the pellet P3. Therefore, it would be the best alternative, from those 

studied, to purify when aiming to obtain a high amount of purified OmpK protein.  

3.3. Ultracentrifugation extraction  

3.3.1. Sarkosyl extraction yield and SDS-PAGE profile 

OMPs extraction were also performed in a protocol comprising ultracentrifugation. All the operating 

conditions were the same as for the centrifugation extractions (see section 2.3). 
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Figure 3-7: protein titers and yield obtained for sarkosyl 1% ultracentrifugation extraction workflow. 



 
 

44 
 

 

Figure 3-7 illustrates the overview workflow and subsequent yields of ultracentrifugation extraction 

using sarkosyl 1%. OMPs final protein yield regarding the initial total protein present in the cell lysate 

is determined by ƞ = ƞ1 × ƞ2 × ƞ3 =4% regarding the pellet P3 and ƞ = ƞ1 × ƞ2 × ƞ4 =12% regarding 

the supernatant S3. Comparing this extraction with the centrifugal one (Figure 3-2), total protein 

recovery after lysis and membrane recovery have similar yields. After membrane solubilization step, 

the separation between solubilized and insoluble proteins have different yields  showing that 

ultracentrifugation separation of solubilized membranes leads to higher amount of proteins in the pellet 

fraction (ƞ = 24%) when compared to centrifugation (ƞ = 9%). Ultracentrifugation and centrifugation 

membrane recovery show similar protein recovery with yields that are close to literature values 

showing that the membrane recovery is similar either using high or low speed centrifugation to obtain 

the membranes and confirms that a higher amount of membrane fragments is obtained using 

ultracentrifugation to recover the membrane, which is expected since high speed ultracentrifugation 

leads to larger pellets. 

 

Figure 3-8: SDS-PAGE profile of different supernatants and pellets during sarkosyl ultracentrifugation extraction. 

The samples were loaded using samples with no dilutions. S1- Supernatant  96 µg of proteins; S2- Supernatant 
74 µg of proteins; P2- Pellet 2, 40 µg of proteins S3- supernatant 3, 19.2 µg of proteins; P3- Pellet 3, 16 µg of 

proteins. The yellow rectangle circumvents the OmpK Molecular weight band.  

Observing SDS-PAGE profiles of the successive fractions from the ultracentrifugation extraction 

(Figure 3-8), it is possible to see that contrarily to what happened in the centrifugal extraction (Figure 

3-3), all the fractions have diverse protein profiles and final fractions S3 and P3 have clearly different 

protein content denoting that ultracentrifugation separation has a higher separation capacity than  

centrifugation.  

According to the SDS-PAGE profile of the fractions, the resultant suspension S2 obtained after 

membrane solubilization has all the proteins that are in both S3 and P3 profiles showing that after 
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solubilization of the membrane in sarkosyl 1% solution, there was a better protein separation than 

obtained in centrifugation extraction.  

P3 obtained with ultracentrifugation is composed of approximately 17 bands and 6 major proteins, 

which is far more concordant with the literature data [77] than the profile obtained for centrifugation. 

This illustrates that ultracentrifugation is far more suitable than simple centrifugation for proper outer 

membrane proteins extraction since it is able to successfully give an extract constituted of highly pure 

outer membrane proteins.   

An approximately 31kDa protein is present in both S3 and P3 confirming that even with a high 

resolution separation of the membrane fractions, OmpK is still in both fractions, validating once again 

that sarkosyl 1% may also solubilize part of the outer membrane, as said before, but it would be 

necessary a more accurate way to confirm the identity of the protein since others may have the same 

molecular weight. In opposition to the centrifugal pellet extract, ultracentrifugal P3 protein profile is not 

coincident with that of S3 and has fewer proteins, indicating that probably P3 is indeed constituted 

exclusively OMPs, while S3 is composed of inner membrane proteins, with some OMPs that were not 

totally solubilized and were therefore separated in the supernatant S3. Although OmpK seems to have 

a more pronounced band in the supernatant fraction, it is far more interesting to purify it from the P3 

fraction since the extract contains less contaminants.  

Using ImageJ to analyse the bands, an OmpK percentage of 2.5% was determined in the supernatant 

S3 and 4% in the pellet P3. Considering the total protein of each fraction, higher quantity of OmpK 

protein is obtained in the supernatant although that fraction is richer in contaminant proteins.  Sarkosyl 

1% extraction with ultracentrifugation technique yields 4.6mg OmpK/L of OD600nm=4 cell suspension 

culture in the supernatant S3 and 1.8mg OmpK/L of the same culture in the final pellet P3. Compared 

to the centrifugation (3.2.1), the pellet yield is much higher and has less impurities while the 

supernatant yield is lower but comparing the SDS-PAGE profiles, the supernatant from the 

centrifugation extraction has more contaminants than the ultracentrifugation one, which is expected 

since the centrifugation did not lead to a good separation originating a large amount of cytosolic 

contaminants in the membrane fractions.  

There is no literature data about native OmpK extraction yields but an extraction and purification, by 

molecular exclusion and anion chromatography, of a 34kDa major outer membrane protein from 

Shigella flexneri, for vaccine purpose, led to a yield of 100µg of pure protein per litter of culture [78]. 

Considering those values, OmpK extract yield can be considered passable since the total OmpK 

quantity obtained in the extract has a higher magnitude than the literature final total protein making it 

possible to assume a recovery of satisfactory order of pure OmpK protein, even considering elevated 

losses during purification steps. This comparison is merely indicative since there is no further 

information in the bibliographic source [78] about the final biomass nor total protein content of the 

initial extract and, moreover, the literature final extract had fewer protein bands than the one obtained 

for this experiments. Presumably, OmpK purification would have more losses than the literature OMP 

purification did.  



 
 

46 
 

3.3.2. Comparing sarkosyl, SDS and Triton X-100 extraction 

Similarly to the centrifugation extraction, extractions were also realized with SDS and Sarkosyl in order 

to compare them with the main extraction. In this case, the results were compared with the final pellet 

from sarkosyl extraction since from (3.3.1), it was proven to contain more purified OMPs. 

Table 3-3: Initial and final concentration of total protein and total protein yield of ultracentrifugal extraction using 

different detergents. 

 
Results in Table 3-3 show that sarkosyl 1% and 2% extracts although leading to lower protein yields 

contrary to the centrifugal study were sarkosyl 2% led to about 2% final protein than 1% confirming 

that the increase of the detergents causes a decrease of final total protein income. Regarding SDS 

and Triton X-100 extraction, they yield respectively 11% and 8% of total protein, much more than the 

protein obtained for sarkosyl 1% and 2% extraction. 

 

Figure 3-9: SDS-PAGE profile of different detergent ultracentrifugation extract. M-Molecular weight marker; Tx 

1%- Triton X-100 1% extract (S3) 11.2 µg of proteins; SDS- SDS 1% extract (S4) 15.2 µg of proteins; S1-Sarksoyl 
1% extract (P3) 16 µg of proteins; S2%; Sarkosyl 2% extract (P3) 14.4 µg of proteins;. The yellow rectangle 

include OmpK molecular weight band localization. 

 

Observing the SDS-PAGE profile (Figure 3-9), Triton X-100 has the OmpK characteristic band and 

more protein content than both sarkosyl extracts but also shows a lot of contaminant proteins 

compared to the others profiles. This shows that Triton X-100 is not an adequate detergent to 

selectively solubilize cell membrane envelopes. SDS has a relatively high protein amount but does not 

Extraction 

solutions 

Total protein of 

cell lysate (g) 

Final extract 

volume (mL) 

Final extract 

concentration(mg/mL) 

Total protein of 

final extract (mg) 

Total protein 

Yield (%) 

Sarkosyl 1% 

(P3) 
0.18 4.0 2 8.0 4.5 % 

Sarkosyl 2% 

(P3) 
0.18 4.0 1.8 7.0 4 % 

SDS 1% (S4) 0.18 10.0 1.9 19.0 11 % 

Triton X-100 

1% (S3) 
0.18 10.0 1.4 14.0 8 % 
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present OmpK band and is mainly composed of two bands, thought to be the major OMP, OmpU of 

37kDa, and the putative porin of 39kDa [41] . SDS low recovery was already discussed in section 

(3.2.4) and concluded to be due to the detergent strong denaturant effect, combined with more 

centrifugal separation than the other protocols. The fact that SDS extract profile has a high protein 

content but seems to be constituted mainly by two proteins offers the possibility to purify the former 

referred proteins and analyze their immunogenic potential since all outer membrane proteins are 

known to have some antigenic properties.   

3.4. Purification strategies  

3.4.1. Anion exchange chromatography  

3.4.1.1. AEXC with sarkosyl supernatant extract  

Anion exchange chromatography was performed using sarkosyl 1% centrifugal extract in a DEAE 

tertiary amine functional group. A pH higher that OmpK protein pI was used giving the protein a net 

negative charge that will allow its binding and possibly differential elution from the resin.  

 
Figure 3-10: SDS-PAGE profile of sarkosyl 1% centrifugal extract purification by batch anion exchange 

chromatography. M- M-Molecular weight marker; FT- Flow through; S- Elution done using sarkosyl 1% solution. 
200mM and 400mM NaCl indicate the elution steps at these salt concentration.  

 

 

In the batch assay (Figure 3-10), it is possible to see proteins in the flow through and since the 

capacity of the resin was not surpassed, it was assumed that those proteins did not bind to the resin 
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probably for not having a net charge that would allow their binding. Regarding the different elutions, 

elution peaks were only obtained at 200 and 400mM NaCl concentration. Comparing both the SDS-

PAGE profile of the elutions and the flow through, they have a high similarity meaning there are 

proteins of different net charge but of similar molecular weights eluting at different salt concentrations 

in different quantities showing that the separation was not efficient. Those results show that anion 

exchange chromatography in DEAE resin is not suited to separate the protein extract since there is no 

differential elution of the proteins.  

After elution with 1M NaCl, a solubilization solution with 1% sarkosyl was applied to the resin and that 

originated the liberation of more proteins that were not eluted with high salt concentration. Those 

proteins might be aggregating in the column after their application leading to unspecific interactions 

and consequent poor retention during the elution.   

 

 

 
Figure 3-11: (A) Chromatogram and (B) SDS-PAGE profiles of sarkosyl 1% centrifugal extract purification by mini 

column anion exchange chromatography. M- Molecular weight marker; FTi- Initial flow through; FTf- Final flow 
through; SEi- Initial sarkosyl 1% elution; SEf- Final sarkosyl 1% elution. 

 

Making the AEXC in a mini column, the results (Figure 3−11) were different from the ones of batch 

assay. In this case, a high amount of proteins did not bind to the resin being eluted in the flow through. 

Contrarily to what happened in the batch assay, there was no elution peaks using different NaCl 

concentration. After the application of 2M NaCl elution buffer with no success in protein elution, 

sarkosyl 1% solution was applied to the resin, which led to the elution of high amount of proteins. 

Making a mass balance, it was confirmed that the sum of protein that got out in the flow through with 

the one of the sarkosyl 1% elution were equal to the total amount of protein applied to the resin 

confirming that a lot of proteins did not bind to the resin. Knowing that sarkosyl is an anionic detergent, 

it is possible that its negative charge is stronger than the protein charge at working pH value allowing it 

to compete with proteins during the binding. Since low speed centrifugation leads to lower resolution in 

the centrifugal separation and higher contaminants in the extract, it is also possible that the final 

extract contains lipids that are more strongly charged than the proteins and are consequently binding 

to the resin as the sarkosyl molecules. A small amount of proteins was probably bound to the resin by 



 
 

49 
 

unspecific interactions and couldn’t be eluted by displacing the protein interactions with the AEX 

matrix.  

Assuming that sarkosyl molecules are binding to the resin, the anionic chromatography was repeated 

diluting the protein extract with the binding buffer. The results were the same as before showing that 

there was no significant binding of the protein by electrostatic interactions even with very low sarkosyl 

content proving that the problem must be other negatively charged molecules or aggregated protein 

particles that were not efficiently separated and are blocking the resin. The fact that membranes 

proteins are hydrophobic and aggregate in the absence of the detergent, forming particles that could 

not bind to the resin nor eluted from the column. Dynamic light scattering of the extract and of the 

diluted extract was done and the results proved that in residual concentration of sarkosyl (0.1%), there 

is formation of large particles in the solution confirming the formation of protein aggregates.  This 

leads to conclude that when diluted, the sample forms aggregates that blocks the resin not letting the 

proteins migrate the resin, being eluted only by the application of new sarkosyl 1% solution. 

In the batch assay, protein aggregation or sarkosyl binding also occurred since some proteins remains 

even with high salt elution and were only eluted using 1% sarkosyl solution. But contrarily to the mini 

column assay, the protein still bound to the resin and were eluted using different salt concentration. 

This differences may be explained by the fact that applying fewer extract per unit mass of resin in the 

batch chromatography led to lower amount of sarkosyl molecules in the resin so their binding to the 

resin was not sufficient to prevent the proteins binding.  

In conclusion, anion exchange chromatography is not an effective strategy to purify the protein extract 

obtained by centrifugation and sarkosyl 1% solubilization since the sarkosyl molecules may be binding 

to the resin for having a negative charge. And diluting the extract in order to reduce sarkosyl 

concentration, originates protein aggregates that block the resin.  

Since sarkosyl is not a good detergent for anion exchange chromatography, the same was concluded 

for SDS for having a stronger negative charge than sarkosyl. In addition SDS extract has very low total 

protein thus its purification would yield really low amounts of final pure protein. 

3.4.1.2. AEXC with Triton X-100 extract  

Triton X-100 extract was studied with respect of OMPs purification by anion exchange 

chromatography since this detergent does not have a negative charge and won’t bind to the resin, 

allowing to maintain the soluble proteins without interfering with the separation process. From the 

chromatogram and SDS-PAGE profile of the different elution steps (Figure 3-12) it is possible to see 

that with Triton X-100 detergent, the proteins indeed bind to the resin and were further eluted using 

increasing NaCl concentrations.  

The chromatogram shows 4 peaks respectively at 200mM, 400mM, 600mM and 800mM NaCl (one 

peak at each elution step) with descendent total protein amount in the same order as cited. Observing 

the SDS-PAGE profile, all peaks have the same content of protein bands showing that the protein 

elution profile did not differ with different NaCl concentration. 
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Figure 3-12: (A) Chromatogram and (B) SDS-PAGE profile of flow through and different salt concentration elution 

of Triton X-100 1% centrifugal extract by mini column anion exchange chromatography. M- Molecular weight 
marker; FT- Flow through. 200mM, 400mM, 600mM and 800mM NaCl indicate the elution steps at these salt 

concentration. 

 

In sarkosyl separation, when detergents was applied to the column after elution with high salt 

concentration solution, there was protein elution from the column proving that there was some protein 

aggregation during the process. In the purification of Triton X-100 extract, the same procedure was 

done and there was no protein elution with Triton X-100 1% solution application after the 4-steps 

elution shown in the figure Figure 3-12 (A) indicating that no aggregates were formed during AEXC to 

the extract.  

Centrifugal extracts purification by AEXC led to poor separation whether using Triton X-100 or 

sarkosyl extract. Sarkosyl separation does not occur due to do interferences of the detergents and 

protein aggregation. In Triton X-100 purification, the chromatography occurred proving that Triton X-

100 extract is more adequate for protein separation using anion exchange chromatography. However, 

with the sarkosyl 1% extract with the batch assay, the proteins did not show any differential elution 

increasing salt concentration, the only difference being the eluted quantity for each salt concentration. 

Comparing the elution peaks SDS-PAGE profile to the one obtained in (Figure 3-3), there is no 

difference between the protein final extract, the chromatographic flow through, and the 

chromatographic elutions at different NaCl concentration nor the elution with sarkosyl solution 

application after elution showing that there is no differential elution in both the purifications. From the 

anion chromatography results obtained, it can be inferred that there are several proteins in each size 

range that have very similar properties regarding their net charge leading to a poor separation 

according to their net charge. It is also probable that the interactions between the proteins and 

detergents are causing them to behave similarly reducing their individual expected behavior but since 

the proteins aggregate in absence of detergents, the detergents removal is not a viable option for 

purification processes.  
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3.4.2. Hydrophobic interactions chromatography  

3.4.2.1. HIC with sarkosyl supernatant extract 

Since anion exchange purification did not lead to good separation, hydrophobic interaction 

chromatography was performed in search for a more efficient separation. Ammonium sulphate 

precipitation of the extracts (3.4.3.1) was used to have an idea of the binding buffer ammonium 

sulphate concentration to use. Based on that, a hydrophobic chromatography was done binding the 

proteins at 1M (13% w/v) ammonium sulphate concentration in order to see at which salt 

concentration there would be different elution of proteins in the column.  

 

 
Figure 3-13: Sarkosyl centrifugal extract purification by HIC at 13% ammonium sulphate binding concentration. 

 

The first hydrophobic chromatography done with 13% ammonium sulphate binding concentration 

binding showed that a high amount of proteins were recovered in the flow through although the resin 

capacity was not surpassed. Moreover, slight peaks were obtained at 11 and 9% ammonium sulphate 

elutions but the protein amount that came from them was insufficient to perform SDS-PAGE. Elution of 

the column with the detergent led to a high protein recovery that summed with the proteins eluted in 

the flow through were almost equal to the total protein injected to the column showing that the 

chromatography was not efficient at 13% ammonium sulphate binding.  
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Figure 3-14: (A) Chromatogram and (B) SDS-PAGE profile of sarkosyl 1% centrifugal extract HIC using 8% 

ammonium sulphate binding. M- Molecular weight marker; FT-Flow through; SE- sarkosyl 1% elution.  

 

To improve HIC results, the chromatography was performed with 8% (Figure 3-14) and 6% (Figure 

3-15) ammonium sulphate binding.  

From the 8% chromatogram, a peak was obtained at 3% ammonium sulphate concentration and was 

analysed by SDS-PAGE profile along with the flow through and the sarkosyl elution. Protein profiles 

shows that not all the proteins bound to the column since there was a high amount of protein in the 

flow through. There was no separation of the proteins since almost all got eluted simultaneously at 3% 

ammonium sulphate and the pool SDS-PAGE profile matched that of sarkosyl elution and initial 

protein extract.  

 

 

Figure 3-15: (A) Chromatogram and (B) SDS-PAGE profile of sarkosyl 1% centrifugal extract’s HIC using 6% 

Ammonium sulphate binding. M- Molecular weight marker; FT-Flow through. 

Ammonium sulphate 6% binding HIC chromatogram and SDS-PAGE profile show similar results to the 

previous one. Proteins did not bind fully to the resin and were eluted at 4 and 2% ammonium sulphate 

steps along with sarkosyl solution and the protein profile were all equal to the extract profile.   
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Sarkosyl 1% centrifugal extract purification by HIC shows no separation ability like the AEXC. Proteins 

did not bind efficiently to the resin and there was no differential elution. Elution of retained proteins 

with sarkosyl solution evidenced once again the likelihood of aggregates formation that retains 

proteins in the column thus being eluted only after solubilization with detergent application or a strong 

hydrophobic interaction with the phenyl ligands of the matrix, only displaced by the detergent solution.  

Hydrophobic interactions chromatography shows low separation efficiency regarding sarkosyl 1% 

extract due to the fact that the extract contains a high amount of proteins and they all seem to have 

very similar hydrophobic behavior. Results also confirm the aggregation effect previously observed in 

anionic chromatography indicating that during chromatography, the proteins have low or no 

interactions with the detergent’s molecules which promotes their aggregation to each other probably 

making them incapable of properly binding to their resin or being eluted from it. 

3.4.3. Other purification approaches 

3.4.3.1. Ammonium sulphate precipitation  

Ammonium sulphate precipitation was performed in order to evaluate proteins separation according to 

their hydrophobicity (proteins salting-out by preferential hydration of the salt).  

Observing the percentage of sarkosyl 1% precipitated proteins as a function of salt concentration 

(Figure 3-17) 70% of total protein precipitate in 10% ammonium sulphate concentration. From 30% to 

higher salt concentration, the percentage of precipitated proteins was approximately the same. SDS-

PAGE profile of soluble proteins show that the proteins were not selectively precipitated by the salting 

out.  

 

Figure 3-16: (A) Sarkosyl 1% centrifugal extract ammonium sulphate precipitation curve. (B) SDS-PAGE profile 

of soluble proteins at different ammonium sulphate concentrations. M- Molecular weight marker; 10%- 4.1 µg of 
proteins  ; 20%- 3.4 µg of proteins; 30%- 2.6 µg of proteins ; 40%- 3.2 µg of proteins ; 50%- 2.3 µg of proteins; 

60%- 2.2 µg of proteins. The total protein in the samples at 0% ammonium sulphate was 4mg. 

 

Contrary to the final supernatant concentration results, SDS-PAGE profile of 20 and 30% of 

ammonium sulphate precipitation supernatants seem to have more protein than the 10% one. This is 
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probably due to supernatant contamination by the pellet proteins, since during the experiments, the 

aggregates did not settle in the eppendorf tube bottom, not even after centrifugation and were in 

flotation increasing supernatant possible contamination. 

 

 

Figure 3-17: (A) Triton X-100 1% centrifugal extract ammonium sulphate precipitation curve. (B) SDS-PAGE 

profile of soluble proteins at different ammonium sulphate concentration. M- Molecular weight marker; 10%- 1.5 
µg of proteins.  

 

For Triton X-100 precipitation (Figure 3-17), approximately 90% of proteins precipitated at 10% 

ammonium sulphate concentration. At 30% salt concentration, more than 97% of proteins precipitated 

and the precipitated protein percentage was stable until 60% salt concentration. For 10% salt 

concentration, soluble proteins were sufficient to obtain an SDS-PAGE profile that shows a pattern 

coincident with the extract revealing that the proteins were not being separated through salting-out, 

moreover, the soluble proteins profile shows no 31kDa band, elucidating that OmpK protein was one 

of the first to precipitate with a high content of contaminant, thus hydrophobic purification is not a 

suitable one for the protein selective isolation.  

In both extracts, precipitation with ammonium sulphate shows proteins have similar hydrophobic 

properties that make them precipitate the same way at the different salt concentrations. It is still 

possible to see that for each extract, the amount of proteins that precipitates is different. For 10% 

ammonium sulphate concentration, only 70% of sarkosyl extract protein precipitated against 90% for 

Triton X-100 extract. Furthermore, Triton X-100 proteins had almost 100% precipitation at 20% salt 

concentration while sarkosyl extract’s highest precipitated protein percentage was 95% at 60% salt 

concentration. Results are consistent with HIC results that shows sarkosyl extract separation based on 

hydrophobic properties have a low efficiency.  

3.4.3.2. Diafiltration of protein extract 

Triton X-100 and sarkosyl crude and diluted (1:10) extracts were filtrated using Amicon 50K centrifugal 

units in order to evaluate the proteins possible fractionated according to their size-range. The objective 
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of the process was to recover all proteins with molecular sizes lower than 50kDa in the permeate while 

bigger proteins would be retained in the Amicon unit. Results (Figure 3-18), shows that sarkosyl 1% 

crude and diluted extract permeates did not contain any proteins while both Triton X-100 1% crude 

and diluted show equal protein profiles. 

 

Figure 3-18: SDS-PAGE profile of permeates from crude and diluted Triton X-100 and sarkosyl 1% extracts 

filtrated through Amicon 50kDa centrifugal unit. S1%- Sarkosyl 1% no dilution; Tx1%- Triton X-100 1%; S1%D-
sarkosyl 1% diluted; T1%D- Triton X-100 1% diluted. 

The absence of proteins in the sarkosyl extract permeate, while Triton X-100 permeate has protein, 

shows that the detergents interact differently with the proteins and probably sarkosyl forms with the 

proteins large micellar aggregates that are fully retained by the membrane, or Triton X-100 detergent 

promotes a more dynamic solubilization of the proteins giving them time to be filtrated. Although Triton 

X-100 samples were filtrated, the protein profile obtained was not the one expected since the 

membrane would ideally only allow proteins smaller than 50kDa in the permeate; nevertheless, 

proteins of molecular weights up to 100 kDa can be observed in the permeate, probably for having a 

non-globular shape that allowed them to go through the pores. The permeate profile still led to an 

acceptable separation of proteins. The SDS-PAGE profile shows no presence of OmpK molecular 

weight band, thus the technique is interesting for OmpK isolation since OmpK was probably held in the 

concentrated. An immunocytochemistry using a monoclonal antibody (mAb) anti-OmpK would be a 

way to verify the previous observations.  
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4. Conclusions  

The objective of this project was to extract and purify OmpK protein from Vibrio alginolyticus, for future 

assessment of its antigenic properties and verify process reproducibility and perspectives of scale-up. 

The bacterial growth was studied in LB medium supplemented with 3% NaCl and TSB medium with 

1% and 3% NaCl medium, leading to volumetric biomass titers of 1.075 g/L for LB medium and 

approximately 1.583 g/L for both TSB 1% and 3% NaCl medium show that the bacteria grows better in 

TSB medium than in LB medium knowing that the growth is slightly higher in 3% TSB than TSB 1% 

than with respective duplication times of 33min and 34min. However, considering experimental errors 

and the fact that the values obtained were closed, it can be concluded that the growth in the three 

medium does not differ much.  

OMPs were extracted using centrifugation and ultracentrifugation processes combined with detergent 

solubilization. For centrifugation extraction, SDS-PAGE profile of proteins showed no differentiation 

between the pellet and supernatant, both presenting the 31kDa bands, which is the molecular weight 

of the target protein. This centrifugal extraction yielded 5.6mg OmpK/L of culture in the final 

supernatant and 0.6mg OmpK/L in the pellet although still very impure. Variations of sarkosyl 

concentration, centrifugation time and incubation time were performed in an attempt to optimize the 

extraction but those showed that the centrifugation nor the incubation time did have a considerable 

influence in the extraction while the increase of sarkosyl percentage diminishes final protein contend 

of the supernatant extract.  

OMPs centrifugal extraction done with Triton X-100 1% and SDS had the same protein profile as 

sarkosyl extract but yielded less protein, especially the SDS extract. Centrifugal extraction proved to 

have a low separation resolution and consequently a high amount of contaminants in the final extract 

leading the separated fractions with very similar composition. 

Ultracentrifugation extraction using sarkosyl 1% was also performed (using higher centrifugation 

speed) and gave results that confirmed the low separation resolution of low speed centrifugation. The 

final extraction fractions had both the OmpK characteristic band but the supernatant had more target 

protein and contaminants than the pellet fraction. The protein profiles of all the fractions showed 

different compositions confirming that ultracentrifugation is the better way to efficiently separate the 

proteins, this was confirmed by results obtained in the literature from which OMPs protein profile was 

very close to the one obtained. The protein quantification by densitometry on SDS-PAGE images of 

the final fractions determined a yield of 4.6mg OmpK/L culture in the supernatant and 1.8mg OmpK/L 

of the same culture in the final pellet.  

Ultracentrifugation using 2% sarkosyl originated a lower protein titer than the 1% concentration and 

Triton X-100 and SDS ultracentrifugal extracts had both more total final protein than sarkosyl extract. 

On the other hand, Triton X-100 extract had too much contaminants while SDS did not present the 

31kDa band, meaning that the target protein was not in SDS final extract in sufficient amount.  

 

Purification of sarkosyl and Triton X-100 extracts by anion exchange chromatography could not 

separate OmpK from other proteins. Sarkosyl extract was not properly separated due to aggregation 
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of the proteins in the resin and probable binding of detergent molecules to the resin. Triton X-100 

anion exchange chromatography led to chromatographic peaks that did not differ from the initial 

extract and from each other showing that the fractioning was not efficient.  

Phenyl Sepharose resin was used to purify sarkosyl 1% extract with different ammonium sulphate 

concentration in the binding step. The proteins once again did not show differential binding nor elution 

from the column, and a co-elution was verified in the different peaks.  

In both anion exchange and hydrophobic interaction chromatography, there was protein elution during 

in the flow through although the resin capacity was not reached. The SDS-PAGE profile of those 

proteins were equal to the extract and elution profile evidencing that the protein properties did not 

make them bind or elute differently from resin.  

Ammonium sulphate precipitation and protein filtration through Amicon centrifugal units was 

approached as purification techniques for both Triton X-100 and sarkosyl centrifugal extracts. Both 

techniques were not successful in the protein purification but evidenced that the same mixture of 

proteins has different behaviours depending on the detergent used in solubilization. 

The final aim of the work was not fulfilled since OMPs were extracted from Vibrio alginolyticus at fairly 

high yields using centrifugation but it was impossible to further purify OmpK due to proteins similar 

properties and behaviour while interacting with detergents. Ultracentrifugation extraction resulted in 

more purified OMPs fractions but would probably give very low final pure OmpK meaning that OmpK 

protein extraction from the natural source and purification for fish vaccination is not viable for large 

scale production.  

For future prospects, instead of OmpK protein, efforts could be made to purify one of the major outer 

membrane proteins saw in the SDS-PAGE profile since they would lead to a higher protein amount of 

total protein and seem to be more easily isolated when compared to OmpK. Moreover, 

ultracentrifugation extraction using SDS originated a final extract enriched mainly in two major outer 

membrane proteins with a higher protein yield (11%), showing that it would be accessible to obtain 

one or both proteins purified with high recovery and test their potential as antigens. Fish immunization 

directly with all the outer membrane proteins obtained after extraction, would also be an interesting 

prospect since the same procedure done to vaccinate Labeo rohita (rohu) against Aeromonas 

hydrophila bacteria showed an increase in fish survival after exposition to the pathogen [79]. As a way 

to verify which one of the fractions has antigenic properties, the different extracts could be exposed to 

fish blood serum with Vibrio alginolyticus and evaluate if serum antibodies, generated against the 

Vibrio, would agglutinate the proteins from the extracts.  
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Attachment 





 
 

 
 

 

 
Figure 19: Vibrio alginolyticus dry weight calibration curve, characterized by = 0.3958𝑥 , 𝑅2 = 0.999 

 

 

 
Figure 20: BCA calibration curve of Tris-HCl buffer (50mM, and 0.3%), characterized by = 9 × 10−4𝑥 + 0.0572 , 

 𝑅2 = 0.9927 

 

 



 
 

 
 

 

 
Figure 21: BCA calibration curve of sarkosyl 1% and HEPES 10mM buffer, characterized by 

 𝑦 = 1.0 × 10−3𝑥 + 0.0098, 𝑅2 = 0.999 

 

 

 

 

 

 

Figure 22: BCA calibration curve of 2% sarkosyl, 10mM HEPES buffer characterized by  

 𝑦 = 9.9 × 10−4𝑥 + 0.0493, 𝑅2 = 0.999 
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Figure 23: BCA calibration curve of 20mM Tris-HCl 1% Triton X-100, 10mM EDTA and 50 mM NaCl solution, 

 characterized by 𝑦 = 0.3958𝑥 , 𝑅2 = 0.986 

 

 

 

Figure 24: BCA calibration curve 10mM Tris-HCl pH 7.7 containing 2% SDS, characterized by 

 𝑦 = 9 × 10−4𝑥 + 0.0372 𝑅2 = 0.999 
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Figure 25: BCA calibration curve of sterile saline (0.9%) solution, characterized by 

 𝑦 = 9.9 × 10−4𝑥 + 0.0253 𝑅2 = 0.998 

 

 

 

 

 

 

 

 

 

 


