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Abstract 

Allergy to dairy products caused by β-lactoglobulin affects a high portion of the world’s 

population. Some works indicate the possibility of existing a protease produced by lactic bacteria, 

capable of degrading β-lactoglobulin. The aim of this work focused on proving the existence and 

the cellular localization of this protease, with the aid of an adapted zymography and cellular 

fractionation techniques specifically developed for this work. The minimal nutritional requirements 

needed for the survival of a lactic acid bacteria producer of this protease were studied by 

developing minimal growth media using different proteins present in milk as primary carbon and 

nitrogen sources. The different isolates used for this work were also studied at the 

extrachromosomal level, in order to verify the differences between existing plasmids in the 

bacteria producer and non-producer of the β-lactoglobulin specific protease. 
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Introduction 

One of the most consumed beverages nowadays all over the world is cow’s milk, being 

consumed on over 42% of the households, in 2010, and consumption of dairy products such as 

yoghurt and cheese have grown 300% in the last 30 years. Unfortunately, it is also responsible 

for health problems in today’s society, being milk allergies one of the most common. Milk allergies 

are provoked by proteins present in different types of milk, being β-lactoglobulin responsible for 

milk allergy in 60 to 80% of the patients, (Lucena, Alvarez, Menéndez, Riera, & Alvarez, 2006), a 

protein without equivalent in human milk. (Sélo et al., 1999)  Other milk allergens include proteins 
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part of the casein fraction (including αs1-, αs2-, β- and κ-casein) and α-lactalbumin. (Lifschitz & 

Szajewska, 2015) 

β-Lactoglobulin is a globular protein with low molecular weight (18.3 kDa) in its 

monomeric form, with 162 amino acid residues, (Sélo et al., 1999) and a isoelectric point of 5.1-

5.2. (Ding, Yang, Zhao, Li, & Wang, 2011) At physiological pH this protein is presented in its 

dimeric form, while at low ionic strength the protein is present in its monomeric form. It is classified 

as a lipocalin, due to similarities to the retinol-binding proteins, and in its native structure forms 

an internal cavity, called a calyx, allowing the protein to bind to a range of hydrophobic ligands, 

depending on the cavity size and loop scaffold at the cavity entrance. Even though its structure is 

known, its function remains unclear, being speculated that β-lactoglobulin is involved in the 

transport of insoluble and/or chemically sensitive molecules between the mother and offspring, 

such as vitamin A and D, or palmitic acid.(Crowther, Jameson, Hodgkinson, & Dobson, 2016) 

An effective way to reduce allergenicity of cow’s milk and dairy products without depleting 

its nutritional value would be the specific removal of β-lactoglobulin. Several methods for the 

removal of β-lactoglobulin have been studied and reported in the literature in the last years, but 

with no success when an up-scaling production process is taken into account. Some of these 

methods include gel filtration chromatography (Naqvi, Khan, & Saleemuddin, 2010), membrane 

ultrafiltration (Cheang & Zydney, 2003), β-lactoglobulin removal with Triton X-114 (Teodorowicz 

et al., 2017), β-lactoglobulin removal by reversible precipitation of α-lactalbumin (Lucena et al., 

2006), and the selective precipitation of β-lactoglobulin using chitosan (Casal, Montilla, Moreno, 

Olano, & Corzo, 2006). The difficulty in up-scaling these methods is tied to designing a viable 

economic process that can remove β-lactoglobulin while maintaining the properties of the 

remaining proteins and components present in cow’s milk, a high overall yield and product 

selectivity.  

 

Background 

A different approach that could present a solution to this problem would be the removal 

of β-lactoglobulin by an enzymatic method, using a β-lactoglobulin specific protease, leading to 

its degradation and/or removal from cow’s milk. Some advantages of an enzymatic method 

include the method specificity maintaining the rest of the milk nutritional properties, the non-use 

of toxic chemicals avoiding inherent health-related issues in humans, and the possibility of being 

a more economical alternative, depending on the production cost of the β-lactoglobulin specific 

protease. Work developed by Abreu, 2015, where it was shown the clear degradation of β-

lactoglobulin in lactoserum by a LAB strain, as well as, the patent CN 101475918 B that claims 

the existence of the specific LAB strain of that is capable of reducing the β-lactoglobulin 

antigenicity in cow’s milk, by achieving a lower β-lactoglobulin antigen concentration in fermented 

milk, show proof that it’s possible to degrade β-lactoglobulin in cow’s milk. The degradation of β-

lactoglobulin means the bacteria uses it as a carbon and nitrogen source, having a specific 

protease to not only cleave it, but also degrading it, as the allergy inducing epitopes have its 

concentration reduced. (Abreu, 2015, CN101475918 B, 2008) 
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By studying the lactic acid bacteria proteolytic system, it would be expected that a β-

lactoglobulin specific protease would be anchored on the cell wall, as it happens with the cell-

envelope proteinases responsible for casein degradation during milk fermentation. (Savijoki, 

Ingmer, & Varmanen, 2006) 

 

Methods 

The aim of this work was to study novel methods for the removal of β-lactoglobulin from 

milk, focusing on the development of an enzymatic method. Therefore, it’s possible to d ivide the 

developed work in three distinct parts: 

i. Fermentation Study 

Four different isolates, all claimed to be strains from the same lactic acid bacteria species, 

isolated from four different commercialized lactic products were used during this work. All the 

isolates were maintained in MRS medium and incubated at 37 ºC. For the fermentation study of 

each isolate, reconstituted lactoserum (15 g/L) was fermented with 1.6% (v/v) of each isolate 

during 7 days and incubated at 37 ºC ± 2 ºC, in 250 mL Erlenmeyer flasks. On each day, samples 

were taken to study the following parameters: i) optical density; ii) pH; iii) colony-forming units (to 

study bacterial growth and viability). Optical density was measured at 600 nm. Further 

fermentations to study the protein profile were run for 5 days under the same conditions. 

The protein profile of each fermentation was analyzed with by SDS-PAGE in a 17.5% (w/v) 

acrylamide gel with 10% (v/v) glycerol. 

ii. Evaluation of Protease Presence and Activity 

To study the protease presence and activity of each isolate, was developed an adapted 

β-lactoglobulin zymography based on the zymography method used by Lima, 2015, where the 

zymography gel was polymerized with 10% (w/v) of β-lactoglobulin instead of gelatin, in a 12.5% 

(w/v) acrylamide gel. (Lima, Mota, Monteiro, & Ferreira, 2016) The β-lactoglobulin pI is 5.1-5.2. 

The protease presence and activity was studied in different cellular localizations and in two 

different growth mediums: reconstituted lactoserum (15 g/L) and MRS growth medium. For the 

cellular fractionation was developed a method based on the method used by Gobbetti, 1996. Both 

mediums were centrifuged at 1735 g, during 10 min at 5 ºC (Allegra 25R Centrifuge, Beckman 

Coulter) to separate the extracellular medium from the cells. The supernatant containing the 

extracellular medium was frozen and maintained at -20 ºC for later use. The pellet was washed 

using a 5 g/L NaCl solution and sonicated (2510 Branson) for 10 min to remove the weakly cell-

wall bound proteins, and centrifuged at 1735 g, during 10 min at 5 ºC. The supernatant containing 

the weakly cell-wall bound proteins was frozen and maintained at -20ºC for later use. To the pellet 

with the cells was added a 1 mg/mL lysozyme (Panreac) solution, the mixture was incubated at 

37 ºC for 2 h allowing the lysozyme to break the bacterial cell wall. The mixture was centrifuged 

at 1735 g, during 10 min at 5 ºC. The supernatant obtained contained the cellular interior, and the 

pellet contained the cell’s wall and membrane. Both of these fraction were frozen and maintained 

at -20ºC until later use. (Gobbetti, Smacchi, & Corsetti, 1996) 
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iii. Extrachromosomal DNA Analysis 

To study and try to understand differences at the extrachromosomal DNA level between 

isolates, was used an extraction method, also known as mini-prep, to extract plasmids from 

Lactococcus and Lactobacillus published by O’Sullivan, 1993. (O’Sullivan & Klaenhammer, 1993) 

The plasmids in the samples were analyzed in an agarose gel, composed by 1% (w/v) agarose, 

run during 1 hour and 30 minutes. 

 

Results 

i. Fermentation Study 

After a 5-day fermentation, the fermentative and β-lactoglobulin (BLG) degradation capacity 

of each isolate was evaluated by analyzing the quantity of protein present in the fermented 

lactoserum, via an SDS-PAGE electrophoresis.  

By looking at figure 1 it’s possible to see that the isolate D presents the biggest BLG 

proteolytic capacity, and as well, of other proteins present in lactoserum. Comparing the control, 

corresponding to non-inoculated/fermented lactoserum, to the fermented samples, isolate D 

shows a complete degradation of caseins (at 30 kDa), and almost complete degradation of BLG, 

at 34 kDa in dimer form and 18 kDa in monomer form. The isolate also has affinity for ALA, 

showing almost complete degradation of this protein, at 14 kDa. This leads to believe that the 

bacteria prefer casein as a substrate, over ALA and BLG, only using them as substrate after 

complete casein degradation. This is an interesting result, suggesting that it’s possible to exist a 

BLG-directed protease, as BLG is a protein that is difficult to degrade and there are no known 

proteases for this protein. 

 

Figure 1 – Polypeptide profile of lactoserum, after 5-day fermentation using bacteria isolated from different lactic 

products (A, B, C and D), obtained by SDS-PAGE in 17.5% (w/v) acrylamide gel, with 10% (v/v) glycerol. Arrows 

indicate caseins at 27 kDa, BLG at 18 kDa (in monomeric form) and ALA at 14 kDa.  M – Molecular weight markers. 
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ii. Evaluation of Protease Presence and Activity 

The results indicated in figure 2, show the degradation of the BLG polymerized in the gel by 

the extracellular fraction of the fermented lactoserum obtained from the isolate D, while there’s 

no sign of degradation in the intracellular fraction from isolate D. For the remaining three isolates, 

none of them showed any BLG proteolytic activity in the zymography gel, leading to believe that 

not all strains from the LAB species used have the capacity to produce the BLG-directed protease, 

or that it is only produced under stress conditions, such as, a very high cell population and lack 

of other substrate forms, since isolate D showed previously to have a much higher OD and higher 

number of viable cells after 48 h, than the rest of the isolates.  

 

Figure 2 – β-Lactoglobulin degradation by proteins present in extracellular medium and intracellular proteins, after 5-day 

fermentation of lactoserum, using bacteria isolated from different commercially available lactic products, obtained by a 

β-lactoglobulin adapted zymography in 12.5% (w/v) acrylamide gel, with 10% (w/v) β-lactoglobulin, performed under 

non-reducing conditions.M – Molecular weight markers; EC – Extracellular fraction; IC – Intracellular fraction. 

 

The proteolytic activity detected in the extracellular medium wasn’t expected and it’s 

rather surprising, as the lactic acid bacteria proteolytic systems relies heavily on cell-envelope 

proteinases (CEP) that are anchored to the cell wall, and on peptidases present on the cell’s 

cytoplasm. To degrade BLG, a first approach before the cell can intake the peptides would be 

needed, which would be expected to rely on a CEP, as it is the normal mechanism of LAB to 

degrade milk proteins.However, this was not what happened, as the intracellular fraction showed 

no proteolityc activity towards the BLG whatsoever. 

The cellular fractions obtained from the lactoserum fermentation and MRS growth were 

tested in an adapted BLG zymography, as the one carried out in the previously, to analyze their 

proteolytic activity. From figure 3 is possible to conclude that the lactoserum fermentation 

extracellular fraction with the biggest proteolytic activity. Looking at the other lactoserum 

fermentation fractions, it’s possible to seem some proteolityc activity on the weakly bound proteins 

fractions, composed of proteins that are weakly attached to the cell wall and can be easily 

removed, and in the intracellular fraction. In the membrane and cell walls fraction there is no 

apparent BLG proteolytic activity, dismissing the expectations that this protease could be a cell 

wall protease, belonging to the regular proteolytic systems of lactic acid bacteria. The reason 

behind the weaker BLG proteolytic activity showed by the WBP and IC fractions, when compared 

to the EC fraction, can be due to the protein secretion system. Proteins, even though they don’t 
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remain inside the cells, as it appears to be the case, are produced inside the cells, being in a 

partial or complete activated form, and are then secreted to the extracellular medium. During a 

period of time, the protease can be loosely attached to the bacteria cells, possibly during 

secretion, explaining the weak proteolytic activity in the WBP fraction. 

Now, comparing growth conditions, the fractions obtained from MRS growth don’t show 

any proteolytic activity in the adapted BLG zymography gel (figure 3). This may suggest that the 

production of the BLG-directed protease is dependent on the growth medium, having one of two 

possible control mechanisms. It could be that its production only activated in the presence of 

specific lactic proteins, possibly BLG, regulated by transcriptional regulation. A different possibility 

could be that the BLG-directed protease is always produced and excreted, but its activation is 

dependent on the presence of specific lactic proteins, by means of a post-translational regulation. 

This is not so common in bacteria, being a more common process in eukaryotes, but some post-

translational regulation examples have been found in bacterial pathogens, being the most 

common protein phosphorylation, as they are very important mechanism involved in infection 

strategies.(Grangeasse, Stülke, & Mijakovic, 2015) 

 

Figure 3 - β-Lactoglobulin degradation by proteins present in extracellular medium, weakly bound proteins, intracellular 

proteins, and walls and membrane proteins, using isolate D. Cells were obtained after 5-day fermentation of lactoserum 

and after 48 h of growth in MRS medium. Results obtained by an β-lactoglobulin adapted zymography in 12.5% (w/v) 

acrylamide gel, with 10% (v/v) β-lactoglobulin, performed under non-reducing conditions. M – Molecular weight markers; 

EC – Extracellular fraction; WBP – Weakly bound proteins; IC – Intracellular fraction; W&M – Walls and cell membranes 

fraction. 

 

iii. Extrachromosomal DNA Analysis 

Given the specific β-lactoglobulin proteolytic capacity shown by a specific strain reported 

in the patent CN 101475918 B, and that was shown only by one isolate used on this work, was 

the possibility that capacity was encoded by a plasmid, like various functions intrinsic to lactic acid 

bacteria (eg. lactose metabolism, antibiotic resistance, exopolysaccharide production, among 

others).  Plasmids related to lactose metabolism present in LAB strains previously reported, have 

high molecular weights, ranging from 20 kbp to 68.2 kpb. (Wang & Lee, 1997) Given that the 

BLG-directed protease has a high molecular weight (ca. 250 kDa), the presence of a large plasmid 

may be expected. Also, to try to understand if it was possible that the plasmid can be easily lost 

and not be inherent to the strain that was isolated, the mini-prep was applied to three different 
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replicas of each isolate, that were previously grown in MRS growth medium, separately. Figure 4 

shows the results obtained for this experiment, showing some differences between isolates. For 

isolate D it is possible to see a very pronounced band at approximately 1 kbp, and a very faint 

band with an approximate weight of 30 kbp. One of the replicas for the isolate C show band of 

similar molecular weight to the 1 kbp band in isolate D, but since this isolate never showed any 

BLG proteolytic capacity, it’s not probable that this band may be associated to BLG catabolism. 

On the other hand, it’s possible to see that only one replica of isolate D shows a band at 30 kbp, 

reinforcing the idea that this plasmid is not inherent neither to all members of this LAB species, 

nor to the isolated D strain. For isolate B, the method didn’t work on any of the replicas tested. 

Between the two unique plasmids found on isolate D, the one that would be more likely to carry 

a BLG protease would be one showed at a higher molecular weight, because, as mentioned 

previously, plasmids related to lactose metabolism have a high molecular weight, and the 

molecular weight of the protease is high enough to justify a high molecular weight plasmid. All in 

all, it’s not possible to claim with all certainty that one, or both, of these plasmids are related to 

the BLG proteolytic capacity showed by isolate D but it’s an open possibility that would need 

further study. 

 

Figure 4 – Differences in extrachromosomal DNA between LAB isolated from different commercially available lactic 

products, and its replicas, obtained by 1% (w/v) agarose gel electrophoresis. M – Molecular weight markers. 

 

Conclusion 

Milk is one of the most consumed beverages worldwide, being also responsible for one of the 

most common health problems in today’s world, milk allergies. Milk is composed by many proteins 

and other components, containing a major allergen responsible for 60 to 80% of milk allergies 

reported by patients, β-lactoglobulin (BLG), a globular protein of low molecular weight (18 kDa in 

monomeric form). Due to the diet of today’s world population and the rising concern of having a 

more healthy and allergen-free diet, there is a need to improve commercialized milk and milk 

formulas, to an allergen-free product.  

In this work, the results show that producing BLG-free dairy products may be real, being 

identified the existence of a BLG-directed protease in a LAB isolate, from a common commercially 
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available dairy product. Initially this bacterium isolate proved to have a BLG proteolytic capacity 

on lactoserum, unlike any other tested isolates, from other commercialized dairy product. Using 

adapted methods, developed solely for this work, such as a cellular fractionation method and an 

adapted BLG zymography, it was possible to prove that the proteolytic capacity of the isolate is 

due to a protease that is excreted to the extracellular medium, unlike what was expected, as the 

proteolytic systems of LAB typically rely heavily on CEPs anchored on the cell wall. Although 

unexpected, this can be an interesting result, as an extracellular protein is usually easier to purify 

than an intracellular one, or a membrane or cell wall intrinsic protein, due to their non-amphiphilic 

nature, and often requires fewer steps and less expensive methods to purify. It was also shown 

that the production of this protease is dependent on the growth medium, as only the extracellular 

fraction of fermented lactoserum showed proteolytic activity. For the growth medium regularly 

used in our laboratory for the growth of LAB, MRS growth medium, there was no apparent 

proteolytic activity. From the adapted BLG zymography was possible to conclude that the BLG-

directed protease has an apparent molecular weight of ca. 250 kDa. 

For the analysis concerning the isolate’s extrachromosomal DNA, it was interesting to see 

that the isolate with the desired proteolytic activity had some differences when compared to the 

rest of the isolates used in this study. It presented two major DNA bands that differ from the 

remaining isolates, one at approximately 1 kpb and another at approximately 30 kpb. Lactose 

metabolism related plasmids found in LAB have been reported to have over 20 kpb, and due to 

the high molecular weight of the protease, the plasmids present in the band at 30 kpb may be 

considered as more likely to encode the BLG-directed protease.  

For the future, it would be interesting to keep studying this topic, focusing on the purification 

of the BLG-directed protease (or as it was named in the laboratory, BLGase), its sequencing and 

the sequencing of the plasmids found in isolate D. The relevance of this BLG-directed protease 

to the food industry, namely the milk industry, is potentially huge and allows for the development 

of new dairy products that would be BLG-free, and fit the needs of a considerable proportion of 

the world’s population. 
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