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Abstract 
 

The resource consumption by the human population is ever growing and with it comes an increasing 

amount of waste materials of which many are made from organic matter. The meat industry is 

generally considered as resource heavy, making it even more urgent that as much as possible of the by-

product produced is valorized. The focus of the Keratin2Protein project is on pig bristles and nails 

produced by slaughterhouses during preparation of the pig carcasses. 

Bristles and nails are part of a large family of proteinaceous materials (e.g. hair, wool, horn and 

feathers), made mainly from keratin and keratin related proteins. Because the materials are mainly 

made from keratin protein, the overall protein content generally exceeds 90% of the total biomass of 

the keratin material. Both bristles and nails are, however, very recalcitrant of nature, because of a high 

amount of chemical bonds (disulfide bonds) that makes it resilient to degradation by the proteases 

present in the digestive systems of most animals. To make the proteins available for degradation, 

treatment of the keratin material is needed.  

An alternative method for valorization of keratinous materials is the use of microbial organisms that 

can degrade the keratin and liberate easily degradable protein. Keratinolytic microorganism produce 

specialized proteases called keratinases, which can degrade the keratin. Furthermore, can the 

microorganisms break the disulfide bonds and further the degradation to produce digestible protein. In 

this PhD work different aspect of the keratin degradation process is investigated 

An assay was developed based on the degradation of the slaughterhouse by-product (bristles and nails) 

and was used for the evaluation of bacterial consortia grown on the by-product, to enrich for keratin 

degraders. Though many interesting bacteria were discovered, they were unfortunately all found to be 

potential pathogenic, thus not usable in the application. We did however manage to gain knowledge 

about potentially novel keratin degrading bacteria and their protease profiles. 

A known keratinolytic bacterium called Amycolatopsis keratinophila was acquired and studied to gain 

knowledge about its degradation mechanisms. Using a combination of different approaches involving 

protease purification, characterization and mass spectrometry, knowledge was gained on the protease 

profile of the bacterium. Two proteases were shown to be abundant in the culture supernatant of the A. 



 
 

v 
 

keratinophila, purified and characterized, which showed that they were capable of degrading the 

slaughterhouse by-product. Furthermore, one of the protease showed promise as a biotechnological 

application by working at elevated temperatures. The protease profile was further elucidated by mass 

spectrometry, showing a wealth of potential keratinases in the culture supernatant. Further investigation 

will shed light on the roles of each protease. 

The culture supernatant showed high potential for degradation of the slaughterhouse by-product and 

optimization of hydrolysis condition (elevated temperature and pH stabilization), resulted in the 75% of 

the protein material in the slaughterhouse by-product being solubilized. Testing the digestibility of the 

end product showed >95% digestibility, indicating a successful valorization of the slaughterhouse by-

product. 
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Dansk resume 
 

Den menneskelige populations ressource forbrug er stigende og medfølgende er også en øget affalds 

produktion, hvor af meget er organisk materiale. Kød industrien bliver generelt anset som ressource 

tung, hvilket gør det desto mere kritisk at så meget som muligt af affaldet kan beriges. Fokus for 

Keratin2Protein projektet er grisebørster og negle produceret af slagterriger under klargøring af 

grisekroppene. 

Børster og negle er del af en stor familie af protein materialer (fx hår, uld, horn of fjer), hovedsagligt 

bestående af keratin og keratin relaterede proteiner. Fordi materialerne hovedsageligt består af keratin 

proteiner, overskrider det overordnede indhold af protein 90 % af den totale biomasse af keratin 

materialerne. Både børster og negle er til gengæld meget genstridige af natur, pga. et højt indhold af 

kemiske bindinger (disulfid bindinger) som gør det robust mod nedbrydning med de proteaser som 

findes i fordøjelsessystemerne hos de fleste dyr. For at gøre proteiner tilgængelige for nedbrydning skal 

keratin materialet behandles først. 

En alternativ metode til at berige keratin materialer er ved brugen af mikroorganismer til at nedbrude 

keratinet og frigive let fordøjelige proteiner. Keratinolytiske mikroorganismer producere specialiserede 

proteaser kaldet keratinaser, hvilke kan nedbryde keratin. Desuden kan mikroorganismerne bryde 

disulfied bindingerne, hvilket højner nedbrydningen og produktionen af nedbrydelige proteiner. I dette 

PhD arbejde undersøges forskellige aspekter af keratin nedbrydningensprocessen. 

En analyse metode blev udviklet medudgangspunkt it nedbrydning af slagteriaffaldet (børster og negle) 

og blev benyttet til evalueringen af bakterielle konsortier, som blev groet på affaldsproduktet for at 

berige konsortierne. På trods af at mange interessante bakterier blev opdaget, var de desværre alle 

potentielle patogene og derfor ikke brugbare in denne applikation. Vi var dog i stand til at få viden 

omkring potentielle ny keratin nedbrydende bakterier of deres protease profiler. 

En kendt keratinolytisk bakterie kaldet Amycolatopsis keratinophila var erhvervet og studeret for at få 

viden omkring dens nedbrydningsmekanisme. Ved bruge af en kombination af forskellige metoder 

blandet andet, protease oprensning, karakterisering og massespektrometri, fik vi opnået viden omkring 

protease profilen for bakterien. To proteaser viste sig a være i højt tilstedevær i kultur supernatanten, 
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blev oprenset og karakteriseret, hvilket viste at de var i stand til at nedbryde slagteriaffaldet. Desuden, 

viste en af proteaserne sig lovende i bioteknologisk sammenhæng ved at være funktionel ved forhøjet 

temperatur. Protease profilen blev endnu mere opklaret ved hjælp af massespektrometri, hvilket viste 

en mængde potentielle keratinaser i kulture supernatanten. Fremtidige undersøgelser vil vise hvilken 

rolle hver enkelt protease spiller. 

Kultur supernatanten viste et højt potentiale for nedbrydning af slagteriaffald og optimering af 

hydrolyse parametrene (forhøjet temperatur og pH stabilisering) resulterede i 75 % af protein materialet 

i slagteriaffaldet blev opløseligt gjort. Test af fordøjeligheden af slutproduktet viste >95 % 

fordøjelighed, hvilket peger i mod en succesful berigning af slagteriaffaldet.  
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Aim(s) 
 

Valorization of keratinous materials can be done by microorganisms capable of degrading the 

recalcitrant structures within the material. A slaughterhouse by-product product mainly containing 

bristles and nails was hypothesized to be a potential valuable product if valorized. This is based on the 

fact that keratinous materials generally contain high amounts of crude protein. To this end we set out to 

enrich for bacterial consortia capable of degrading the slaughterhouse by-product.  

I) Enrichment of keratin degrading consortia and study of their bacterial composition and 

protease profiles.  

To be able to evaluate the enriched consortia an assay was developed based on the slaughterhouse by-

product and some general procedures within keratinase screening was investigated. 

II) Development and evaluation of assay method based degradation of slaughterhouse by-

product. 

We then wanted to study a known keratin degrader Amycolatopsis keratinophila and whether it was 

capable of degrading the slaughterhouse by-product. The protease profile and its components would be 

interesting to investigate through purification from the supernatant and proteomics profiling. This 

would furthermore guide selection of protease for recombinant expression, to be able to reconstruct the 

protease profile. It was furthermore investigated whether the hydrolysis capability of the culture 

supernatant could be used in a “cell free” process at elevated hydrolysis rates. 

III) Investigate culture supernatant from Amycolatopsis keratinophila by purification of 

proteases and characterize their potential involvement in the degradation process. 

IV) Proteomics profiling of the culture supernatant to get a picture of complete protease profile 

and recombinant expression of protease 

V) Hydrolysis of the slaughterhouse by-product using the culture supernatant by optimizing 

hydrolysis rates. 
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Introduction 
 

1.1 Slaughterhouse by-product treatment 

Slaughtering of animals produce a large amount of by-products neither considered suitable as human 

food nor in their raw form as animal feed. Offal, carcasses, blood, fat and keratin materials like 

feathers, wool and bristles are among the by-product materials produced and used as secondary 

products. Products ranging from fertilizers to pet food are produced by different treatment methods that 

transform the by-products to hold higher effective nutritional value. The treatments used dependent on 

the product, with blood, offal and fat having nutrients readily available thus mostly requiring 

processing related to easier handling and prolonged storage. Carcasses and keratin materials require 

harsher treatments to make the nutrients available for biological degradation. It is estimated that the 

amount of feather by-product produced in the EU alone, amounts to 1 million ton [1] and in Denmark 

22 million pigs are slaughtered by Danish Crown alone (Dansih Crown annual report 2015/2016), each 

pig contributing by about a kilo of bristles and nails (personal correspondence DAKA). Handled right 

these by-products can potentially be turned into valuable products instead of posing an environmental 

challenge.  

1.1.1 Current keratin material treatment 

Processing of feathers, wool, bristles, nails etc. for nutritional uses is today traditionally done by 

hydrolysis through different types of heat treatments (pressure cooking, steam cooking) and optionally 

combined with chemical treatment [2]. Focusing on pig bristle and nail treatment, an example of a 

procedure used at DAKA (Daka Denmark A/S, Hedensted, Denmark) for processing of pig bristles is 

presented as a flow-diagram in figure 1. The bristles and nails are supplied fresh from the 

slaughterhouse and are as a first step cut into smaller pieces, follow by a hydrolysis step in which a 

stream of steam at least 150 °C is applied to the bristles and nails, combined with a pressure increase to 

6 bar. This treatment proceeds for 20 min which should hydrolyze and break chemical bonds within the 

bristles. After hydrolysis the material is then processed further by drying and milling, turning the 

product into meal. Even though the end product has undergone several processing steps the digestibility 

of the product is 40% in an in vitro pepsin assay and 31% in an in vivo study with mink (PM90 data 

sheet [3]). This shows that even after the steam treatment the digestibility and nutritional value is rather 

low and in addition chemical changes of the amino acids might have further decreased the potential 
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value that the fresh materials hold. The keratin product (bristles and nails) that has been used in this 

study is supplied by DAKA from after the drying step, thus not completely processed to meal. 
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Raw product 

Bristles and nails 

Size reduction 

Chopped to 20mm 

Hydrolysis/sterilization 

Heating with direct steam to 150 
°C, 20 min at 6 bar 

Centrifugation 

Removal of liquid 

Evaporation 

Concentrating to 40% dry matter 
Drying 

Milling 

Bristle meal 

Drymatter Liquid 

Figure 1: Keratinous slaughterhouse waste treatment by pressurized steam. The figure shows a flowchart of the processing procedure 

used for production of PM90 bristle meal (DAKA). The two steps in the flow-chart that are colored red, represents steps that could potentially 

alter the nutritional value of the raw material, both positively and negatively. Flow-chart is inspired by a procedure described at DAKA 

homepage (http://www.sarval.dk/fileadmin/user_upload/sarval_dk/downloads/hydrolyse_dk.pdf).  
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1.1.2 Side effects of chemical and heat treatment 

The potential downsides of the type of processing described above and the negative effects it can have 

on the proteins are both known and well understood. Heat treatment of protein rich materials like 

feathers have been studied extensively and many reports show that there are not only positive effects of 

this in form of higher digestibility [4][5][6]. On a molecular level it is well established that the heat 

treatment is chemically altering cysteine residues and that two molecules of cysteine can react 

producing lanthionine, with a the loss of a sulfur atom in the form of sulfide [5]. Lanthionine has been 

shown to be only partially utilized as source of cysteine in chick feeding experiments [7]. It is also 

known that an intermediate product in the lanthionine reaction can react with lysine to form 

lysinoalanine, which is also only partially available to chickens and unavailable to rats as source of 

either amino acids [8]. Furthermore there is a variety of other amino acids that might be chemically 

altered, occurring at a higher rate in the presence of alkaline solutions [9]. The loss of nutritional 

available amino acids and especially cysteine and lysine is negative value of the final product. Lysine is 

one of the essential amino acids in e.g. fish and a loss of this amino acid must be supplemented from 

other sources. Even though cysteine is not an essential amino acid it has been shown in fish that 

cysteine can to some degree compensate for low content of methionine [10]. The addition of alkaline 

solution to the treatment of proteins can further result in chemical alterations like racemization of the 

amino acids from the L-form to the D-form. It has been shown that this racemization has negative 

influence on the ability of proteases to cleave, not only the specific peptide bond with the altered amino 

acid but also bonds in the vicinity [11][12]. It has also been shown that, while the amino acids profile 

of heat and pressure treated feed products, like feathers, does not seem to be altered, the 

availability/digestibility of the amino acids can become lower [5][6].  

Chemical alterations of the amino acids and the proteins will have effect on the nutritional value of the 

end product and not only positive gains are obtained from the heat treatments. Finding novel methods 

that can make proteins and amino acids within the bristles and nails readily available for degradation 

without leaving a negative mark on the nutritional value, will be of great interest to different industries. 

1.1.3 Microbial conversion of keratin material  

An alternative to the heat treatment (steam) and chemical treatments detailed above, is biological 

valorization by utilizing the ability of specialized organisms to breakdown the recalcitrant keratin 
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materials. Within both the bacterial and fungal kingdom keratinolytic organisms are found 

[13][14][15]. Bacterial species that have gained the a lot attention for their keratin degradation are the 

Bacillus species [16][17][18], Stenotrophomonas species [19][20], but also actinobacteria like 

Streptomyces [21][22], Actinomadura [23] and Amycolatopsis [24][25]. Among the fungi, species 

characterized as dermatophytes are among the best characterized, living on skin, hair and nails 

[26][27][28][29]. However, species characterized as non-pathogenic also exists among the fungi [30]. 

Keratin degrading microorganisms utilize different mechanisms to degrade and solubilize keratin 

materials, which will be described later. Common for them is that they are less harsh than the 

conventional heat and chemical treatments, resulting in less chemical modifications of the amino acids. 

Studies aimed at the hydrolysis of chicken feather is the most common and in many instances 

microorganisms have been shown to solubilize chicken feather [17][21][31][32]. Attempts at 

solubilizing the further recalcitrant keratin materials wool [33][34][35] and pig bristles [2][36] has also 

been attempted, with results generally pointing towards lower solubilization than what is observe for 

feathers hydrolysis. A substrate loss ~30% was obtained following a pretreatment of the pig bristles 

with heat, sulfite and a bacterial degradation process, which is well below the average of experiments 

with feather [2][36][37]. This shows that degradation of pig bristles constitutes greater challenge that 

that of feathers and also shows that more work is need in this regard.  
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Figure 2: Molecular and macromolecular structure of the protofilament made of keratin proteins, 

which arranges to become the intermediate filaments. (a) The a generic representation of the 

monomeric keratin proteins shows the N- and C-terminal (head and tail) regions of the monomers can be 

divided into three subdomians each. Depending on the the amino acid composition the properties and 

functionality of the monomers can vary greatly. The hard keratins have a larger number of Cys residues in 

these regions . The central region referred to as the rod, contains a series of α-helixes (A and B) connected 

by linker regions (L) responsible for the α-keratin nomenclature. The rod region is flanked by helix 

initiating/terminating motifs (him and htm). The amino acid profile of the rod domain is responsible for 

categorization of the keratin monomers as acidic or basic/neutral. (b) An acidic and basic/neutral keratin 

monomer dimerizes to form a heterodimer. (c) The heterodimers interact to form tetramers in a staggered, 

that are able to further multimerize forming the protofilaments, constituting the intermediat filament. 

Adapted from Hermann H. Bragulla and Dominique G. Homberger [43]  
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1.2 Keratin materials 

So why are these keratins so difficult to degrade? As already described above some of the main keratin 

materials that are of interest for microbial degradation are feathers, wool and pig bristles. At the 

structural core of all keratinous materials, lays the actual keratin proteins, two structurally distinct 

keratin protein types namely the α-keratin and β-keratin. Feathers represent, what is generally regarded 

as the easier degradable keratinous material an consist mainly of β-keratin, while wool and bristles are 

examples of the more recalcitrant materials containing mostly the α-keratin. Most focus will be put on 

describing the α-keratin materials as these are relevant to understanding the slaughterhouse by-product 

used in this study. Not much literature describes specifically the pig bristles and their precise structure, 

but the main components are thoroughly described from other species (e.g. human hair and sheep 

wool). The pig bristles are believed to resemble to that of hair and wool, thus the knowledge from 

studies of these materials is still valuable useful for describing pig bristles.  

  

1.2.1 Recalcitrant α-keratin materials 

Keratin proteins are part of a large family of structural proteins forming multimeric complexes, the so-

called intermediate filaments and are grouped into six families (Types) based on their amino acid 

sequence similarity [38]. Keratins are found in Type I and Type II, thus there are two keratin sub-

groups, distinct from each other. This distinct difference is, however, very important for the functional 

assembly of the complete intermediate filament. Due to their amino acid sequences the two types are 

characterized as either acidic belonging to Type I or basic/neutral belonging to Type II, according to 

their pI-value and thus amino acid composition. Experimentally these categorizations are based on the 

position of the different keratins separated on a 2D-gel, according to isoelectric point and molecular 

mass [39]. At present the human genome comprises 28 Type I keratins and 26 Type II keratins, with 

differential expression in epithelial cells according to their function [40]. 

Even though the keratins can be widely different in sequence, the sequence similarity of ortholog 

keratin proteins across species is somewhat similar, demonstrated by the cross-reaction of anti-human 

and anti-bovine keratin antibodies with epithelial cells from a wide variety of species [41][42][43].  A 
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general picture of domain structure of keratin proteins is depicted in figure 2a. At the N- and C-termini 

of the keratin proteins, a variable region is important for defining the distinct functional traits of each 

keratin. For the keratin proteins found in hair, wool and other so-called hard keratins, the presence of a 

high number of cysteines at the  N- and C-terminal domains forming intra- and inter-linking disulfide 

bonds, is which distinguishes them from the other keratins [44][45]. It is this high cysteine content that 

is a key part of the recalcitrant structure of the hard keratin materials. The central rod domain 

structurally consists of four α-helixes in sequence, hence the name α-keratins. The central rod domain 

is as the name indicates in the shape of a rod like structure. The amino acid sequence in the central rod 

domain is moreover the basis for the categorization of a keratin as acidic or neutral/basic [46].  

Together with the rod-like shape and a heptad-repeat (a-b-c-d-e-f-g) of amino acids with hydrophobic 

amino acids specifically positioned at position a and g, two keratin domains interact to form a 

heterodimeric coiled-coil (figure 2b) [47]. A dimer always consists of an acidic (Type I) monomer and 

a neutral/basic (Type II) monomer arranged in parallel and in register to each other and is capable of 

self-assembling [48][49]. The further process of assembly is an anti-parallel and out of register 

interaction of two dimers, creating a tetramer in a staggered arrangement (figure 2C). The out of 

register structure allows for end-to-end assembly of several tetramers forming a long polymer string, 

referred to as a protofilament. The assembly of eight such protofilaments is believed to form the final 

intermediate filament fiber.   

The molecular assembly of the final intermediate filament present in the hair fiber forms a rigid 

structure, however, the difference between the more recalcitrant keratin materials and the “soft” keratin 

materials is also attributed to other structural arrangements. A series of complex structures form the 

final keratin material, where one of the main contributors of the rigidity of wool and nails, is the 

presence of high-sulfur content proteins, referred to as keratin associating proteins (KAP) [50]. These 

proteins surround the intermediate filaments (figure 3), filling the gap between filaments. The KAP 

proteins can be put into four groups based on their amino acid content, high sulfur proteins, ultra-high 

sulfur proteins, high tyrosine protein and high tyrosine and glycine proteins. Of the listed groups the 

most interesting, is the cysteine containing KAP’s which can contain between 20-40% cysteine 

residues[50][51]. Together with the very high content of cysteines in the matrix and the cysteines in the 

N- and C-terminal ends of the keratin proteins a complex network of disulfide bonds is formed. In wool 
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these two protein types fill up the elongated para-cortical cells leaving only room for the remnants of 

the nucleus. The cortex of the wool-fiber further consists of two cortical cells types, the meso-cortical 

cells and medulla cells, which are not as high in cysteine content, as the para-cortical cells. Bundles of 

these cells create the cortex which is the main constituent of hair and wool.  

The cortex is surrounded by a cuticle layer, arranged of individual flattened cells, overlapping each 

other creating a rigid and sturdy barrier. The amount of cuticle cells overlapping or are stagged on top 

of each other, is different between species, with Merino wool having only 1–2 cell while the pig bristle 

contains 35 cells stagged on top of each other [50][52]. The first part of the cuticle cell is a  

Figure 3: Schematic depiction of the constituents and their organization within a wool fiber. The wool 

fiber is a highly complex structure and some of the overall structures are represented in a simplistic manner. 

The keratin proteins in the intermediate filament form the basis of the wool fiber cortex. The intermediate 

filaments are held together by the high sulfur containing protein (KAP), in bundles that make up most of the 

content of the para-cortical cells and are responsible for the recalcitrant nature of the keratin fiber. The 

cortex of the fiber is surrounded by a cuticle layer made from flat sheet-like cells. The a-layer is part of the 

exocuticle, found in each separate cuticle cell. The a-layer has a high content disulfide bonds and isopeptide 

bonds that further strengthen the resistance towards proteolytic degradation. Adapted from J. Gillespie et al. 

[50]. 
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hydrophobic barrier consisting of single fatty acids, most often 18-methyleicosanoil acid, linked by a 

thioester bond to the underlying proteins [53][54]. Beneath the lipids lays a network of proteins cross-

linked in various ways, part of which is called the a-layer.  As can be seen in Table 1 the amino acid 

profile of isolate cuticle cells contains percentagewise a higher amount of cysteines than the cortex. 

This is in part due to the presence of KAP5 and KAP10, which constitutes the major part of the 

proteins that creates disulfide bridges forming the ridgid matrix within the a-layer (figure 3). The 

isolated a-layer has been shown to contain between 25–37 mol % cysteine [55][56][57]. Apart from the 

high number of disulfide bonds, the proteinaceous layer also has been shown to contain isopeptide 

bonds, formed between glutamine and lysine [58]. In accordance with this, it has been shown that the 

human transglutaminase-1 is being expressed in the hair follicle and is located close to the developing 

cuticles [59]. The presence of the isopeptide bonds was further shown by the resistant to solubilization 

of the a-layer by reducing and denaturing agents [60]. This heavily cross-linked matrix creates a tough 

barrier resistant to proteolytic attack [56].  

Even though the α-keratin based materials (hair, wool, nails etc.) can be different with regards to their 

physical appearance, the building blocks are basically the same. The presence of high cysteine content 

in many of the structural components connects the proteins into a large insoluble network. Together 

with the fact that the keratin intermediate filaments are naturally compact structures, this explains why 

many of the recalcitrant keratin materials are difficult to degrade through proteolytic actions alone.  
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1.3 Hydrolysate as fish feed 

One of the potential uses of a product made from hydrolyzed keratinous slaughterhouse by-product 

would be as fish feed, for an aquaculture industry that is in steady growth according to the Food and 

Agricultural Organization of the United Nations (FAO) [61]. The majority of the farmed animals are 

produced by direct feeding (69.2%) due to faster and more reliable production, compared to non-fed 

cultures [61]. Shortage of feed, coupled with the fact that fed-based aquacultures are becoming an 

increased source of pollution, calls for a diversification of fish feed products without compromising the 

environmental concerns that are being raised [62]. To better understand what are important factors in 

Table 1: Amino acid profile of the different components of the 

wool fiber, expressed in mol fractions. The high content of half-

cystines within the wool fiber indicates the presence of numerous 

disulfide bonds. It is also observed that while the cortex contains a 

higher number of half-cystines, the relative abundance is higher in 

the cuticle layer. 

a Marshall, R.C. et al. 1980, b Marshall, R.C. et al. 1988  
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fish feed formulation and will opportune characteristics of the produced keratinous hydrolysate, an 

overview of the nutritional requirements for fish is necessary, with a special emphasis on the protein 

content, digestibility of protein and amino acid profile. 

Generally, commercial fish feed products contain a high protein content compared to terrestrial farm 

animal feed. The protein content required varies among fish species, depending on whether the fish is 

carnivorous or omnivorous [63]. While the protein content is high compared to the energy nutrients 

(carbohydrates and lipids), the end protein consumption per body weight increase is not higher than for 

terrestrial farm animal, which is thought to be due to the homoeothermic nature of terrestrial farm 

animals [64]. The high concentration of protein in the final feed product requires that the raw material 

used as protein source is as high or even higher, than the finished product. The second important factor 

to consider is the digestibility of the feed product, since an indigestible product holds no actual 

nutritional value.  

The presence of high crude protein and digestibility of the feed alone does not guaranty a good feed 

product, as a correct balance of amino acids is crucial. Ten amino acids have been proposed as essential 

for efficient growth of farmed fish[65][66]. Studies describing the quantitative requirements for all 10 

amino acids a fish species are scarce and interpreting results between studies are difficult, due to the 

use of varying methodologic approaches [67][66][65]. Based on the amino acid profile of the muscular 

tissue of a specific fish, estimates have been made for the requirements for amino acid composition of 

the feed [68][69]. It is therefore not surprising that the best raw material for fish feed is fish meal, 

which has high protein content, but also excels in high digestibility, correct amino acid profile and 

contains other vital compounds for growth of many fish species (Table 2). The rational being that much 

of what the fish needs is present in the fishes themselves, a theory that has been used for other farm 

animals as well [70].  

Alternative sources of protein have shown to be both animal (slaughterhouse by-products) and plant 

based (soy bean meal), which just like the fish meal has high protein content, high digestibility and 

generally good amino acid composition [71][72]. While the amino acid profile is good for both genres 

of products, they are low in methionine and lysine, both of which are essential amino acids [73]. This 

means that supplementation in the form of purified free amino acids are being added to the feed. There 
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are still some debate about, how these free amino acids affect the metabolism of the fish and the how 

the free amino acids compare to the protein bound equivalents[74]. For some species studies have 

however already shown that soy meal based feeds supplemented with methionine and/or lysine can 

completely or partially substitute fish meal based feeds [75][73][76][77].  

1.3.1 Pig bristle based slaughterhouse by-product for fish feed  

The nature of a highly keratinaceous material like pig bristles is both an advantage, while also being a 

hindrance for its usefulness in in feed. The content of protein in keratinaceous materials is generally 

high (pig bristles ≈ 90% crude protein) [3], however as already stated, the main disadvantage of 

keratinous materials is their low digestibility. This means that the effective protein amount available as 

nutrition is much lower than what is actually present in molecular form. A commercial product based 

on heat treated pig bristle meal (PM90 Porcine Bristle Meal, Daka Sarval), reports a digestibility in 

vitro of 43% and in vivo in mink of 31%, with 90% of the dry-matter weight consisting of crude 

protein. A digestibility this low for a product with as high amounts of crude protein, as the case is for 

the PM90 product is not optimal. This is even after the rather harsh pre-treatment, which could also 

decreases the amount of available amino acids do to chemical alterations [4]. The content of cysteine 

dramatically drops when the bristles or feathers are treated with either heat and/or alkaline conditions 

[5][6]. As described above chemical alterations of cysteine during heat treatment, produces lanthionine, 

which has been shown to be only partially available as cysteine when fed to chicks [7]. A new method 

that can help liberate the protein in the bristles so they can used as nutrition and do it without 

destroying the amino acids present, is a key for valorization of the product. The amino acid profile of 

pig bristles is varied and not biased towards only a few different amino acids and is thus a good source 

of amino acids (Table 2). Just as for soya bean meal and the other slaughterhouse by-products, the 

concentrations of some essential amino acids are lower than compared to the fish meal [70]. Of special 

concern will be the essential amino acids, lysine, methionine and histidine, which is something also 

seen for the feather meal products. Feather meal has been successfully used as a supplement in the fish 

feed, by either supplying extra of the low amounts of amino acids as crystalline or other protein sources 

[78][79]. A source high in methionine and lysine content is canola seeds, which could be used to 

partially supplement the feed [80]. Though pig bristles are low in lysine and methionine, growth 

experiments using heat treated chick feathers and pig bristles, showed that the growth was higher for 
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the treated pig bristles, which was attributed to the higher amount of digestible lysine [81]. It has 

further been shown that cysteine can replace some of the methionine needed in fish feed and the high 

content of cysteine in keratin materials, will thus limit the need for addition of methionine [10]. Based 

on these studies of hydrolyzed feather keratin as fish feed, the similar amino acid composition of pig 

bristles boasts well for the use of bristle hydrolysate as a supplement in fish feed.  

Table 2: Amino acid composition of biological materials relevant 

for fish nutrition. The amino acid composition of the fish body can be 

used as a guide for construction the dietary profile of fish. It can be 

observed that the fish meal profile is very similar to that of the fish 

body. The SBM (soy bean meal), pig bristles and bristle meal (PM90) 

all exhibited lower content of the two essential amino acids Met and 

Lys, compare the fish meal. (-) means that values are were not 

determined. Values are taken from a[65], b[61], c[80], d[70], e[3] 
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1.4 Keratinase and auxiliary proteins: Discovery and detection 

The term keratinase is collectively used to describe enzymes with the ability to degrade or destabilize 

keratinous materials. It is not a very specific term as it relates to the function of degrading a 

heterogeneous material, which many keratinous materials are, thus different enzyme groups could be 

involved in this process. The most common group of enzymes referred to as keratinases are proteases 

and have at numerous occasion been found to degrade the keratin proteins and other structural proteins 

found in the keratinaceous materials [19,82]. However, disulfide reductases will occasionally also be 

referred to as keratinases in the literature [19], due to their supposed ability to reduce the disulfide 

bonds found in keratinous materials. Generally, it is only proteases that are referred to as keratinases, a 

practice that will also be followed in the present thesis. Stricter rules with regards to the keratinase 

nomenclature have been proposed in which the keratinases should obey a certain threshold of 

specificity towards keratin, relative to their activity towards universal protease substrates, such as 

casein or bovine serum albumin [83]. Only proteases that are relatively more active towards a 

keratinous material compared to the universal substrate are characterized as a “true” keratinase. A 

similar strict categorization has been proposed for keratin degrading organisms [13]. Something to note 

is however that nothing is said with regards to the total activity, thus a “true” keratinase does not have 

to be a particular efficient keratinase. In the context of this field, knowledge about what creates 

specificity or even just activity towards keratin is however rather scarce, thus any enzymes showing 

keratinase activity will also be of great interest to study.  

1.4.1 Keratinases 

Numerous studies of proposed keratinases are found in the literature, however many of them are poorly 

characterized and for many of them neither gene sequence nor primary structure has been identified 

making theorization of mechanisms difficult. There are, however, also studies where the protease are 

well characterized and the complete or partial primary structure is determined, which aids in building a 

picture of the proteolytic mechanisms that play a role during degradation. Many studies due provide 

information about the physico-chemical characteristics of many keratinases, that help them achieve 

better degradation of keratin. Here some of the most important protease families and characteristics are 

described in relation to their keratinase activities.   
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1.4.1.1 Serine proteases – General features of keratinases  

The major contributing peptidase family (MEROPS family [84], www.ebi.ac.uk/merops/) is by far the 

S8A peptidases [14][85][86], which are also referred to as subtilisin-like proteases, as the Subtilisin A 

from Bacillus subtilis is the type-example of the S8A peptidases [87][88][89]. Within the S8 family 

S8B family members are also found, however they have a different specificity than the S8A and have 

not been described in the literature with regards to keratin degradation. Subtilisin and similar 

proteinases are all endopeptidases and are known for their broad specificity, but with varying 

preference for hydrophobic residues at the P1 site (amino acid just N-terminal to the cleavage site, 

figure 4) [89][90][91]. A broad specificity like this, naturally also results in proteases with a greater 

potential to cleave any peptide bonds that are free to be accessed within the keratin. Most keratinases 

have been found to not only cleave keratin substrates but also other proteins like casein, bovine serum 

albumin, collagen and elastin [90][91][92]. Some keratinases will also cleave both feather keratin and 

wool keratin which are structurally different, feathers primarily consisting of β-keratin and wool being 

a representative substrate for the α-keratin [19]. This point towards many of the proteases characterized 

as keratinases not being very specific towards keratin per se. There are also examples, however, of 

keratinases, which are claimed to be very specific and not degrading other substrates to as high of a 

degree [93]. Many keratinases have been found to function optimally at elevated temperatures and 

alkaline pH [19][92][94][95]. These are condition that promote destabilization and swelling of the 

otherwise recalcitrant keratin structures and allow the proteases to get easier access to substrates [2]. 

Many subtilisin-like protease have optimum activity at temperatures between 50-60°C and pH values 

around 8-10, favoring this family of proteases as it gives easier access to the proteins [19][96][97][98]. 

One of the only keratinases known to be a S1 peptidase, is produced by the alkaliphilic bacterium, 

Nocardiopsis sp. TOA-1, and this protease also had elevated temperature (65 °C) and pH optimum (pH 

12) [99]. It should be emphasized that these are not necessarily condition that are biologically relevant 

for growth of the organism, from which the proteases originate. That is why searching for the specific 

proteases that degrade keratin in the supernatant of a bacterial culture, does not have to be restricted to 

the biological parameters of the organism which have secreted the proteases.  
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Figure 4: Specificity analysis of keratinases using synthetic 

substrates. A list of keratinases is represented together with a synthetic 

substrate, that has been shown to be cleaved by the keratinase. The 

preference for large hydrophobic residues at the P1 site is observed for 

many of the keratinases. There are also keratinases that have specificity 

for the positively charge Arg side chain at the P1 site. The apparent 

specificity towards large hydrophobic site-chains is likely a result of 

many keratinases belonging to the S8A peptidase family. Little 

knowledge is available of the specificity for other than the P1 site.  

Adapted from Brandelli, A. et al. [14] (references for all keartinases can 

be found in the reference for this figure). 
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1.4.1.2 Serine proteases – structural and mechanistic features 

Though knowledge about the structural and molecular mechanisms of keratinases is scarce, some 

knowledge has been gained towards understanding the specific features that might explain the 

keratinases’ ability to degraded keratin.  Some keratinases have been expressed recombinantly in 

different hosts [91][16][100][101][102][95], but structural studies or mutational studies have been 

sparse. The structure of an inactivated variant of the fervidolysin protease from Fervidobacterium 

pennivorans has been studied by X-ray crystallography [103], showing that the protease domain 

belongs to the S8A family, while three separate non protease related domains are also present. While 

the catalytic domain resembles the subtilisin tertiary structure, variations in the structure could explain 

the increased ability of the protease to degrade β-keratin. The S8 peptidase domain of fervidolysin 

contains a wider binding cleft at the unprimed site (C-terminal of the cleavage site), but also more 

shallow and hydrophobic binding pockets, suggesting bulk and hydrophobic residues are favored for 

binding. At the primed site, favoring of an extended protein string similar to a β-strand, is suggested to 

give further improved cleavage of the β-keratin found in feathers [103]. Beyond these few key features 

observed in the catalytic domain, no evidence gives insight into the interaction of the protease domain 

to keratin or keratin materials. Similar feature has, however, also been observed in the structure of 

proteinase K, which also is a keratin degrader[104]. Investigation of two protease, BprV and BprB, 

with 96% sequence identity revealed a similar correlation, where a more shallow and hydrophobic S1 

pocket seemed to be the key difference between the two proteases [105]. The native BprV was able to 

digest matrix proteins like fibronectin, insoluble elastin as well as hoof keratin, while the BprB could 

not. By structural alignment they found that two residues near the S1 pocket (binding site for P1 

residue of substrate) were different in these two proteases. They then very elegantly showed that 

mutating the two residues of the BprB to the corresponding BprV residues, gave enough change that 

the BprB was now capable of degrading the fibrous elastin. Nothing was described with regards to the 

hoof keratin degradation. Other structural studies of keratinases from the S8 familiy have not given 

more information towards getting a better understanding of the molecular characteristics that allow for 

keratin degradation. A keratinase from Stenotrophomonas maltophilia BBE-11 has been studied by 

truncation of the protease and mutation of critical residues within the catalytic domain 

[19][106][107][108]. The KerSMD keratinase consist of three domains, an N-terminal propeptide 

domain, a catalytical S8 peptidase domain and pre-peptide C-terminal domain. It was shown that 
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removal and/or replacement of the N- and C-terminal domain with similar domains from a different S8 

peptidase, could alter the stability and specificity of the mature protein [107]. A similar dependence on 

the pro-domain was observed in a study were two similar proteases from two different species (Bacillus 

licheniformis and Bacillus pumilus) had their pro-domains swapped, which influenced their 

thermostability and specificity [100]. The KerSMD protease was further studied by mutation of critical 

residues around the proposed S1 pocket. This indicates that keratinases found in nature can potentially 

be mutated to have even higher activity towards keratin [108]. The other interesting observation is that 

they seemingly changed the specificity of the keratinase, towards a more “true” keratinase, showing 

that higher efficiency for keratin degradation does not necessarily involve higher casein degradation. 

During this study it was also observed that the smaller the amino acid residue introduced instead of the 

tyrosine, the more the protease favors substrate residues with larger hydrophobic side chains at the P1 

position. The same pattern was observed with regards to keratin degradation, a smaller substituting 

amino acid gave higher keratin degradation activity An except was seen when an aromatic amino acid 

was introduced, which resulted in the activity towards keratin actually increasing[108]. A clear picture 

of what structural features that dictate keratin degradation efficiency in the S8 family of proteases is not 

yet available, but the findings described above suggest that more than one factor is important, which 

probably is highly dependent on the investigated protease. It will be interesting in the future, when 

more keratinases are hopefully characterized at the molecular level, whether these findings above are 

proven to be general concepts observed in keratinases, which can be used to guide improvement of 

other keratinases. 

1.4.1.3 Metalloproteases – family M36 (Fungalysin) 

Metalloproteases constitutes the second major class of proteases that has been found to be involved in 

degradation of keratinous substrates. Just like the serine proteases, many of the keratinolytic 

metalloproteases have only been characterized on the basis of their sensitivity towards metal chelating 

molecules like Ethylenediaminetetraacetic acid (EDTA) and 1, 10 phenantroline and insensitivity 

towards serine protease inhibitors [109][110][111]. There are, however, also a series of studies that 

provide information that help form a picture of the degradation and which types of proteases are 

involved. 
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An example of a family of proteases where members have been found to degrade different fibrous 

protein materials, like elastin, collagen and keratin, is the M36 family. The fungalysin-like proteases 

are endopeptidases that generally have specificity towards amino acids with larger hydrophobic site 

chains at the P1’ position. This specificity falls in line with the S8 peptidases described above. Two 

M36 proteases (the actual archetypes of fungalysin) were purified from Aspergillus fumigatus, 

characterized and was shown to be capable of degrading elastin and collagen [112][113]. Aspergillus 

fumigatus is an opportunistic pathogenic fungi capable of infecting the lungs of humans and animals 

[26]. It is believed that the isolated M36 proteases might play a role in the degradation of the extra 

cellular matrix proteins found in the lungs. Though the protease crystal structure has been solved, no 

hypothesis has been made towards the ability to cleave recalcitrant substrates [114].  A very strike 

observation about this family of proteases, is that while the Aspergillus species which is only an 

opportunistic pathogen, possesses one copy of this gene, true pathogenic fungi species contain several 

copies. The occurrence of multiply copies of M36 peptidases are hypothesized to be the basis for 

infection of skin, nails and hair by dermatophytes [86][115][116]. The genome of the dermatophyte 

Microsporus canis was searched for genes encoding  metalloproteases that resemble the M36 protease 

from Aspergillus fumigatus and three genes were found (MEP1, MEP2 and MEP3), which potentially 

code for M36 proteases [115]. Of these three at least two (MEP2 and MEP3) were shown be potentially 

expressed in Microsporus canis infecting guinea pig hair. In fact one of the two proteases (MEP3) had 

in a previous study been purified and characterized as being active towards elastin, collagen and keratin 

substrates, without knowing about the two other paralogues in the genome [109]. In a later study, the 

M36 metalloprotease family in Microsporus canis was expanded to consist of two more proteases, 

while at the same time orthologs of the five proteases were shown to be present in Trichophyton 

rubrum and Trichophyton mentagrophytes [116]. This indicated that gene duplication leading to these 

genus having five M36 paralogues preceded the differentiation of Microsporus and Trichophyton. 

Together with the subtilisin-like proteases, the fungalysin-like proteases are the two prime candidates 

hypothesized to be responsible for keratin degradation and infection, in dermatophytes. 

1.4.1.4 Metalloproteases – exopeptidases  

Many of the keratinolytic organisms not only secrete S8 and/or M36 proteases but have an array of 

exo-proteases being secreted during growth in media containing protein (e.g. keratin materials) as sole 

nitrogen and carbon source. Exopeptidases might be limited by the nature of their specificity, but 
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examples of such proteases actually being able to degrade keratin materials or synergistically aid the 

degradation are emerging in the literature [117][110][118][119]. Protease genes from Trichophyton 

rubrum, M28 family and dipeptidyl peptidase family genes were isolated, the proteases were 

recombinantly expressed and characterized. Unlike the M36 family described above, the dermatophyte 

Trichophyton rubrum does not contain more copies of these proteases than the Aspergillus fumigatus. 

This might indicate that they do not play a vital role in infection and keratin degradation as the M36 

and S8 peptidases, but play a secondary role by further processing the products from the first 

degradation [119]. The ability to degraded keratin materials on their own was not studied.  Results from 

another study of the non-pathogenic Onygena corvina, indicated that M28 peptidases might in fact 

enhance the degradation of feather keratin, when present together with an S8 peptidases[118]. M28 

peptidases are generally aminopeptidases cleaving Leu from the N-terminal of proteins/peptides, 

however different subgroups within the family might cleave after other amino acids as well[119]. In a 

later section (1.4.4) hypothesized how these exo-acting proteases can aid in degrading keratin materials 

without having to catalyze the initial attack. It was further indicated that an M3 peptidase could be 

involved in enhanced degradation of pig bristles [118]. The M3 family consists of proteases with 

varying substrate specificity, but with a preference for acting near the C-terminus of proteins/peptides 

(MEROPS), while still being endo-peptidases. Two other studies have also shown carboxypeptidases 

being involved in keratin degradation and being able to act on their own [82][117]. An M32 peptidase 

from Fervidobacterium islandicum AW-1, which interestingly is structurally similar to an M3 family 

protease (MEROPS), has been shown to be able aid the degradation of chicken feathers [117]. This 

could indicate that some structural similarities between these carboxypeptidases and the close to C-

terminal acting peptidases make them able to degrade keratin. The structurally studied of the M32 

peptidase further showed that a critical residue for determining substrate length was substituted 

compared to an ortholog protease in Pyrococcus furiosus. A similar substitution had previously been 

shown to make the protease less specific towards oligopeptide substrates [120], thus making it capable 

of degrading larger substrates. Degradation studies also showed that supplementing culture supernatant 

from a Fervidobacterium islandicum culture with extra of the M32 peptidase increased both the 

velocity and end amount of free amino acids in the reaction supernatant. With a biotechnological view 

in mind, this is very interesting because it indicates that the enzyme composition of the 

Fervidobacterium islandicum culture supernatant in this study can be further optimized. Whether this is 
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just a matter of more protease, more activity or a matter adding a specific activity is unclear. A last 

example is the M14 family of peptidases, which consists of more traditional carboxypeptidases, 

removing single amino acids from the C-terminal. Despite this fact, it has been shown that a protease 

which to was identified possibly be from the M14 family based on sequence similarity to known M14 

protease, showed activity towards keratin azure[82]. Nothing in the study indicated what the amino 

acid specificity of the protease, but the most common in this family is either towards hydrophobic or 

basic site chains (MEROPS). Specificity towards hydrophobic site chains would fall in line with many 

of the other keratinases characterized. 

1.4.2 Disulfide bond breakage 

As explained above, in the section describing the structural features of keratin materials, it is evident 

that the high amount of disulfide bridges found in these materials is one of the important features that 

results in extraordinary resilience to proteolytic digestion. The discovery that disulfide bridges are an 

Figure 5: Degradation of keratinous material and the excretion of sulfur from the digested material 

as sulfite for increased degradation. Proposed mechanism of keratin degradation by dermatophyte shows 

how the initial degraded products are catabolized to produce sulfite. The sulfite is excreted and reacts with 

the disulfide bonds to cleave them, opening up keratin structure for easier access of the 

keratinases/proteases.  Adapted from Grumbt, M. et al. [101]   
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essential part of keratin materials and that their cleavage would greatly advance the degradation 

efficiency, was made quite some years ago [121]. One of the first biological example of disulfide 

breakage was done in a study of the dermatophyte Microsporum gypseum, in which it was observed 

that that the fungus secreted sulfite, that cleaved the disulfide bonds [122]. The reaction of sulfite with 

cystine results in disulfide bond cleavage and production of S-sulfocysteine (figure 5). Whether the 

process of excreting sulfite is specifically done to aid the degradation of keratin is not known, since 

much of the excess sulfur from the degradation of keratin materials is also excreted as the more inert 

sulfate. It is however clear that an organism that excretes sulfite and advertently or inadvertently 

breaking disulfide bonds will have an advantage in comparison to organisms that do not. It has further 

been shown that other dermatophytes excretes sulfite and that these are important for the viability of 

these organisms when growing on keratin materials [123].  

Bacterial disulfide bond cleavage during keratin degradation has also been studied and shows a 

different mechanism than what has been observed for the dermatophytes. Early experiments with 

bacterial degradation of keratin showed that a high abundance of sulfur compounds released into the 

supernatant during degradation of wool keratin by Streptomyces fradiae [21], which was later shown to 

be cysteine containing peptides [28]. Later studies of another Streptomyces species i.e. S. pactum also 

showed that during keratin degradation free thiols are released into the supernatant, which was taken as 

indication of bacteria reducing the disulfide bonds found in the keratin material [124]. The mechanism 

was not completely understood, but it was shown that the reductive potential was only maintained in 

live cells and not found in the culture supernatant, cell lysate or cells with added azide. This indicated 

that the reduction system was cell bound and since the reduction happens outside the cell, this electron 

transfer could be facilitated by membrane associated proteins. Even though the bacteria was not found 

to be associated with the keratin particles in the culture, the author hypothesized that short temporary 

interactions could suffice for the reduction to take place. A few other studies have been made, where 

free thiols could be measured in the culture supernatant indicating disulfide breakage [125][126], a 

mechanism is not proposed. There are several studies were proteins with reductive capabilities have 

been purified and proposed to aid in the degradation of different keratin materials by keratinases 

[19][127][128]. It is however, not clear exactly what kind of reducing proteins are at work and how the 

mechanism of reduction occurs. The N-terminal sequencing of two disulfide reducing protein, yielded 
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one with similarity to some known reductase-like proteins [128], while the other did not show 

similarity to a known protein [20]. Notably, many of the studies make no mention of the need for an 

electron donor in the reaction [127][19][128], while others show that NADH can boost the activity, but 

is not necessary [20]. 

It is evident that the breakage of disulfide bonds in keratin material is a crucial contributor to the 

degradation process and is probably necessary for complete degradation [13] and many studies have 

shown that addition of reducing agents to keratinase degradation reaction is beneficial for the 

degradation. For now only the sulfitolysis performed by fungi has been described and explained in the 

biological context and a thorough model has been put forth. The bacterial process of disulfide reduction 

is by no means fully understood yet and only a few cases have been investigated, where the responsible 

proteins have been identified and characterized. The biological significance of the reductase-like 

proteins and their exact role in the keratin degradation is by no means understood.  

 

 

1.4.3 Hypothetical auxiliary enzymes involved in keratin material degradation 

1.4.3.1 Lytic polysaccharide monoxygenase  

While the main focus in keratinous material degradations by microorganisms has been on proteolytic 

activity and disulfide bond cleavage, there are some not so well studied but still interesting hypothesis 

as to some other functions that could be involved. A new hypothesis involving the Lytic polysaccharide 

monooxygenase has been proposed by Lange et al [15]. Though no concrete evidence has been 

presented for the hypothesis, but the theory involves the removal of sugar groups attached to the keratin 

protein N- and C-terminal regions [15]. This removal could potentially change the physiochemical 

nature of the keratin proteins, leading to disassembly of the polymer structures and loosening of the 

supramolecular structures. This would then give easier access for proteases to cleave and degrade the 

proteins. Whether the hypothesis is biologically or biotechnologically relevant remains to be 

substantiated by published data. 
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1.4.3.2 γ-glutamyl transferase 

For another enzyme group data support involvement in keratin material degradation namely the γ-

glutamyl transpeptidase (GGT) related proteins. An example of its effect has been presented by its 

enchanment of drug penetration into the recalcitrant structure of nails aided by a subtilisin-like protease 

[129]. Similarly a GGT has been found to be present in the gut of the larvae from Hofmannophila 

pseudospretella which is capable of feeding on wool [130]. This GGT seem to catalyze the hydrolysis 

of isopeptide bonds between the γ-glutamyl of glutamine/glutamic acid and ε-amine of a lysine. In the 

biological context of keratin material degradation this is interesting because isopeptide bonds are found 

in many keratin materials. This study furthermore showed that the presence of isopeptidase activity was 

mostly present in the gut of other keratin degrading larvae. Even though these studies are only 

indications of the involvement of GGT-like enzymes in the keratin degradation, it is not known 

whether the two studies are examples of the same reactions, but action of a isopeptidase activity would 

make sense.  

1.4.4 Summarized hypothesis of degradation 

As it is described above through summarizing some of the many keratinase studies in the literature, it is 

revealed that a complete understanding of what confers keratinase activity is not yet present. It is clear 

that keratin materials are complex structures and to achieve the most efficient degradation, a complex 

mixture of enzymes and chemical compounds are needed. Complex mechanisms have been proposed 

by many different investigators and many of them are very similar in their main models 

[83][13][14][15][131]. The two primary components of all the keratin degradation models are 

proteolytic degradation and disulfide bond cleavage. There is no clear indication as to which reaction is 

the most important for the degradation as they are often very interdependent [124]. However, while 

there are many reports of keratinases being capable to degrade keratin materials on their own, many of 

these keratinases also have enhanced activity when present together with either a reducing compound 

or a disulfide reducing enzyme [19][127][128][132][133]. The biological relevant degradation 

processes were summarized by L. Lange et al. which  based on studies of Onygena corvina also 

included amino- and carboxypeptidases (figure 6) [118]. One protease group missing from the 

summary are the fungalysin-like proteases, although these may act similarly to the S8 peptidases, as 

both are endo-acting. An efficient initial attack will most likely be done by endo-acting proteases and 

possibly by sulfite or disulfide reductase systems, if present. Because sulfite is so small compared with 
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enzymes it may more easily penetrate the recalcitrant structure and loosen the keratin material for 

further degradation. The endo-protease will at the same time and even more so after disulfide bonds are 

cleaved, be able to degrade and release larger peptides into the supernatant. After the keratin structures 

have been loosened it is also possible that the exo-peptidases can better access and further degrade the 

keratin proteins. The exo-acting proteases will together with the oligopeptidases be responsible for last 

step of the degradation, leading to end products that are able to be transported across it the organism’s 

cell membrane. Figure 6 represents all the possible components that are proposed to be responsible for 

degradation, but various combinations can occur in nature and some bacteria will not utilize all of these 

Figure 6: Proposed mechanism for complete degradation of a keratinous material by Onygena corvina. 

The complete degradation of keratinous material to amino acids requires a disulfide bond cleaving agent and 

more than one type of proteolytic action. In this depiction both the endopeptidase (S8) and the exopeptidase 

(M28) is hypothesized to take part in the degradation together with the action of sulfite and disulfide 

reductase. The release of peptides from the structured keratin material, produces substrates for the 

oligopeptidase (M3) which degrades the peptides completely to amino acids. Whether the specific 

combinations of peptidase families described here represent a common set of peptidase that can be observed 

for other species or these peptidase of Onygena corvina have adapted is currently under investigation. 

Adapted from Lange, L. et al. [15] 
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different enzymes and chemical compounds. These models apply to biological systems, but will most 

likely also apply to in vitro settings as well. In the future it will be interesting to see whether it will be 

possible to better mimic the hypothesized models of nature and not just use one or two component 

systems, resulting in even better and more efficient keratin material degradation. 

1.4.5 Keratinase assays and discovery 

Screening and characterization of keratin degrading organisms and enzymes requires, like all other 

screening and characterization studies, a good detection method for the activity of interest. In the world 

of keratin degradation, there is however not one single assay that is used consistently. Much of this will 

have to be attributed to the fact that degradation of keratin is complex as substrates are different, 

preparations are different and methods for measurement degradation are different. Here some of the 

most common methods will be present and discussed with regards to their strengths and drawbacks. 

1.4.5.1 Substrate selection 

The selection of appropriate substrate to test activity is probably where the largest variety between 

methods occur. As described above keratin materials take different forms, from the easiest to degrade, 

like skin keratins, through feathers, to the most recalcitrant and stabile keratin materials, wool, hair, 

nails and horns. Selection of a substrate for assaying, should be based on what the end target is, thus if 

it is wool keratin, the substrate in your assay should not be feather keratin, since this is generally 

regarded as an easier degradable keratin. Even though you have chosen the appropriate substrate based 

on the end target, preparation of the substrate should be considered as well. The problems that can be 

encountered when pretreating substrates have been studied and discussed in the literature going back to 

over 60 years ago [21]. It has been observed that different pretreatment methods will result in 

destabilization of the recalcitrant keratin substrates which can results in them being easier to degrade, 

even by organisms that are otherwise not considered as keratin degraders. Pretreatments that have been 

a matter of debate, which are unfortunately also the most commonly seen, are milling and different heat 

treatments for sterilization [13]. Using such pretreatments will result in high degradation when 

compared to the non-treated substrates and it is thus important that the substrate pretreatment does not 

affect the conclusion that one makes with regards to activity of the organism or enzyme. These 

concerns have mostly been raised in studies on dermatophytes, which biologically are very closely 

linked with keratin degradation and therefore the biological relevance of the substrate has been very 
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important [13]. In the context of an industrial degradation process the pretreatment can be a part of the 

end process and will therefore be more appropriate and not a concern. Overall care should be taken 

when reading the literature and making conclusions about the ability of organisms or enzymes to 

degrade keratinous materials. 

1.4.5.2 Screening and assay methods 

Often the screening starts at the organism level, where samples taken from different environments, are 

used in an enrichment process. The enrichment is done by growing the organisms in minimal media 

with a keratin substrate as the only source of carbon and nitrogen. This is supposed to promote growth 

of the most important keratin degrading strains and this consecutive enrichment can be performed a 

number of times. Whether testing a single organism or a consortium of microorganisms, it is necessary 

to evaluate the degradation or the enzymatic activity in the supernatant. One of the most common 

methods for estimating the degradation efficiency for both organisms and enzymes, is the dry weight 

method [13][30][32][2]. With this method the loss of dry weight is measured by comparing the weight 

of the keratin substrate before and after the degradation has taken place. According to some studies, 

this method is regarded as the most correct method for determining keratin degradation by organisms 

[131][13]. The strength of this method is that the direct measurement of the disappearance of keratin 

material from the insoluble part, which is a very good indication that it is degraded. One of the 

weaknesses of this method is that you have to separate the digested products and the bacterial/fungal 

material, from the undigested part. This can be difficult and the total dry weight (residual keratin + 

orgnanism) is actually what is measured, creating some uncertainty in this method. A scale for 

evaluating the keratinolytic ability of an organism has been proposed [131][13]. To be considered 

keratinolytic it should degrade at least 40% of the keratin material in the culture, with strongly 

keratinolytic organisms reaching above 60% degradation even for wool and hair. Though giving a 

direct picture of the degradation, this method is laborious and time consuming, requires filtering, 

drying and weighing of individual samples. Therefore, other more or less direct proxies are often used 

for measuring the degree of degradation. Release of protein and peptides into the supernatant is also a 

good measure of degradation and can both be used for measuring on cultures and smaller samples 

[118]. Like for the dry matter measurement, an estimate can be made for the degradation by comparing 

the amount of protein in the supernatant, with the amount of proteinaceous starting material. These are 
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the two methods that can be used to measure directly on the degradation of the keratin substrate and 

give a semi-quantitative measure of the degradation.  

For analyzing the keratinase activity in the culture supernatant, the assays often used are based on 

degradation of a dyed substrate, resulting in a release of product that can be measured 

spectrophotometrically. The large number of different methods for estimating degradation also makes 

comparison of keratinases difficult, an issue described by others as well [134]. Generally the 

colorimetric methods are better suited for screening and processing of larger number of samples, 

because the process of preparing and measuring the signal is often easier. The dyed keratin substrates 

can be prepared in the lab (azo-dyes or fluorescent labels), which has the advantage, that a very specific 

substrate can be created, from e.g. feather or wool. A commercial product called keratin azure (Sigma 

Aldrich) is also available, but this is specifically based on sheep’s wool that has been dyed blue. 

Selection of an appropriate substrate is a prerequisite for a good assay. Just as explained above for 

selecting pretreatment of substrate, this is also a concern for the substrate in these assays. Too harsh a 

pretreatment will make the substrate too available, potentially giving an incorrect evaluation of the 

keratinases tested. Different preparation methods will result in potentially very different substrates, 

which make comparison between studies very difficult. Taking keratin azure as example, it is supplied 

as whole wool fibers that need to be processed somehow before use. Cutting, grinding or even ball 

milling of the wool are some of the common practices used for preparation, but they will result in very 

different substrates morphologies. The most obvious difference is that the more you process the 

substrate, the higher the accessibility of the substrate will be (surface exposure), meaning that 5 mg of 

ball grinded keratin azure will have much more accessible substrate than the variant that has only been 

cut. Recombinatly expressed β-keratin proteins have also been suggested as a keratinase substrate[135]. 

The authors wanted to produce a soluble keratin substrate to ease the analysis of keratinase, but 

whether this substrate is actually a good representative of substrate can be questioned, though they 

show that only specific proteases degrade the substrate. Another drawback is the heterogeneity of the 

labeling procedure if done in lab, since the efficiency of dyeing will vary from batch to batch, making 

direct comparisons between experiments difficult, if no standardization is used. In some studies the 

newly characterized keratinases are compared with other known keratinases and non-keratinases, but 

this is by no means common practice [118][18].  
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A final point is the common practice used for both the colorimetric assays and the peptide measurement 

assays which is the use of trichloroacetic acid (TCA)  to end the degradation of keratin by the enzymes 

present in the sample [92][91][37]. This method is probably adapted from assays using general 

proteases substrates (casein, BSA etc.) that are soluble. A measure of degradation is thus the release of 

products not precipitated by the TCA. This method is suitable and necessary for the soluble substrates, 

but since the keratin substrates are insoluble to begin, with the question is whether this is a necessity. In 

the context of keratin, any soluble product produce could potentially be of interest no matter if it is big 

enough to be precipitated by TCA. Alternatives are cooling and centrifugation of the samples [90], 

though this might not be suitable when doing kinetics, while an alternative could be filtration of the 

samples.  

1.4.6 Protease profiling by mass spectrometry (MS) 

Proteomics studies using liquid chromatography tandem masspectrometry (LC-MS/MS) is a powerful 

method for identification of proteins [136] and a method that progressively getting better, with 

improvements in instrumentation [137]. Knowledge of the protein profile in a given system can be used 

to rationalize biological phenotypes by analyzing protein profiles at different conditions [138]. Despite 

the proteomics approach being a helpful tool for studying enzyme profiles a review of the current 

literature only showed a single study using a proteomics approach to identify the protease profile and 

possible keratinases of an microorganism during growth on keratinous substrates [118]. In this study 

they combine genome and proteome analysis to verify the actual expression of predicted proteases. It 

gives rare insight into the entire protease profile of a keratinolytic microorganism. This kind of data can 

be used to guide selection of proteases for recombinant expression and can also aid in dissecting the 

different roles that microorganisms within a consortia might play by analyzing the proteases they 

express.  

 

1.5 Keratinolytic potential of Amycolatopsis keratinophila subsp. keratinophila 

strain D2T 

Amycolatopsis keratinophila subsp. keratinophila strain D2T (A. keratinophila) was originally isolated 

from marsh soil in Kuwait using defatted wool as bait, indicating its keratinolytic activity [24]. The 

original paper describing the organism does not characterize the organism’s capability of degrading 



 
 

45 
 

keratin, thus the only knowledge of such is from one single paper [139]. The bacterium was grown on 

basal media with the sole source of nitrogen and carbon, being feather meal. As the keratin material 

used in the media was feather meal, assumed to be very fine structured and thus milled somehow and 

the media being autoclaved before growth, does not necessarily indicate a very efficient keratin 

degrader. The proteases in the culture supernatant were however active on keratin azure, indicating that 

the proteases expressed had indeed keratinases characteristics. Different nitrogen and carbon were 

supplemented in the basal media and their effect on keratinase and protease activity was tested. In 

contrast to some other studied keratinolytic bacteria the keratinase activity seems to be positively 

affected by most of the supplements added [140][31][141]. As the activity was only measured at one 

point, a predetermined time point expected to be the peak activity, the true maximum activity is not 

known. It however indicates that the proteases that are probably responsible for the keratin degradation 

are not susceptible to catabolic repression by simple nitrogen and carbon sources. A. keartinophila has 

been shown to grow on the tested carbon sources. In the basal media supplemented with NH4H2PO4 

and galactose, the peak keratinase activity occurred around day 4-5, with peak protease activity at day 2 

staying stable till day 6 after which it slowly drops of. Nothing is known about the secretome or 

protease profile during growth on keratin material. Whether the bacteria will be capable of degrading a 

more recalcitrant material like pig bristles remains to be seen. To the best of my knowledge only one 

other species of Amycolatopsis has been characterized as being able to utilize keratin material as only 

source of nitrogen and carbon [142]. In this thesis the naming keratinophila is used despite the name 

given to the species in the original paper being keratinophila. This is done based on the conventional 

naming methodology.  
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CHAPTER 2 – Manuscript 1 
 

The manuscript describes the development and evaultation of the azokeratin assay based on the 

slaughterhouse by-product. Furthermore common practices within the field of keratinase investigation are 

studied, leading to further implementations of new practices that should improve the azokeratin assay. 

References, figures/tables and supporting figure/tables are to be found at the end of the chapter. 
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Abstract 

Slaughterhouses produce considerable amounts of by-product containing keratin (e.g. hair, bristles, horns, 

feathers, hooves). Keratin is a complex structural biopolymer consisting of highly stable fibrous proteins, 

making it extremely recalcitrant to degradation. Developing new biotechnological procedures to manage and 

valorize this poorly exploited biomass resource has become an important challenge over the past decades. One 

approach relies on microbial conversion through enzyme activities (mainly keratinases and disulphide 

reductases) breaking down keratin to useful amino acids and short peptides, which can be used in many 

downstream applications. However, accurate assessing of microbial keratinase activity is not straightforward, 

and current available methods suffer from poor efficiency, sensitivity, specificity and standardization. In the 

present study, we developed a novel keratinase assay using as substrate Azokeratin made from shaved, washed 

and milled raw bristles and hooves from slaughtered pigs with an azo-dye. The new method was tested in vitro 

on purified enzymes and to characterize keratinase activity of several bacterial isolates through benchmarking 

against a commercial assay (Keratin Azure). The Azokeratin method proved to be 2–3 times more sensitive than 
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Keratin Azure-based assays commonly used to detect microbial keratinase activity. Furthermore, the Azokeratin 

assay was calibrated with proteinase K of known activity, enabling future standardization and reproducibility of 

keratinase activity measurement between studies. 

 

Introduction 

Livestock industries produce vast amounts of keratin-based by-product (e.g. feathers, bristles, wool, hooves, 

horns). For instance, worldwide poultry slaughterhouses process around 50 billion chickens per year, and 5-7% 

of the total weight consists of feathers (Kozak, 2011). In Denmark, where pork meat production is an important 

economic sector, 22 million pigs are slaughtered per year (Danish Crown Group, 2016), resulting in 

accumulation of substantial amounts of low-value byproducts. Indeed, each pig produces around 1 kg of bristles 

and hooves mainly consisting of keratin.  

 

Keratin is an insoluble, recalcitrant and highly heterogeneous protein which, due to the presence of different 

types, can vary significantly in terms of structural conformation (e.g. α- and β-keratins), supramolecular 3-D 

assembly (e.g. layer and filament structures), and biochemical composition (amino-acid content and disulphide 

bond arrangement) (Bragulla and Homberger, 2009). Keratin fibers are tightly packed and cross-linked through 

disulphide bridges, conferring high mechanical stability and resistance to well-known proteases such as papain 

(Gupta et al. 2013). Due to its recalcitrance, industrial keratinous by-products are often either disposed in burial 

pits or burned. They may also be valorized via chemical/hydrothermal process to disrupt and degrade fibers into 

soluble proteins and amino acids, which can be used as a protein supply in animal feed (e.g. fish-farming, mink 

and pet food; Cao et al. 2011). However, this method is costly due to high energy requirement needed for 

efficient disruption (e.g. temperature and pH). As a consequence, biological and biochemical-mediated processes 

stands as promising alternatives to convert and valorize keratin by-products into useful amino acids and short 

peptides via controlled enzymatic degradation. 

 

Proteases catalyze hydrolysis of peptide bonds, degrading proteins to smaller peptides or free amino acids 

(Ramsden, 2000). Proteases differ by the nature of their functional groups based on amino acid residues 

performing catalysis at active sites. Accordingly, proteases are classified into categories based on catalytic 

residues, i.e. serine, threonine, cysteine, aspartate and glutamate proteases as well as metalloproteases, which 

require divalent metal ions for catalysis (Rawlings et al. 2012). In addition, proteases are classified based on 

modes of action as: i) endopeptidases, cleaving within a polypeptide chain, and ii) exopeptidases progressively 

degrading the protein from either the N- or the C-terminal ends (Rao et al. 1998). Moreover, substrate specificity 

of proteases is defined by the fine structure and shape of the active site. It can be extremely narrow, targeting 
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only one bond in a specific protein substrate or very broad, acting on numerous peptide bonds in many different 

proteins (Gupta et al. 2010). Although keratin is recalcitrant to biodegradation, specific enzymes known as 

keratinases are able to hydrolyze keratin fibers into short peptides and amino acids. Keratinases belong to 

different protease families, including the serine/subtilisin family (Onifade et al. 1998), metalloproteases (Brouta 

et al. 2000), aspartate proteases (present in yeast; Lin et al. 1993), and thiol proteases (Rozs et al. 2001). The 

catalytic mechanism of the serine protease-type has been extensively studied and used as a model (Sahni et al. 

2015).  

 

Recent advances in molecular and sequencing technologies have revolutionized our view of the microbial world 

and the untapped industrial potential of newly discovered bio-resources such as genes from unculturable 

microbes and corresponding enzymes (Jacquiod et al. 2013; 2014). Nevertheless, the field lacks efficient 

screening procedures for improved detection of desired functions. Therefore, development of innovative 

screening methods and activity assays are always in need to find novel enzymes of interest (Jacquiod et al. 2014; 

Ufarté et al. 2016). In the case of keratin-degrading enzymes, assays must be adequately adapted to the relevant 

keratin substrate and targeted keratinase family or families. So far, most publications on keratin degrading 

activities focused on β-keratin from feathers using the Keratin Azure assay (Gupta and Ramnani, 2006). This, 

however, clearly illustrates that ameliorated assays are required, as Keratin Azure is azure-dyed sheep wool 

composed of α-keratin, which is not optimal for characterization of β-keratin substrate degradation like feathers. 

Few keratinases cleave both keratin types, and assessing hydrolytic potential towards β-keratin by using α-

keratin-derived substrates could lead to underestimating the activity, as feather keratin is more susceptible to 

degradation (Gupta et al. 2013).   

 

In the present study, we argue that, due to heterogeneity of existing keratin substrates, the development of novel 

customized assays from raw substrate material stands as an efficient and true alternative for better 

characterization of targeted enzymatic activities. Here we introduce a new procedure using Azokeratin prepared 

from pig slaughterhouse raw by-products (e.g. bristles and hooves) for accurate analysis of α-keratin degradation 

(Espersen et al. 2015). The use of azo-labelled keratinous substrate is well-known, e.g. in the field of β-keratin 

degradation (e.g. feathers, Lin et al. 1992), but so far its transposition and use to assay α-keratin degradation is 

still scarce. The keratin degradation capacity of several bacterial isolates and purified enzymes was compared to 

another widely used assay to benchmark our novel method based on Azokeratin as substrate.  

 

Additionally, standardization is lacking for evaluating and comparing enzymatic activities measured by a given 

keratin-degradation procedure. Most assays involve an absorbance measurement as a proxy for activity, but how 
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this value relates to other keratinases cannot be readily translated (Gupta and Ramnani, 2006). The reason for 

this situation is the use of heterogeneous substrates, which vary from batch to batch both with regards to 

chromophore labeling efficiency and structural composition. This significantly hampers the field by limiting 

comparability and reproducibility of results generated in different studies and set-ups. External calibration using 

varying amounts of a known enzyme with chromophore-labeled substrate is a well-known method for assaying 

degradation of recalcitrant biopolymers (e.g. chitin, Jacquiod et al. 2013). However, to the best of our 

knowledge, the present study represents the first attempt to systematically standardize and normalize the 

procedure for analysis of microbial keratinolytic activity by using an in vitro calibration approach with 

proteinase K instead of merely measuring chromophore absorbance values. Importantly, instead of TCA 

addition, we also introduced an alternative procedure to stop the degradation reactions using a manifold 

filtration. Indeed, TCA is not compatible with the use of keratin substrates because larger polypeptides generated 

during degradation will precipitate, hence underestimating activity when measuring produced soluble peptides.  

 

For comparative purposes, we used three bacterial strains known to have different keratinolytic profiles, and 

tested these at two different temperatures 37°C (normal conditions) and 25°C (mesophilic condition), 

respectively. The mesophilic range was selected as it represents a promising temperature level for heating cost 

reduction in the frame of potential industrial applications. The strains include Bacillus licheniformis, one of the 

most efficient and industrially applied in feather degradation (Gupta et al. 2013) that has a serine protease-type 

keratinase (Lin et al. 1992), a soil Bacillus subtilis strain (Stefanic and Mandic-Mulec, 2009) possessing a 

metallo-keratinase (Tork et al. 2013) and finally an unknown Gammaproteobacterium isolate related to 

Stenotrophomonas spp. obtained from a mesophilic keratin enrichment culture, which displays strong proteinase 

and keratinase activities.   

 

Materials and methods 

Azokeratin preparation from keratin by-product material 

Raw bristles and hooves from Danish Crown pig slaughterhouses were cut, steam treated and dried (DAKA, 

Løsning, Denmark). The keratin powder was used as source of carbon and nitrogen for cultures and enzyme 

production, and to prepare the Azokeratin substrate, an adapted version of the azoalbumin labelling protocol 

(Tomarelli et al. 1949). Briefly, 15 g keratin fine powder was suspended in 1 L distilled water, and mixed with 

100 ml 1.19 M NaHCO3 with constant stirring. At the same time, 8.65 g sulfanilic acid was dissolved in 200 ml 

0.12 M NaOH, then added 1.7 g NaNO2, followed by 10 ml 5.0 M HCl (mixed 5 min) and 10 ml 5.0 M NaOH 

with one minute of mixing. This solution was mixed with the keratin suspension, stirred 10 min and vacuum 

filtered using filter paper. Azokeratin was washed with distilled water overnight and freeze dried.  
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Preparation and titration of products released from Azokeratin and Keratin Azure 

Supernatants containing azo-dyed products (peptides/polypeptides) were obtained by incubating 1 ml of 10 

µg/ml proteinase K and 10 mg/ml Azokeratin in 50 mM Tris, pH 8, 18 h at 37°C with shaking (1000 rpm). 

Azokeratin was removed by centrifugation and absorbance spectra of the Azokeratin products in the supernatant 

were recorded (350‒500 nm; 1 cm quartz cuvette; Agilent Cary 8453 UV-Visible Spectrometer System) after 

mixing 1:1 (vol/vol) with either 250 mM citrate, phosphate, Tris or glycine buffer of varying pH (3 – 10). 

Absorbance of Keratin Azure products was measured at 595 nm. Samples were centrifuged to remove precipitate 

before absorbance analysis. The titration model is derived from the Hill equation (Webb et al. 2011). 

 

Azokeratin and Keratin Azure treatment with TCEP and proteinase K 

Supernatants containing Azokeratin and Keratin Azure degradation products were obtained by incubating the 

substrates with either i) 1 mM TCEP (Tris(2-carboxyethyl)phosphine) or ii) 1 µg/ml proteinase K. In addition 

purified Amycolatopsis keratinophila proteases were used at a concentration resulting in a signal comparable to 

that of proteinase K. The proteases used have the following Geneinfo Identifier C9: gi|1020304291 and B2: 

gi|1020292854 and both are predicted to be serine proteases belonging to the S01 family. Amycolatopsis 

keratinophila D2T (strain number: DSM 44409) was obtained as freeze dried pellet (German Collection of 

Microorganisms and Cell Cultures, Braunschweig, Germany). It can degrade and grow on keratineous materials 

(Al-Musallam et al. 2003). Supernatants from Azokeratin digests were harvested by filtering (0.22 µM 

MultiScreen Filter plates, Merck Millipore). To investigate TCA induced signal loss, a 100% w/v (1000 g/L) 

TCA solution was added to constitute 10% or 2% of the final sample volume, vortex-mixed, incubated 10 min 

on ice, followed by centrifugation (15000 g, 10 min). Absorbance of supernatants was measured at 415 nm in 

96-well plate (plate reader Powerwave XS; BioTek).  

 

Proteinase K activity on SPAN 

Proteinase K (lyophilized proteinase K, > 30 Units/mg, Sigma-Aldrich) stock (40 µM in 50 mM Tris, 1 mM 

CaCl2, pH 8) was prepared and the concentration verified spectrophotometrically at 280 nm using a molar 

extension coefficient of 36580 M-1 cm-1 (calculated using the ProtParam tool on the ExPASy server). SPAN (N-

succinyl-L-phenylalanine p-nitroanilide; Sigma-Aldrich) was dissolved in 100% dimethyl sulfoxide equal to 1% 

volume of the final stock solution and added 50 mM Tris, 1 mM CaCl2, pH 8 to give 4.4 mM SPAN. The 

proteinase K stock was kept on ice, while the SPAN stock was heated to 37°C. The microtiter plate was heated 

to 37 °C in the plate reader. SPAN stock (180 µl) was added to the wells followed by proteinase K stock (20 µl) 

and incubated 60 min at 37°C with absorbance measurement at 415 nm every 30 s and shaking between 
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measurements. Samples were done in triplicates. The data were fitted to a linear regression to get the activity of 

the proteinase K stock solution. One unit (U) was the amount of proteinase K yielding 0.001 AU/h. The protease 

K stock contained 972 U/ml and was measured to 40 µM based on absorbance measured at 280 nm. 

 

Initial reaction velocity of proteinase K with Azokeratin 

Progress of 5 mg/ml Azokeratin degradation by 0.972 U proteinase K was monitored to verify that measured 

product release represents initial velocity. Azokeratin (500 µl) and 50 mM Tris, 1 mM CaCl2, pH 8 (450 µl) in 2 

ml round-bottom Eppendorf tubes was pre-heated to 37°C, followed by addition of proteinase K stock (50 µl). 

The reaction continued at 37°C under shaking (850 rpm) for 60 min with sampling (300 µl) every 10 min by 

rapid transfer to a 96-well filter plate (22 µm) equipped with a vacuum manifold (Merck Millipore), filtering off 

residual insoluble substrate. Filtrates (200 µl) were collected in a 96-well plate and transferred to a new 96-well 

plate for absorbance measurement at 415 nm (plate reader). Time points were measured in duplicates. Data were 

fitted to a linear curve regression to make sure that degradation velocity was linear within the relevant time 

range. 

 

Azokeratin and proteinase K concentration dependent degradation  

To decide on appropriate Azokeratin and Proteinase K concentrations, first the effect of 0.972 U proteinase K 

was followed on Azokeratin (2-60 mg/ml) using one sample at each concentration. Secondly, Proteinase K 

(0.0972-0.972 U) was used with 25 mg/ml Azokeratin in 50 mM Tris, 1 mM CaCl2, pH 8. Samples in triplicate 

were prepared as above and incubated (60 min, 37°C) on a thermoshaker and vortex-mixed (850 rpm). Data was 

fitted to a linear regression model. 

 

Strains used for keratinase activity testing 

Three strains displaying protease/keratinase activity were used for assay benchmarking: 1) Bacillus licheniformis 

PWD-1 (ATCC® 53757) (Bl) as an excellent feather degrading microorganism; 2) unknown 

Gammaproteobacteria isolate, Stenotrophomonas spp. (St) from a private collection showing strong keratinolytic 

activity (this study); and 3) Bacillus subtilis 216 (Bs) environmental strain isolated from sandy soil samples from 

the River Sava, Slovenia (kindly provided by Ines Mandic-Mulec, University of Ljubljana, Biotechnical Faculty, 

Ljubljana, Slovenia). DNA sequencing showed similarity of this strain to B. subtilis 168 (Stefanic and Mandic-

Mulec, 2009).  

 

Growth conditions and enzyme induction 
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A single colony was transferred from LB agar to 5 ml Luria-Bertani medium (glass tube) and incubated 

overnight at 25 °C shaking (200 rpm) until OD600nm 0.6-0.8. Then cultures were centrifuged (8.000 g, 10 min) 

and cell pellets were washed using distilled water.  Subsequently, to induce keratinolytic, 1 ml of standardized 

culture volumes at OD600nm 0.7 were inoculated with 10 ml Keratin Liquid Medium (KLM) of (per liter): 0.5 g 

NH4Cl, 0.5 g NaCl, 0.3 g K2HPO4, 0.4 g KH2PO4, 0.1 g MgCl2.6H2O and 10 g milled bristles and hooves and 

adjusted to pH 7.5 (Lin et al. 1992). Then, three technical replicates were prepared for each time point on a 

thermoshaker (200 rpm) for 1, 3, and 5 days at 25 °C and 37 °C. The supernatant containing crude enzyme was 

isolated by centrifugation (15.000 g, 10 min) and stored at 4°C. In parallel, pure cultures were checked for 

potential contaminations via colony growth selection on Keratin Agar plates as previously described (Gonzalo et 

al. 2015). 

 

In situ assays: Azocasein, Azokeratin, Keratin Azure and Disulphide Reductase 

Azocasein was hydrolyzed in 24 multi-well plates as described (Jahan et al. 2010). Briefly, 1% Azocasein 

(Sigma) in 50 mM Tris-HCl, pH 8.0 (800 μl) was incubated with culture supernatant (500 μl) for 1 h at 25 °C 

with shaking (200 rpm). The reaction was stopped by 1.0 ml 10% TCA, kept 15 min at 4°C and centrifuged 

(4.000 g, 10 min) to pellet larger particles. Then 1 ml supernatant was mixed with 1 ml 0.5 N NaOH and the 

absorbance measured at 415 nm (ELISA reader; Powerwave XS, BioTek). Keratinase activity was assayed using 

a modified Azokeratin protocol (Riffel et al. 2003) in 24 multi-well plates. Briefly, KLM culture supernatant 

(500 μl) was incubated with 10 g/l Azokeratin in 50 mM Tris-HCl pH 8.0 (800 µl) for 1 h at 25 °C or 37 °C with 

shaking (200 rpm). The reaction mixture was stopped by filtration (0.22 µm, MultiScreen Filter plates; Merck 

Millipore) and the absorbance measured at 415 nm as above. Keratin Azure (azure-dye modified sheep wool; 

Sigma) was ball-milled into a fine powder (mini ball Mill Pulverisette 23 (FRITSCH) at 20 oscillations per 

second to ease handling. Keratinase activity was assayed as previously described (Matikevičienė et al. 2009) in 

24 multi-well plates. Briefly, 800 μl 10 mg/ml Keratin Azure in 50 mM Tris-HCl pH 8.0 was incubated with 500 

μl culture supernatant for 1 h at 25 °C or 37 °C with shaking (200 rpm). The reaction was stopped by filtration 

and the absorbance measured at 595 nm as described above. Disulfide reductase assay was prepared using 

Ellman's reagent, which comprised 10 mg of 5,5-dithio-bis-(2-nitrobenzoic acid) dissolved on 250 μl of dimethyl 

sulfoxide (Ellman, 1959). The buffer used consisted on 40 mM sodium phosphate, 2 mM EDTA, pH 7.6. In a 96 

well plate, 72 μl of supernatant were mixed with 126 μl of buffer and 2 μl of Ellman's reagent. The solution was 

incubated for 5 min at room temperature and absorbance was measured at 415 nm as above. In all in situ assays, 

negative controls were treated with Tris-HCl buffer instead. The final measurements were calculated as average 

(±SEM) of values obtained with three biological replicates from the starter culture, each done with three 

technical replicates (n = 9). 
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Results and Discussion 

pH dependency of Azokeratin and Keratin Azure products absorbance 

As the standard stopping of Azokeratin and Keratin Azure degradation by adding TCA changed the supernatant 

color nuance and intensity (indicating differential protonation levels) we investigated the link between pH and 

absorbance spectra of Azokeratin degradation products (Figure 1A). After TCA addition, the signal around 450 

nm (the commonly used wavelength), depended very much on pH as acidification lowered the signal at 450 nm 

leading to a color change from orange/red to paler yellow. This change can in part be overcome by adding NaOH 

after removal of undigested substrate to regain signal at higher pH, indicating titration of the azo-chromophore. 

Spectral scans revealed an isosbestic point around 415 nm at pH 4-10 (Figure 1A), hence measurements at this 

wavelength is much less sensitive to pH compared to at 450 nm, which eliminated the need for NaOH addition if 

the reaction is stopped without TCA (Figure 1B). In conclusion 415 nm was most suitable for measuring soluble 

products in the Azokeratin assay. 

 

Notably, products from Keratin Azure and Azokeratin behaved differently when pH in the supernatant is 

lowered. Keratin Azure products do not visually change color nuance, nor intensity by absorbance measurement 

before centrifugation, as seen with Azokeratin. However, absorbance signal decreased sharply at low pH (< 4) 

after centrifugation of the supernatants, accompanied by appearance of a blue precipitate corresponding to 

Keratin Azure degradation products (Figure S1). The signal intensity was not recovered by NaOH addition, as 

products are removed from solution. Thus the signal loss stems from precipitation of chromophore-labeled 

products, not from a change in spectral properties by titration. This permanent intensity loss makes the Keratin 

Azure assay impractical if at any stage the pH is ≤ 3. 

 

TCA versus vacuum manifold filtration for stopping keratinase reactions 

TCA addition for stopping the reaction was compared with an alternative method. The absorbance was measured 

on i) K filtered supernatants and ii) filtered and then TCA-treated supernatants. First, the use of TCA resulted in 

significantly lowered signals with both substrates (p = 1.37E-3, Figure 2), but the Keratin Azure products are by 

far the most affected (panel B). As shown above, Keratin Azure products are influenced by low pH, which seems 

reinforced by TCA, probably because it precipitates peptides and proteins in addition to acidifying samples. 

These combined adverse effects caused drastic and almost complete loss of signal for the Keratin Azure assay. 

The precipitation renders the Keratin Azure assay about 20-fold less sensitive when TCA is used to stop the 

reaction. The reason behind the distinct behavior of the two types of dyed products at low pH, especially in 

presence of TCA, is not known. Furthermore, the decrease in Keratin Azure signal due to sample acidification 
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was more significant compared to the loss observed for Azokeratin products after TCA treatment (Figure 2). We 

further investigated whether some of the products in the filtered samples could be precipitated by TCA or the 

signal drop was only due to pH change. Product precipitation would mean that the signal after TCA addition 

would not be fully rescued by subsequent NaOH addition. When comparing NaOH-added supernatants 

before/after TCA precipitation, the supernatant treated with TCA before addition of NaOH failed to recover 

signal at similar level than samples where NaOH was added before TCA (Figure S2, panel A). A sample with 

NaOH added before TCA has the same absorbance as sample with only added NaOH and buffer instead of TCA 

(Figure S2, panel B). Another striking observation was that the percentage of signal loss differed between 

degradation treatments, as it was much higher for samples treated with the disulfide reducing agent TCEP 

(Figure S2, panel A). This suggests that precipitation of degradation products depends on their nature and 

probably reflects that TCA is more effective in precipitating polypeptides assumed to be released by TCEP. 

Indeed it has been reported that peptides with different size and physico-chemical properties will be precipitated 

by TCA to different extent (Yvon et al. 1989).  To further investigate this effect on the products, two 

Amycolatopsis keratinophila proteases purified from the culture supernatant were analyzed in the Azokeratin 

assay (Figure S2, panel A). TCA addition caused higher signal loss in case of both proteases compared to 

proteinase K, while the Amycolatopsis keratinophila culture supernatant showed intermediary behavior to 

proteinase K and the two proteases. Thus, among the tested proteases, TCA precipitated degradation products 

differently, as opposed to the filtration method. Additionally, very similar signal losses resulted from 10% and 

2% TCA with the different proteases (Figure S3). 

 

Considering the fundamental difference between assaying degradation of non-soluble and soluble substrates, we 

argue that enhancing the signal from the soluble products obtained from insoluble keratin substrates can lead to 

superior sensitivity if the filtering method is used rather than TCA acidification. This is in part due to the 

potential bias that TCA has towards precipitating larger peptides. Thus a protease releasing larger peptides will 

present a disadvantage when utilizing TCA together with the Azokeratin assay compared to one releasing 

smaller peptides. Indeed, the TCA method was clearly biased towards certain proteases. Based on our results, we 

recommend using filtration instead of TCA to stop keratinolytic reactions, especially for the well-known Keratin 

Azure assay, resulting in a gained ≈20-fold increase in sensitivity. This could be of interest for other applications 

where other tedious alternatives are used (e.g. centrifugation), and where TCA could also result in deleterious 

loss of assay signals. 

 

Standardization of Azokeratin degradation via Proteinase K calibration 
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To standardize the Azokeratin substrate produced in this study, we utilized the activity of proteinase K towards 

Azokeratin. The activity of proteinase K itself was first standardized with a synthetic substrate SPAN (N-

succinyl-L-phenylalanine p-nitroanilide) (Figure S4, panel A). The progress of Azokeratin degradation (5 

mg/ml) with proteinase K (0.972 U) was linear as monitored by soluble Azokeratin-products at 415 nm, 

indicative of a steady state reaction (Figure S4, panel B). It was estimated that either increasing the Azokeratin 

or decreasing the proteinase K concentration can still result in a linear release using 60 min incubation. Keeping 

the amount of active proteinase K constant (0.972 U) and varying the Azokeratin concentration gave a 

Michaelis-Menten like curve (KM = 15 mg/ml, Figure S4, panel C) and it was decided to use 25 mg/ml 

Azokeratin for calibration with proteinase K, as this would give both i) a higher signal and ii) a convenient 

Azokeratin concentration for practical handling reasons. The KM from a keratin substrate is a reflection of how 

much substrate protein is available in the keratin batch as well as the substrate specificity. Changes in keratin 

batch (e.g. origin and level of milling) can influence on the amount of substrate available for degradation. A 

possible further level of standardization could be to always use the amount of keratin substrate equal to the KM 

value. Changes in available substrate will, however, affect all proteases assayed and thus comparison between 

results would also be improved when not working at substrate concentrations equal to the KM. The proteinase K 

concentration varied in the range 0.0972‒0.972 U and data were fitted to a linear regression (r2 = 0.9692; Figure 

3). This standard curve can thus be used to describe our Azokeratin batch, with regards to both product 

availability and labelling efficiency.  

 

Keratin by-products are highly heterogeneous and azo-labelling may not be equally efficient from batch-to-batch 

due to microscopic shape and size differences (Figure 4). However, calibration with proteinase K can provide 

standardization and enable comparison of data from different substrate batches and between different studies. 

Currently, the common way for keratinase activity characterization and standardization is to divide signal 

intensity obtained from a chromophore labelled keratinous substrate (e.g. Keratin Azure) with the signal 

achieved using a broad protease substrate (e.g. Azocasein). This signal ratio is proposed to be > 0.5 for a 

keratinase (Gupta et al. 2013 and Evans et al. 2000) although it depends heavily on labelling and availability of 

both substrates. Thus, if a given keratinous substrate is poorly labelled or with low availability, the ratio will be 

lowered, resulting in high uncertainty and an apparent lack of specificity towards keratin. The present proposed 

Azokeratin assay provides consistency, reproducibility and enables comparison between different studies. It is 

based on the keratinase-like proteinase K being assayed accurately using synthetic substrate, which in return is 

used to standardize a batch of keratin substrate with regards to the amount of signal generated.  

 

In situ activity assays on bacterial strains – general view 
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The methodology proposed in the present work illustrates various keratinolytic scenarios according to key 

parameters such as different strains, temperatures, time and different complementing activity assays including 

keratinase (Keratin Azure and Azokeratin), but also broad protease (Azocasein) and disulphide reductase. As 

presented in Figure 5, the three strains clearly showed keratin utilization, as optical densities and proteolytic 

activities change over time. Strains grown at 25 °C reached stationary phase at day five, while strains grew faster 

at 37 °C, reaching exponential phase at day three followed by a decreasing plateau phase at day five indicative of 

cell death. In addition, variance partition revealed that time was the overruling structuring factor for all activities, 

explaining 56-85% of the variability (Table S1). Nested variance partition per day revealed more contrasting 

patterns for the other factors (Table S2). Indeed, temperature was the second most structuring factor, which 

makes sense as it will directly impact biological and enzymatic activities. However, this was not the case for 

disulphide reductase that responded differently in the first incubation day with a clear overruling effect of the 

strains (87% of the variance). This would indicate differential reductase activity behaviors at earlier incubation 

stage, which could in return influence the efficiency outcome of other activities. It has been previously shown 

that efficient degradation of complex recalcitrant biopolymers often requires the preliminary action of early 

powerful enzymatic systems (Jacquiod et al. 2013, Vaaje-Kolstad et al. 2010). These enzymes are making the 

primary breaks in the complex polymer structures, cutting chains and freeing reduced ends, which in return 

makes them available for further degradation by conventional enzymes. For instance, this is the case for chitin 

degradation, involving monooxygenases from the CAZy AA10 family (former Carbohydrate Binding Module 

CBM33 family), which creates free substrate ends for further downstream degradation by chitinases (Vaaje-

Kolstad et al. 2010). As a consequence, it is suspected that a similar mechanism may occur for keratin 

degradation, and our results seem to be in line with this assertion. Indeed, some strains were significantly 

displaying more disulphide reductases activity at early stage and during the exponential phase, supporting the 

idea that early production of this enzyme might give a selective advantage for better resource utilization. 

Certainly, this would support the mechanism proposed by Yamamura and collaborators, where keratin 

degradation occurs due to cooperative action of enzymes being first the reduction (disulfide) and later on the 

break of the protein (protease) (Yamamura et al, 2002). This aspect seems crucial, and has to be taken into 

account when assessing microbial keratinase efficiency.  

On the other hand, both variance partition analyses attributed low contribution of biological replicates, indicating 

that all assays have successfully predicted similar trends across repetitions. Nevertheless, it was interesting to 

notice that Azokeratin had often much lower variance being attributed to biological replicates compared to 

Keratin Azure, confirming its higher reproducibility when performing replication. This could stem from better 

substrate availability as a relatively larger surface area is obtained by the uneven shape of Azokeratin fragments, 

as seen by microscopic observation of the two milled and labeled substrates (Figure 4). 
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In situ activity assays – Principal component analysis 

To disentangle independent and combined factorial effects on the proteolytic profiles, a principal component 

analysis was performed, followed by a constrained between group analysis using a Monte-Carlo simulation to 

test the significance of replicate grouping (Figure 6). Temperature and time effects were clearly responsible for 

structuring the profiles, with segregation operating on both first (71.9%) and second components (15.8%). This 

separation was correlated with optical density, keratinolytic and reductase activities. This is particularly true for 

both Bacillus strains, and clearly indicates that all strains tested are using keratin as the sole nutrient source to 

support growth, but with very peculiar and distinct patterns. At 25 °C, both Bacillus strains are showing smooth 

gradual transitions according to sampling days, correlating with optical densities. Bs is clearly growing better 

than Bl, correlating better with keratinolytic activities. These differences persisted at 37 °C, as Bl lags behind in 

terms of optical density while Bs shows very strong correlation with keratinolytic activities after one day. 

Conversely, at 37 °C, the interaction with sampling days was stronger, as a clear change happened for both 

Bacillus strains between day one and three/five. Indeed, both strains shifted in a similar manner toward a 

combination of high keratinolytic and also disulphide reductase activity alongside with increasing optical 

density. Profiles at day three and five are very close, indicating that activity probably reached its highest level in 

terms of enzyme production and efficiency. These results are coherent with previous assessment of in vitro 

keratin degradation, occurring after three/five days using chicken feathers meal with purified keratinase (Sanghvi 

et al. 2016). This is also in accordance with degradation of other recalcitrant biopolymers (e.g. chitin), where an 

activity peak was observed after three/five days in pure culture (Kwang & Hong-Seok, 2001), and up to six/ten 

days with enriched microbial communities in soil microcosms (Jacquiod et al. 2013).  

Unlike Bacillus strains, St showed a very stable and constant profile in terms of optical densities and enzymatic 

activities over time at 25 °C, performing better than Bl at day five but being outclassed by Bs already at day one. 

The performance of St suggests a stability in the activity at mesophilic temperature range, making it 

economically interesting for industrial purposes (Gröhs et al. 2016). However, St failed to grow at 37 °C, 

confirming its mesophilic range preference (Saba et al. 2012). These observations also make sense in the light of 

the similarities and differences between the proteases of the three strains (Figure S5; Table S3). Indeed, it also 

has been previously shown that St and Bacillus strains proteases belong to different families (Yamamura et al. 

2002, Gröhs et al. 2016).  

 

Keratinase assays comparison: Azokeratin vs Keratin Azure 

A multiple comparison test was used to analyze differences between tested conditions (Figure 7, panel A, 

ANOVA, p < 0.05). Variance partition presented contrasting patterns within the factors (Table S1-S2); therefore 
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keratinolytic assays were compared by averaging data according to temperature and days of growth, respectively 

(Figure 7, panel B-C). Overall, both assays demonstrate that strains are actually degrading keratin, however 

intensity levels differ. Indeed, regardless of time and temperatures applied, a significant difference was found 

between both assays when averaging all data, as Azokeratin signal was 2.7-folds higher than Keratin Azure 

(Azokeratin average = 0.43 ±0.02; Keratin Azure average = 0.16 ±6.3E-3, t-test p < 1.0E-4). This underlines the 

higher capability for assaying and resolving statistically significant differences in keratinolytic activities by 

using Azokeratin compared to Keratin Azure due to the wider signal amplitude, which occurred in all cases. 

Indeed, after averaging according to temperature for each strain (Figure 7, panel B), trends between assays 

remained fairly similar, indicating that both methods are reliably providing the same global information. This is 

reinforced by the significant positive correlations with temperature achieved by both assays, although Azokeratin 

had a better linear fit (Pearson’r = 0.4, p < 1.0E-4) than Keratin Azure (Pearson’r = 0.3, p < 1.0E-4). 

Nevertheless, in the case of Bs, Keratin Azure lacked the detection level required to resolve significant 

differences between temperatures unlike Azokeratin, highlighting again its higher sensitivity. When averaging 

by time for each strain (Figure 7, panel C), activity levels were declining with Keratin Azure during the 

experiment while they maintained or even slightly increased with Azokeratin, highlighting again the benefit of 

having higher signal amplitude to detect activity trends that could be missed by conventional means. 

 

Overall, results obtained are coherent considering the knowledge we have on each strain. Bl has significantly 

enhanced activity at higher temperature over time, confirming its optimal growth and enzyme production at 

thermophilic range around 50 °C (Wang and Shih, 1999). On the other hand, St displayed a stable activity over 

time at a strict mesophilic range. This is coherent with the enrichment procedure applied to obtain this strain (25 

°C), but the fact that no growth was observed at 37°C clearly indicates that this strain is a strict mesophiles. The 

stable activity observed over time is also coherent with the fact that other known representatives from the 

Stenotrophomonas genus need glucose to increase keratinase production (Fang et al. 2013). In the case of Bs, 

divergent behaviors where obtained depending on temperature. Indeed, at 25 °C, Azokeratin activity increased 

and Keratin Azure varied slightly while on the other hand, at 37 °C, both activities clearly declined on top of 

being amongst the highest values recorded. These differences could be due to the very strong activity levels 

recorded after the first day, leading to a lack of available substrate over time. These different patterns could also 

indicate that conditions became not optimal enough for Bs after the first incubation day (Cai and Zheng, 2009). 

Another explanation could be that Bs may have several degradation behavior associated to growth conditions, 

with different enzymes being induced depending on time and temperatures (Wang and Shih, 1999).  

 

Conclusion 
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The novel procedure we introduce to measure microbial keratinolytic activity gave robust and coherent results 

compared to other methods available. For both Azokeratin and Keratin Azure assays, an alternative filtration 

method as a stopping agent revealed to be more suitable, as several practically and scientifically adverse 

consequences where noticed upon TCA usage. We demonstrated and recommend the use of proteinase K to 

efficiently standardize the signal gained from a given batch of Azokeratin to avoid unwanted variations, thus 

enabling improved reproducibility and comparison between studies. Practically, we demonstrated that the higher 

signal amplitude of Azokeratin allowed more sensitive detection of differential microbial keratinolytic behaviors 

linked to important growth parameters. We also showed that using complementing assays such as disulphide 

reductase together with appropriate keratinase assay may turn useful when assessing microbial keratinolytic 

capacities. As a consequence, we encourage the implementation of this procedure to enable more accurate 

estimation of microbial keratinolytic activities, in particular for bioprospecting purposes aiming at finding new 

and efficient biologically-driven ways to convert recalcitrant keratin by-products via novel strains and/or 

synergistic microbial consortia.  
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Figures and tables 

 

 

 

Figure 1: Effect of pH on spectral properties of Azokeratin released products. A) The spectra (350-500 nm) 

of Azokeratin products. The thick arrow indicates the spectra with increasing pH (4 – 10). It is observed that the 

signal at 450 nm, the conventional wavelength for product quantification, is very dependent on pH.  An 

isosbestic point is observed around 415 nm (thin arrow). B) Absorbance at 415 nm is relatively stable at pH 4-10 

pH. Above pH 10 the azo-chromophore is deprotonated giving rise to an increase in signal. 
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Figure 2: Comparison of signals from two different methods to stopping the degradation reaction 

for Azokeratin (A) and Keratin Azure (B). The two different substrates were treated with three different 

conditions, TCEP, Proteinase K (Prot K) and both TCEP and proteinase (Prot K + TCEP) A) Signal loss 

with Azokeratin as substrate is significant and at least above 50% for all three treatments. B) The Keratin Azure 

is much more affected by TCA and the signal loss is critically high. Statistical analysis was inferred using 

ANOVA implemented with post-hoc Tukey test (p < 0.05). 
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Figure 3: Proteinase K degradation of Azokeratin. The figure shows amounts of released Azokeratin (25 

mg/ml) products with increasing proteinase K activity. The data points are here fitted to a linear curve fit, which 

can be used to estimate the activity of an unknown sample relative to proteinase K. 
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Figure 4: Microscopic observation of Keratin Azure (A) and Azokeratin (B) labelled particles. Pictures 

were taken from direct observations using and optical microscope (400x). These pictures show the shape 

differences between the two types of substrates, with higher heterogeneity and developed surface for Azokeratin 

compared to Keratin Azure. 
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Figure 5:  Raw absorbance of all assays (AK: Azokeratin, 415 nm; AC: Azocasein, 415 nm; KA: Keratin 

Azure, 595 nm; DR: Disulphide Reductase, 415 nm; OD: Optical density, 600 nm) for 25 °C and 37 °C using 

Bacillus licheniformis (Bl), Bacillus subtilis (Bs) and Stenotrophomonas spp. (St). Grey area represents the 95% 

confidence intervals. 

  



 
 

80 
 

 
 

Figure 6: Between Group Analysis (BGA) applied on a principal component analysis of the strain 

proteolytic profiles. This analysis includes Keratin Azure, Azokeratin, Azocasein, Optical density and 

Disulphide reductase for Bacillus licheniformis, Bacillus subtilis and Stenotrophomonas spp. at 25 °C and 37 °C 

over time.  (D stands for day; d1: Day 1, d3: Day 3, d5: Day 5). Significance of replicate grouping was tested 

with a Monte-Carlo simulation (p < 1.0E-6, ***). 
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Figure 7:  Multiple comparison test of activity obtained with Azokeratin (AK) and Keratin Azure (KA). 

Panel A shows the comparison for all tested conditions separately. Other panels respectively display averaging 

of the data according to strains/temperature combinations (Panel B) as well as strains/time combinations (Panel 

C). The names of each conditions includes respectively the strain identifier (Bs: Bacillus subtilis, Bl: Bacillus 

licheniformis, St: Stenotrophomonas spp.), the day numer (1: day one, 3: day three, 5: day five) and the 

temperatures (25°C and 37°C). Error bars represent standard error of the mean, and letters correspond to 

ANOVA Tukey Multiple Comparison test nested within each activity assay independently (p < 0.05). 

  



 
 

82 
 

Supporting Figure File 

 

Adaptation and standardization of the Azokeratin method for screening of microbial 

keratinase activity. 
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Figure 

S1: Absorbance of Keratin Azure degradation products at pH 3-8. The signal from Keratin Azure 

degradation product depends highly on pH. At pH < 4 the absorbance of the supernatant after 

centrifugation is drastically lowered. Measurements were made at 595 nm.  
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Figure S2: Signal losses observed under different treatments and conditions. Panel A shows the relative 

signal loss from precipitated degradation products for each treatment method and from samples treated 

with proteases from Amycolatopsis keratinophila. The relative signal loss for the different treatments is 

significantly different, with the TCEP-treated samples, as well as the two purified protease 

from Amycolatopsis keratinophila (named B2 and C9), having high signal losses.  The signal loss seen 

with the two purified proteases (B2 and C9), is significantly higher compared to proteinase K. While 

the signal loss is lower for the culture supernatant treated sample, it is still higher than the proteinase K 

and proteinase K + TCEP (P + T). These results show the variability observed when assessing 

degradation with different proteases and using TCA-stopped reactions. Panel B displays the signal loss 

difference in samples with NaOH added either before or after TCA treatment. The figure shows no 

absorbance loss if NaOH is added before TCA (NaOH + TCA), when compared to a sample where 

only NaOH and buffer is added (NaOH). Any loss detected from samples were TCA is added and the 

sample is centrifuged prior to NaOH will thus likely be from precipitated Azokeratin degradation 

products. Error bars show standard error of mean. Statistical analysis was inferred using ANOVA 

implemented with post-hoc Tukey test (p < 0.05). 
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Figure S3: Signal losses depending on TCA concentrations in final samples. Two different TCA 

concentrations (2% and 10%) were tested. It can be noted that the difference in signal loss between 2% 

and 10% TCA is very small. This indicates that the main source of signal loss is indeed due to the mere 

presence of TCA. Error bars show standard error of mean. Statistical analysis was inferred using 

ANOVA implemented with post-hoc Tukey test (p < 0.05). 
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Figure S4: Standardization of keratinolytic activity using proteinase K. Panel A displays the 

monitoring of the catalytic degradation of SPAN by proteinase K. The degradation of SPAN with 

proteinase K produces data which is fitted to a straight line with a slope that can be used to standardize 

the proteinase K activity. Panel B is showing the time dependent degradation of Azokeratin (5 mg/ml) 

with proteinase K (0.972 U/ml). Degradation of Azokeratin in a 5 mg/ml sample, seems to proceed at a 

steady rate within the measured time window. Data points are averages of two technical measurements. 

Panel C represents the release of Azokeratin degradation product by proteinase K at varying substrate 

concentration. The release of azo-product from varying concentrations of Azokeratin displays a 

Michaelis-Menten like shape and has thus been fitted to the Michaelis-Menten equation (Vmax, Km). 
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Figure S5: Repartition of keratinases and proteases between tested genomes. The figures shows a 

Venn diagram distribution of coding DNA sequences matching known keratinases and proteases in 

Bacillus licheniformis (Bl), Bacillus subtilis (Bs) and an unclassified Stenotrophomonas spp (St). The 

full list is provided in Table S3 with information about protein degradation function (PDF). The three 

strains share 31% of the PDF. Bl and St have PDF that are unique to them (2.2 and 29% respectively), 

in contrast with Bs that does not have any unique ones. Bs and Bl share 35.5% of the PDF while Bs and 

St only share 2%. 
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Supporting Table File 

 

Adaptation and standardization of the Azokeratin method for screening of microbial 

keratinase activity 
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Factors tested AK AC KA OD DR 
Temperature 27.59 16.09 22.40 32.77 12.53 
Time (days) 60.92 77.67 56.68 61.66 85.62 
Strain 10.31 4.28 18.89 4.46 1.06 
Biological Replication 1.18 1.95 2.02 1.10 0.79 
Residuals  < 0.01 < 0.01 0.02 < 0.01 < 0.01 
 

Table S1: Variance partition with an additive four-way ANOVA. The table shows the variance 

partition between all the tested parameters in percentage. All tested factors had very high significance 

(n = 9, p < 2.0E-16, ***). AK: Azokeratin, AC: Azocasein, KA: Keratin Azure, OD: Optical Density at 

600nm, DR: Disulphide Reductase. 
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Time Factors tested AK AC KA OD DR 

Day 1 

Temperature 46.90 44.47 40.67 68.99 9.22 
Strain 52.36 52.06 58.75 30.14 87.72 
Biological Replication 0.71 3.46 0.56 0.87 2.92 
Residuals 0.03 0.01 0.02 < 0.01 0.14 

Day 3 

Temperature 81.54 71.12 59.97 93.16 94.69 
Strain 15.16 14.95 30.95 5.93 3.54 
Biological Replication 3.26 13.92 8.94 0.91 1.77 
Residuals 0.04 0.01 0.13 < 0.01 < 0.01 

Day 5 

Temperature 77.07 47.95 58.72 63.78 94.90 
Strain 16.83 28.46 33.42 34.50 3.88 
Biological Replication 6.06 23.51 7.79 1.72 1.23 
Residuals 0.04 0.08 0.08 < 0.01 < 0.01 

 

Table S2: Variance partition with an additive and time-nested four-way ANOVA. Three 

independent ANOVA were done for each time point. The table shows the variance partition between all 

the tested parameters in percentage. All tested factors had very high significance (n = 9, p < 2.0E-16, 

***). AK: Azokeratin, AC: Azocasein, KA: Keratin Azure, OD: Optical Density at 600nm, DR: 

Disulphide Reductase. 
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Functional subsystem Description Strain 
Metallocarboxypeptidases (EC 3.4.17.-) Thermostable carboxypeptidase 1 (EC 3.4.17.19) Bl 

Omega peptidases (EC 3.4.19.-) Acylamino-acid-releasing enzyme (EC 3.4.19.1) Bs/Bl 

Aminopeptidases (EC 3.4.11.-) Aminopeptidase S (Leu, Val, Phe, Tyr preference) (EC 3.4.11.24) Bs/Bl 

Aminopeptidases (EC 3.4.11.-) Aminopeptidase Y (Arg, Lys, Leu preference) (EC 3.4.11.15) Bs/Bl 

Protein degradation Aminopeptidase YpdF (MP-, MA-, MS-, AP-, NP- specific) Bs/Bl 

Proteolysis in bacteria, ATP-dependent ATP-dependent Clp protease, ATP-binding subunit ClpC Bs/Bl 

Proteasome bacterial ATP-dependent protease La (EC 3.4.21.53) LonB Type I Bs/Bl 

Protein degradation Deblocking aminopeptidase (EC 3.4.11.-) Bs/Bl 

Omega peptidases (EC 3.4.19.-) Gamma-D-glutamyl-meso-diaminopimelate peptidase (EC 3.4.19.11) Bs/Bl 

Serine endopeptidase (EC 3.4.21.-) Glutamyl endopeptidase precursor (EC 3.4.21.19), blaSE Bs/Bl 

Proteasome bacterial Lon-like protease with PDZ domain Bs/Bl 

Proteolysis in bacteria, ATP-dependent Membrane protein with RNA-binding TRAM & ribonuclease PIN domains Bs/Bl 

Metallocarboxypeptidases (EC 3.4.17.-) Muramoyltetrapeptide carboxypeptidase (EC 3.4.17.13) Bs/Bl 

Proteolysis in bacteria, ATP-dependent Nucleotide excision repair protein, with UvrB/UvrC motif Bs/Bl 

Proteolysis in bacteria, ATP-dependent Putative ATP:guanido phosphotransferase YacI (EC 2.7.3.-) Bs/Bl 

Omega peptidases (EC 3.4.19.-) Pyrrolidone-carboxylate peptidase (EC 3.4.19.3) Bs/Bl 

Proteolysis in bacteria, ATP-dependent Transcriptional regulator CtsR Bs/Bl 

Proteasome bacterial ATP-dependent Clp protease ATP-binding subunit ClpX Bs/Bl/St 

Proteolysis in bacteria, ATP-dependent ATP-dependent Clp protease ATP-binding subunit ClpX Bs/Bl/St 

Proteasome bacterial ATP-dependent Clp protease proteolytic subunit (EC 3.4.21.92) Bs/Bl/St 

Proteolysis in bacteria, ATP-dependent ATP-dependent Clp protease proteolytic subunit (EC 3.4.21.92) Bs/Bl/St 

Proteasome bacterial ATP-dependent hsl protease ATP-binding subunit HslU Bs/Bl/St 

Proteolysis in bacteria, ATP-dependent ATP-dependent hsl protease ATP-binding subunit HslU Bs/Bl/St 

Proteasome bacterial ATP-dependent protease HslV (EC 3.4.25.-) Bs/Bl/St 

Proteolysis in bacteria, ATP-dependent ATP-dependent protease HslV (EC 3.4.25.-) Bs/Bl/St 

Proteasome bacterial ATP-dependent protease La (EC 3.4.21.53) Type I Bs/Bl/St 

Proteolysis in bacteria, ATP-dependent ATP-dependent protease La (EC 3.4.21.53) Type I Bs/Bl/St 

Aminopeptidases (EC 3.4.11.-) Cytosol aminopeptidase PepA (EC 3.4.11.1) Bs/Bl/St 

Metallocarboxypeptidases (EC 3.4.17.-) D-alanyl-D-alanine carboxypeptidase (EC 3.4.16.4) Bs/Bl/St 

Proteolysis in bacteria, ATP-dependent DNA repair protein RadA Bs/Bl/St 

Proteasome bacterial Site-specific tyrosine recombinase Bs/Bl/St 

Proteolysis in bacteria, ATP-dependent ClpB protein Bs/St 

Protein degradation Arginine-tRNA-protein transferase (EC 2.3.2.8) St 

Protein degradation Asp-X dipeptidase St 

Proteolysis in bacteria, ATP-dependent ATPase, AFG1 family St 

Protein degradation Dipeptidyl carboxypeptidase Dcp (EC 3.4.15.5) St 

Putative TldE-TldD proteolytic complex FIG138315: Putative alpha helix protein St 

Omega peptidases (EC 3.4.19.-) Isoaspartyl aminopeptidase (EC 3.4.19.5) St 

Protein degradation Leucyl/phenylalanyl-tRNA--protein transferase (EC 2.3.2.6) St 

Protein degradation Oligopeptidase A (EC 3.4.24.70) St 

Aminopeptidases (EC 3.4.11.-) Peptidase B (EC 3.4.11.23) St 

Serine endopeptidase (EC 3.4.21.-) Prolyl endopeptidase (EC 3.4.21.26) St 

Putative TldE-TldD proteolytic complex TldE protein, part of TldE/TldD proteolytic complex St 

Proteasome bacterial Uncharacterized protein, similar to Lon protease N-terminal domain St 

Aminopeptidases (EC 3.4.11.-) Xaa-Pro aminopeptidase (EC 3.4.11.9) St 
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Table S3: Full listing of known keratinases and proteases in tested genomes. The list contains all 

identified coding DNA sequences from genomes of the three strains matching keratinases and 

proteases. Functions are predicted based on the Rapid Annotation System Technology (RAST) using 

the SEED hierarchical classification. 
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CHAPTER 3 – Manuscript 2 
 

The manuscript describes the research into enrichment of bacterial consortia, capable of degrading the 

slaughterhouse by-product and how the bacterial composition, indicate possible novel genera of bacteria 

invoved in the degradation process. Furthermore the protease profiles of the entire consortia were investigated 

using a protomics approach further describing the contribution of each bacterial genus. References, 

figures/tables and supporting figure/tables are to be found at the end of the chapter. 
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Introduction 

The present work is a manuscript in preparation, covering the work done to enricht for bacterial 

consortia capable of degrading the keratinous slaughterhouse by-product. The work involves the 

enrichment process and evaluation of the degradation capability of the enrichments. Furthermore the 

protease profile of the consortia was investigated and shown to correlate with genera of bacteria 

detected by 16S rRNA gene amplicon sequencing. The results thus shed light on the bacterial 

composition and show that both know genera of keratin degrading bacteria are present and possible 

novel keratin degraders. 

Methods and material 

Enriched environmental keratin degrading bacteria collection: 

The samples included in this study were collected from a diverse array of sites listed below, where 

potential keratin degrading microorganism might be enriched. Environmental material was sampled 
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from these sites, and used as the initial inoculate to start the serial enrichment. Each sampled site has 

been assigned reference letters as follow: 

(A) Pre-enriched soil with keratin: Soil was collected from a typical agricultural field in Denmark 

(Hygum, Jutland), was pre-enriched with DAKA heat treated and milled pig bristle and hooves 

for three months at 25 °C until the original keratin material couldn’t be seen anymore. 

(B) Slaughterhouse solid by-product: This keratin-rich sample was collected from a slaughterhouse 

(Danish Crown) collection tank where the solid fraction recovered from slaughterhouse 

cleaning water is being stored. 

(C) Municipal wastewater: A sample was taken from Usserød wastewater treatment plant 

(Hørsholm, Copenhagen, Denmark). The wastewater sample has been used in a previous study 

(1). 

(D) Agricultural soil: Soil was collected from an agricultural field near Hygum, Jutland, Denmark. 

(E) Moth guts: The stomach content from a cloth moth collected from a private household (species 

unknown), was used to inoculate a culture containing minimal media and Keratin azure as 

substrate. The culture incubated for three months at 200 rpm and 25 °C, until the blue hue color 

has become extremely dark, indicating that keratinolytic activity occurred. 

(F) Milled pig bristles and hooves: Raw milled bristles and hooves by-product from pig 

slaughtering supplied by DAKA, Løsning, Denmark, potentially containing keratin degrading 

microorganisms was also included. 

(G) Bacillus licheniformis PWD-1 (ATCC® 53757): A known microbial keratin degrader, which 

was used here as positive control (2). 

Microcosm enrichment 

The microcosms were grown on a minimal media supplemented with a keratin product supplied by 

DAKA, (Løsning, Denmark), which consisted of milled pig bristles and hooves that had then been 

steam treated (15 min, 150 °C), after which the product was dried. Each glass flask contained keratin 

liquid medium including 10 g/L milled bristles and hooves, 2 mM potassium phosphate, 1 mM MgSO4 

titrated to pH 7.5 and 10 ml/L trace element solution consisting of 27 mM CaCl2, 4 mM Fe(III)Citrate, 

1.3 mM MnSO4, 0.7 mM ZnCl2, 0.16 mM CuSO4, 0.17 mM CoCl2, 0.10 mM Na2MoO4 and 0.26 mM 
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Na2B4O7 (3). Growth was setup in glass bottles closed with cheese cloth and shaken at 200 rpm to 

allow for aeration. Each sample was inoculated in duplicated flasks to study the variation between 

enrichment lineages. A serial enrichment procedure was followed, by growing cultures for seven days, 

after which a samples were taken for analysis of 16S rRNA gene (DNA) and keratin degradation 

assays. A volume (corresponding the approximately equal bacterial mass for all inoculations) of the 

culture was then used for inoculation of a fresh enrichment culture, containing keratin substrate and 

further incubated for seven days. This procedure was repeated six times. For the sixth-generation 

samples were taken at days 1, 2, 3, 4 and 7 of culture to study the evolution of the culture over time. 

 

Azokeratin assay 

Keratinase activity was assayed using Azokeratin as a substrate as described previously in 24 well 

plates (4). A stock of 10 mg/mL Azokeratin was prepared in 50 mM Tris-HCl pH 8.0. Briefly, 800 μL 

Azokeratin solutions was incubated with 500 μL supernatant of each sample for 1 h at 25°C and shaken 

at 200 rpm. The reaction mixture was transferred to 96-well MultiScreen® Filter plates 0.22 μm 

(Merck Millipore), filtered at 900 mbar to stop the reaction and collected in a 96-well plate and 

absorbance was measured at 415 nm (plate reader Powerwave XS; BioTek). Keratinase activity is assessed 

by the absorbance at 415 nm. The negative controls were treated with 50 mM Tris-HCl, pH 8.0. 

Background measurements were done for each microcosms sample following the same procedure 

without the Azokeratin substrate. The measurements were based on  three technical replicates. 

 

16S rRNA gene amplification, sequencing and data analysis 

Genomic DNA was extracted using the PowerMag® Soil DNA Isolation Kit optimized for epMotion® 

(MO-BIO Laboratories, Inc., Carlsberg, CA, US) using the epMotion® robotic platform model 

(Eppendorf) under manufacturer’s protocol. 150 µL was used from each enrichment. At least one DNA 

extraction negative controls was included in each 96-well plate, by adding 150 µL of molecular grade 

water (Sigma-Aldrich, Merck, Germany) instead of a sample. DNA concentrations were determined 

using the Quant-iT™ PicoGreen® quantification system (Life Technologies, CA, US). Extracted DNA 

was stored at -20°C. 
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The 16S rRNA gene amplification procedure was divided into two PCR steps. First, amplification of 

the hypervariable V4 region of the 16S rRNA gene, using the modified broad range primers 515F (5’-

GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) (5), then 

sequencing primers and adaptors were added to the amplicon products in the second PCR step. The 

amplification products were then purified with Agencourt AMPure XP Beads (Beckman Coulter 

Genomics, MA, US), pooled equimolar, concentrated using the DNA Clean & Concentrator™-5 Kit 

(Zymo Research, Irvine, CA, US), and the concentration were then determined using the Quant-iT™ 

High-Sensitivity DNA Assay Kit (Life Technologies). Paired-end sequencing, of up to 192 samples, 

were performed on the Illumina MiSeq System (Illumina Inc., CA, US), including 1.0% PhiX as 

internal control. All reagents used were from the MiSeq Reagent Kits v2 (Illumina Inc., CA, US).  

 

Bioinformatics analysis of 16S rRNA sequences 

Fastq-files demultiplexed by the MiSeq Controller Software were trimmed for amplification primers, 

diversity spacers, and sequencing adapters (biopieces; Hansen MA, Biopieces [Internet] 2015, 

Available from: www.biopieces.org), mate-paired and quality filtered (usearch v7.0.1090 (6);  

parameter: -maxee 0.5). UPARSE (7) was used for OTU clustering as recommended (97% similarity 

cut off), in particular removing singletons after dereplication. Chimera checking was performed with 

usearch against the gold database as recommended by the authors (8).  Representative sequences were 

classified (Mothur v.1.25.0 (9) function at 0.8 confidence threshold). Qiime wrappers for PyNAST 

(10),  FastTree (11), and filter_alignment.py (12) were used to construct a phylogenetic tree. 

Alignments were built against the 2011 version of Greengenes (13) (parameters: --allowed_gap_frac 

0.999999 and --threshold 3.0). Prior to statistics analysis OTU counts for each sample was normalized 

to represent a total of 5000 counts (14).  The α-diversities (Chao-1 index and Simpson’s index 1-D), 

were calculated using the PAST software (14) as describe previously (15). Samples with low samples 

counts were omitted from the analysis. Prior to Pearson’s and Spearman’s correlation calculation the 

normal distribution of the sample was ensure. Normal distributed datasets were analyzed with 

Pearson’s linear correlation while non-normal distributed datasets were analysed with Spearman’s 
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ranked correlation. Correlation analysis and ANOVA Tukey HSD post-hoc analysis were performed 

with OriginPro® 2015 (OriginLab Corporation) 

 

Casein zymograms 

Harvested culture supernatants from the 6th generation of serial enrichment at d 1, 2, 3 and 4 were used 

for casein zymograms. Supernatants (10 µL) were mixed with 5 µL NuPAGE® LDS (Lithium dodecyl 

sulfate) sample buffer (4x) with no addition of reducing agent. Samples were kept on ice. Samples were 

loaded on NuPAGE® NOVEX® bis-tris gels 4–12% and run at 100 V keeping the running buffer at 

around 4 °C. The SeeBlue® Pre-stained Protein Standard was used as size ladder. After 

electrophoresis, the gels were washed in 50 mM tris, 2.5% v/v Triton-X 100, pH 8 at 4 °C for 30 min, 

followed by washing in 50 mM tris, pH 8 at 4 °C. The gels then incubated in 2% w/v casein, 50 mM 

tris at 4 °C for 60 min. After a short rinse to remove the casein solution, gels were incubated in 50 mM 

tris at 37 °C for 3 h, thereafter stained using a coomassie blue based staining solution and lastly 

destained.  

Sample preparation for LC-MS/MS 

Proteins from 6th generation d 2 culture supernatant (A1, A2, B2, C1, C2, E1, E2, F2) were precipitated 

using trichloroacetic acid (TCA). To 200 µL culture supernatant 20 µL 100% w/v TCA solution was 

added, followed by incubation on ice for 30 min before centrifugation (15,000 g, 10 min, 4 °C). The 

supernatant was discarded and the pelleted protein was washed in 200 µL ice-cold acetone, followed by 

centrifugation as above, supernatants were discarded. The pelleted proteins were subjected to in-

solution trypsin digestion. The pelleted proteins were dissolved in 20 µL 8 M urea, 50 mM Tris-HCl, 

pH 8, added 2 µL 500 mM dithiothreitol and incubation for 60 min at R.T. A stock of 450 mM 

iodoacetamide freshly prepared in 50 mM Tris-HCl, pH 8 and 4 µL was added to the samples followed 

by incubation at R.T. for 45 min in the dark. After incubation 74 µL 50 mM Tris-HCl, pH 8 was added 

to the sample followed by the addition of 2 µL of 0.1 µg/µL trypsin (Sequencing Grade, Promega) 

dissolved in 10 mM HCl. Samples were incubated at 20 °C overnight and the digestion was stopped by 

2 µL 10% v/v trifluoroacetic acid. Samples were prepared for LC-MS/MS essentially as described 
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before (16). Peptides from 10 µL of the tryptic digests were purified using a C18 reverse phase material 

(Empore™, 3M™, 3M company). Peptides were eluted with 10 µL 60% acetonitrile, 0.1% 

trifluoroacetic acid in water, after which samples were vacuum-dried until about 1 µL of sample was 

left, which was added 2.5 µL 2% formic acid followed by H2O to a final volume of 10 µL.  

LC-MS/MS analysis of culture supernatant 

Samples were analyzed by LC-MS/MS (Q-Exactive, Thermo scientific, Bremen, Germany) recording 

data in a data dependent manner. The liquid chromatography system used was an EASY nLC-1000 

(Thermo scientific, Odense, Denmark) coupled to either a 15 cm (ES801) or 50 cm (ES803) EASY-

spray column (Thermo scientific). The EASY-spray column was coupled to the Q-Exactive through an 

EASY-spray source. Mobile phase consisted of solvents A (0.1% formic acid) and B (80% acetonitrile 

in 0.1% formic acid). The initial concentration of solvent B was 6%, a gradient was applied to reach the 

following concentrations: 14% B after 18.5 min, 25% B after further 19 min, 38% B after further 11.5 

min, 60%B after further 10 min, 95% B in 3 min and 95% B for 7 min. The total length of the gradient 

was 70 min. Full scans were acquired using the Orbitrap (resolution of 70,000), from which the ten 

most abundant ions were selected for fragmentation (Higher-energy collision dissociation) and MS/MS 

analysis (resolution of 17,500). Ions selected for MS/MS were put on an exclusion list for 30 s.  

Mass spectrometry data analysis 

Data was analyzed using PEAKS 7.5 (Bioinformatics Solutions Inc.). As no metagenomics data was 

available for the consortia investigated in this study, an initial search was made against the NCBInr 

database limiting the search to bacterial taxa. The sequence library was constructed from a trypsin 

digest pattern, allowing for unspecific cleavage at only one of the peptide termini and a maximum of 

three missed tryptic cleavages within peptides. Mass tolerance was set to 15 ppm for the parent ion and 

0.02 Da for the fragment ions. Carboxymethylation of cysteine was set as a fixed modification, while 

deamidation of glutamine and asparagine, acetylation of protein N-terminus and oxidation of 

methionine was set as variable modifications. False discovery rate was estimated by search against a 

decoy database and a final false discovery rate of maximum 1% was allowed on the peptide and protein 

level. Furthermore proteins were only considered identified if they had ≥ 2 unique peptides identified. 

From the initial search, a count of protein identifications attributed to each bacterial genus was made 
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and genera with ≥10 identifications were used for a second search. The sequence library was 

constructed from NCBI reference sequences attributed to a given genus. Search parameters were 

similar to the initial search. 

 

Results 

Keratinase activity in enrichment culture supernatants 

The environmental samples (A–F) inoculations were used for inoculation of shake flask containing 

media with the slaughterhouse by-product as sole carbon and nitrogen sources. A serial enrichment 

procedure resulted in culture supernatants from six generations of enrichment. A quality we search for 

in the enrichment cultures is the ability to degrade the keratinous slaughterhouse by-product, which is 

why we assayed the culture supernatants for their activity towards azokeratin. The first observation that 

was made, was that while activity towards the azokeratin through the generational enrichment varied 

widely between environmental samples, all sixth generation samples were of similar or higher activity 

than the positive control (G), which gave a signal of 0.345 (± 0.093) under the given conditions. The 

cultures with the highest increase in activity from second to sixth generation were A, B, C and F, all 

going from an absorbance of around 0.2 – 0.3 to 0.9 – 1.0 in the azokeratin assay (Figure 1). The only 

outlier of the mentioned enrichments is replicate B1, which started with high activity followed by a 

significant drop. B2 on the other hand, showed the opposite trend, starting low and ending with high 

activity. Both D and E enrichments did not improve in activity across generations, but while the D 

enrichments ended lower than the other enrichments at sixth generation, the E cultures had high activity 

already from second generation (first measured sample) and did not change significantly compared to 

sixth generation. Of the six enrichments, it was B2 and both F1/F2 that displayed highest difference in 

activity between second and sixth generation. For the F enrichments both duplicates ended with high 

activity, but while F1 gained a large increase in activity between second and third generation, the 

activity increases of F2 was at fifth generation. An observation that later was attributed to the 

occurrence of a specific bacterial genus.  

Community structure and OTU analysis 



 
 

101 
 

After the enrichment process ended, the development of the bacterial consortia composition with regard 

to richness and diversity was investigated by 16S rRNA gene amplicon sequencing. The richness of 

each sample was evaluated using the Chao index (Table 1) and testing for correlation with regards to 

the generational levels, was performed using either Pearson’s linear or Spearman’s ranked (Table S1).  

Only enrichments D2, E1 and E2 showed a linear correlation at a significance level of P < 0.05, 

indicating a linear correlation between generational level and richness. Both the E1 (Pearson 

correlation = 0.96) and E2 (Pearson correlation = 0.91) enrichment showed clear positive correlation as 

function of generation, whereas D2 showed a negative correlation (Pearson correlation = -0.88). When 

the duplicate enrichments were analysed together to improve sample number (n = 10), enrichments D 

and E again showed significant correlation as judged by Pearson’s correlation. Since only the D and E 

enrichments showed significant correlation, the difference in richness (Chao index) between 

enrichments looking at the duplicates together and across generation, was evaluated using ANOVA 

testing. The ANOVA test with Tukey post hoc showed that enrichments could be grouped into three 

categorize based on their Chao index across the enrichment (Figure S1). The C enrichment showed the 

highest level of richness, while A, B and D grouped together with mid-level richness and lastly E and F 

with the lowest richness level. The same analysis’ were done using the Simpson index (1-D) as an 

indicator of diversity (Table 1), showing a positive correlation of diversity with generation for B1 

(Pearson correlation = 0.98), E1 (Pearson correlation = 0.94) and F1 (Pearson correlation = 0.93) 

(Table S2). Analysing duplicate samples together showed that E enrichments had a positive correlation 

calculating Pearson’s correlation coefficient (correlation = 0.82).  The only other enrichment showing a 

significant correlation was the F enrichment, when analysed by Spearman’s ranked (correlation = 0.66) 

correlation. ANOVA test of the difference between enrichments with summed generational values, 

showed not as clear a picture as the for the Chao index (Figure S1).  

The 16S rRNA analysis of the A enrichment shows that throughout the process, both duplicates are 

very similar in bacterial composition from first generation (Figures S2). Already from the second 

generation, the bacterial composition, with regards the major bacterial species, is set, which is 

supported with the Simpson index calculations. Throughout the enrichment the genera Acinetobacter, 

Brevundimonas, Pedobacter and Sphingobacterium are the most predominant genera as judged by the 

16S rRNA gene amplicon analysis, with a shifting towards more Pedobacter species in the later 
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generations (fourth and fifth) and with a decrease in Acinetobacter and Brevundimonas. The presence 

of the genus Stenotrophomonas, more specifically the species maltophilia (OTU), is notable since this 

species has been found to degrade feathers and other keratin material in mono-cultures (17–19). 

Though the Stenotrophomonas genus does not seem as prevalent as the other bacterial genera when 

observing at day seven (generation one to five), it is much more predominant in the sixth generation 

daily samples.  

The two B enrichments are similar in composition at the first generation with the apparent 

predominance of Brevundimonas and Psychrobacter (Figures S3). At later generations the two 

duplicate enrichments deviate from each other, the Psychrobacter disappears from both cultures, but 

while Brevundimonas persists in the B2 enrichment, the B1 is predominated by other genera like the 

Pseudochrobacter, Acinetobacter, Pedobacter, Spinghobaterium and Chryseobacterium. The B2 

enrichment seems to be dominated by Pseudochrobacter, Chryseobacterium and Brevundimonas, 

which are all found in the sixth generation samples as well.  

For the C enrichments, first and second generation samples showed that many of the bacterial genera 

present, remain throughout the enrichment process (Figures S4). Generally the duplicates look much 

alike with regards to genera present, the main difference however, being the specific abundance of the 

genera. The genus Elizabethkingia is unique to the C enrichments and the possible role of this genus 

during degradation is discussed later. Other genera present are Pseudochrobactrum, Pedobacter and 

Comamonas, which are also observed in many of the other enrichments. The Empedobacter genus is 

also represented and though it seems to mostly be present in the C1 from generation three to five, it 

does show up in both C enrichments during the sixth generation sampling. 

Like for the B enrichment the Brevundimonas genus is observed to be present in both of the D 

enrichments, together with many of the other genera also observed in the other enrichments 

(Pedobacter, Spinghobaterium, Acinetobacter and Achromobacter). The two enrichments however 

deviate from each other by the D1 being dominated by Brevundimonas and the Terrimonas genus, 

while D2 is dominated by Sphingobacter and Pedobacter. D1 is the only enrichment where the 

Terrimonas genus is observed to be this predominant. Notably the composition and distribution of 

genera is more similar in the sixth generation samples, with the Terrimonas and Brevundimonas being 
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less abundant in D1 in all the sampled days. Instead the other genera are more predominant and the 

Terrimonas and Brevundimonas are not observed at the same abundances as in the day seven samples. 

The D2 enrichment very much follows the same distribution in the daily samples as in the day seven 

samples. 

The E enrichment differed from the other enrichments, by low species richness (Chao-1) already from 

first generation and though the richness increased (positive Pearson correlation) through the enrichment 

process, it stays low relative to the other enrichments. Both duplicates are heavily dominated by the 

genus Stenotrophomonas from start to the end of the enrichment series, but interestingly at least two 

different OTU’s seem to be represented, namely a maltophilia species and an unclassified 

Stenotrophomonas (Figures S6). Though the Stenotrophomonas genus stays prevalent throughout the 

enrichments, in later generations a rising level of other members is seen, especially from the 

Sphingobacterium genus. This is supported with both the Chao and the Simpson (1-D) index being 

positively correlated with generation. The sixth generation daily samplings also indicate a large degree 

of Stenotrophomonas presence, from both of the different OTU’s related to the Stenotrophomonas 

genus, with only minor genera composition differences between the two duplicates. The F enrichments 

from first generation continue to be low in richness, which resembles the development of the E 

enrichment. Unlike the E enrichment, however, the F enrichments are dominated by the 

Brevundimonas genus in both duplicates, while the presence of Acinetobacter is also observed in the F2 

enrichment (Figure S7). Remarkably, in both duplicate enrichments higher abundance of 

Stenotrophomonas, is observed in third generation for F1 and fifth generation for F2. This coincides 

with a high increase in activity in the azokeratin assay for these specific samples. The 

Stenotrophomonas genus persists throughout the enrichment process and is also dominating the sixth 

generation daily samplings, where the Brevundimonas does not seem to be as abundant as at day seven 

samplings. Sphingobacterium, however, is much more prominent at the sixth generation. 

Protease profiling using zymogram approach 

The sixth generation daily samplings were used for protease profiling using casein zymograms, 

showing apparently varying protease profile between consortia (Figure S7). Both of the A enrichments 

seem to contain similar proteases as the patterns of clearing zones are identical, with apparent peak 
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activity at day two. The B cultures show less protease activity as judged by the zymograms, however 

the B2 has one clearly positive zone at day three, that lacks in the B1 for all assayed time points. This is 

in agreement with the results from the azokeratin assay that shows widely different activity levels 

between the two. These protease patterns are distinctly different from the A cultures, which is in line 

with sequencing analysis, suggesting different genera predominate in the two enrichments. 

Enrichments C show yet again different patterns than A and B, with proteases of higher apparent 

molecular weight, in agreement with the sequencing analysis showing different genera dominance 

between A and B. Furthermore, the two C enrichments seems to differ with C1 showing more clearing 

zones than C2. This may be due to lower activity in the C2, since at day four the two patterns seem to 

be more alike. Except for the D2 samples at day one, which shows a large clear spot, the D enrichments 

do not seem to possess as much protease activity as A, B or C. All E and F enrichment samples show 

very similar protease patterns for all four days. Furthermore, E and F cultures shared similarity to the A 

enrichments as all three have the same 3–4 distinct clear zones with protease activity. This is in 

agreement with the sequencing analysis showing the presence of bacteria from similar genera within all 

three enrichments. Taken together the results indicate that different protease profiles are found for the 

enrichments as analysed using casein zymograms.  

Secretome analysis with proteomics approach 

Cultures supernatants from day two of the sixth generations were analysed using LC-MS/MS to 

evaluate the meta-proteome of the enrichments. The rational for choosing to analyse samples from day 

two, was that many of the zymograms showed highest protease activity around this time point as well 

as day two cultures were healthy signs of growth (data not shown). The data was analysed against the 

NCBInr database restricted to sequences within the bacteria taxonomy. The lack of metagenomic data 

from the cultures makes the specificity of the databases searched are very low. In cases where no 

metagenomics data are available, the restriction of the sequence library can be done after an initial 

search against a larger database (NCBI non-redundant), to create a smaller database of genomes from 

identifications in the initial search (20). Even though the database is non redundant with regards to 

protein sequences, very similar protein sequence can/will occur for organisms were species with similar 

genomes are represented. This potentially means that very similar proteins will be present in the 

database, resulting in peptides identified as originating from more than one protein, leading to lower 
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amounts of unique peptides. A well described measure to counter this problem is to restrict a positive 

identification to only proteins identified with at least two unique peptides. This will however give the 

possibility of false negatives by excluding proteins where no unique peptides are detected due to high 

sequence similarity. The use of the NCBI non-redundant database as sequence library for the initial 

search in the proteomics experiment gave successful identification proteins from species also identified 

by 16S rRNA gene amplicon sequencing, which gives credibility to both experiments. Using the 

restricted sequence libraries showed only limited increases in identification numbers and still many of 

the identified proteins had only few unique peptides identified. Results presented are from the second 

search. 

Protein identification abundance profile 

In day two supernatants of the A enrichments, a total of 484 (A1) and 471 (A2) proteins were identified 

with the major part (231 proteins; A1 and 232 proteins; A2) originating from species within the 

Stenotrophomonas genus (Figure S8). The second largest group of proteins were from the 

Brevundimonas genus in the A1 sample (110 proteins), but for A2 it is the Acinetobacter genus (86 

proteins) and third largest is the Acinetobacter genus for A1 (54 proteins) and Sphingobacterium genus 

(76 proteins). These three major groups contribute between 81–83% of the identified proteins, which is 

in agreement with these genera being highly represented in the 16S rRNA gene amplicon sequencing of 

the day two samples. The B2 enrichment contained a total of 498 protein identifications, the vast 

majority originating from the genus Brevundimonas (361 proteins), in agreement with the fact that 

Brevundimonas genus is heavily represented in the 16S rRNA analysis (Figure S9). Other notable 

genera include Pseudochrobactrum (103 proteins) and Brevibacillus (30 proteins). The C samples gave 

a more diverse distribution of protein contributors with similarities between the two duplicates but also 

significant differences. In C1 469 proteins were identified, with major contributors being from the 

Stenotrophomonas (91 proteins), Empedobacter (157 proteins) and Acinetobacter (124 proteins). The 

C2 had more identifications (733 proteins) and the contributor profile was also different and more 

diverse. Elizabethkingia (218 proteins) and Brevundimonas (107 proteins) were the two main 

contributors in the C2 enrichment, while a series of other genera, also contribute substantially (Figure 

S10). The more diverse contributor profile of C2 compared to C1, agrees with the 16S rRNA analysis, 

notably showing a difference between Elizabethkingia abundance in the two cultures. While the 
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Brevundimonas and Stenotrophomonas genera are not very abundant in the 16S rRNA results, they still 

contribute with a significant portion of the secreted proteome. In the E enrichments the predominant 

part of the 634 (E1) and 817 (E2) identified proteins, belonged to the Stenotrophomonas genus (440 

proteins; A1 and 650 proteins; E2), like in the A1 sample (Figure S11). Brevundimonas is the second 

largest contributor with 104 (E1) and 76 (E2) proteins. The F2 enrichment sample analysed is very 

similar to the A and E enrichments, with 533 proteins identified and 393 of them originating from the 

Stenotrophomonas genus (Figure S12). It is also Brevundimonas (81 proteins) that contributes with the 

second largest amount of identified proteins. These results agree well with both the 16s rRNA and the 

zymogram results, which are showing similarities between these three enrichments.  

Protease profiling 

As proteases are at least one of the main components used by microorganisms for degradation of 

keratinous materials, the protease profile in the different enrichment culture supernatants were 

investigated and are summarised (Table 2) by counts of MEROPS families identified. As already 

mentioned, enrichments A, E and F are similar with regards to genera of bacteria present in the cultures 

as verified by the 16s rRNA analysis, zymogram profiles and contributors of the major amounts of 

identified proteins in the culture supernatants. Similarly, the vast majority of proteases were identified 

to belong to Stenotrophomonas and Brevundimonas in all three enrichments. In all three enrichments 

Stenotrophomonas contributes with S8 family peptidases, which are endo-acting on proteins and 

peptides, but also produces exo-acting peptidases like the S9, S46, M13 and M28 peptidases. The other 

major contributor of proteases, Brevudnimonas, does not contribute with any predicted endo-acting 

peptidases, only exo-acting peptidases. Brevudnimonas produces in particular two families, M13 and 

M16, both peptidases being predominantly produced by Brevudnimonas. The Sphingobacterium genus 

also contributes with some protease, most notably in the A2 sample, where 12 proteases are identified 

from this genus while in the other samples from these three enrichments only four to five were 

identified. The B2 d2 enrichment meta-proteome seemed dominated by the Brevundimonas genus and 

the same is seen for the protease profile. Interestingly, out of the proteases identified, only one is a S8 

peptidase and no other predicted endo-acting proteases were identified. A large array of peptidases 

belonging to exo-acting peptidase families are identified, mostly from the same families as identified in 

the A, E and F enrichments. As already noted above the C enrichments are different from the other 
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enrichments and variation is also observed between the two duplicates of the C enrichments. For the C1 

enrichment Stenotrophomonas (20 protease) and Empedobacter (25 protease) give rise to the highest 

number of proteases identified. As seen for A, E and F enrichments, Stenotrophomonas also contributes 

with S8 peptidase in the C enrichments, however additionally one S8 peptidase is identified from 

Empedobacter. Notably while proteases from Brevundimonas are identified, a major portion of the 

M16 peptidases is also produced by the Empedobacter unlike what was seen for the A, E and F 

enrichments. The amount of proteases identified from Stenotrophomonas and Brevundimonas is 

surprising since the 16S rRNA gene amplicon sequencing results do not indicate that these genera are 

very abundant. The C2 enrichment contains in addition to the proteases from the genera observed in 

C1, also protease from the Elizabethkingia. The S8 peptidases are identified to belong to 

Elizabethkingia, Empedobacter and Stenotrophomonas. The M16 family of peptidases is being 

expressed by all four major genera found in the C2 culture, Elizabethkingia, Brevundimonas, 

Empedobacter and Stenotrophomonas, concurring the high species richness and diversity in the C 

enrichments.  Like all the other enrichment samples investigated in this study a vast number of 

predicted exo-acting protease from different families are observed, of which the most notable has 

already been highlighted above (M13, M16 and M28).  

While the bacteria expressing detectable protease activity are of particular interest, there are genera of 

bacteria predicted by 16S rRNA gene replicon sequencing to be abundant and having a significant 

amount of the proteome assigned to them, but which do not seem to produce any or a very few 

proteases. These genera are Acinetobacter, Pseudochrobacterium, Comamonas, Achromobacter and 

Sphingobacterium. Notably for these genera a high proportion of substrate binding proteins from ABC 

transporter systems can be detected in the LC-MS/MS analysis (data not shown).  

Discussion 

For all but the B2 and both D enrichments a significant increase in keratinase activity was observed 

using azokeratin substrate. Furthermore, all enrichments show higher activity towards azokeratin than 

the positive control, Bacillus licheniformis, which is a well-known keratin degrader (21)(22). Many of 

them showed equal or higher activity from the earliest generations, indicating initial 

adaptation/potential for keratin degradation, while still being able to further improve activity. 
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Enrichments A and D are interesting to compare as these are produced by the same initial soil sample 

from an agricultural field. In this case the pre-enrichment prior to the serial enrichment (A), resulted in 

a more effective keratin degrading culture supernatant, giving rise to a consortia with higher activity 

using the azokeratin assay. Though the activity of almost all the enrichments increased, a significant 

change with regards to the richness and diversity was only observed for few enrichments. This could be 

due to 16S rRNA sequence analysis being carried out after seven days of growth on keratin, at which 

point major adaptation might have already occurred. Similar results were observed for thermophilic 

communities adapting to cellulose degradation (23). Most notably the E and F enrichments experienced 

increasing richness and diversity with generation, due to the low richness and diversity observed in the 

first generation. The increased abundance of species in the E enrichments did however not seem to 

have a negative effect on the azokeratin degradation. This indicates that strong keratin degraders like 

Stenotrophomonas maltophilia are able to be part of bacterial consortia without negative influence on 

their ability to degrade keratin material.  This adds to the knowledge we have about microbial keratin 

degradation, where isolated microorganisms are studied and thus no interspecies interactions are 

involved, neither favorable nor unfavorable (19)(24). On a molecular level, however, synergistic effects 

between different protease families are studied and have gained increased attention (25). The 

synergistic effect between proteolytic activity and disulfide bond removal has been proven (26)(27). 

Lange et al. recently highlighted the interplay between different protease families, which not only 

involves the well-known S8 peptidase family but also exo-acting proteases, a degradation system that 

can be compared to the complex cellulose degradation systems (28). Utilizing a proteomics approach 

we have shown that a vast array of proteases are produced and are present in the culture supernatants. 

Furthermore, we showed that not only one genus/species of bacteria, but many different bacteria 

species may contribute with proteases.  In this study we observe rich consortia of bacteria that are 

capable of degrading and live off of keratinous slaughterhouse by-product as sole nitrogen and carbon 

source. We both observe consortia containing bacteria species known to be able to degrade keratin 

materials in mono-cultures but many bacterial genera were also observe, not previously associated with 

this specific capability. Stenotrophomonas maltophilia is a well-known keratin degrader and was 

observed in three of the enrichments (A, E and F) (19). Specifically in the F enrichment the occurrence 

of OTU’s related to the genus Stenotrophomonas directly co-align with large increases in keratinase 

activity. On the contrary, the genus is observed in the A enrichment even in first generation, but here 
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the activity only increases around generation three to four and with no clear increase of 

Stenotrophomonas in the sample. This may indicate that competition between the organisms is taking 

place, which halts the keratin degrading power as judged by the azokeratin assay. The proteomics data 

from these three enrichments also show that S8 peptidases are secreted by the Stenotrophomonas 

genus, the major peptidase family from which keratinases belong (29)(30)(31). An interesting 

observation is the presence of the Brevundimonas genera found together with the Stenotrophomonas, as 

verified both by 16S rRNA gene amplicon sequencing and proteomics data. The Brevundimonas genus 

has to our knowledge not previously been associated with keratin degradation and has been considered 

as a genus not secreting proteases, while resent studies have identified extracellular protease producing 

species (32)(33)(34).  Though no S8 peptidases were detected from Brevundimonas in the A, E or F 

enrichments a group of proteases, expressed by Brevundimonas, belonging to the M13 and M16 family 

of peptidases, were detected in all enrichments investigated. A further indication that Brevundimonas 

species may be involved in keratin degradation, is the results from enrichment B2, where the 

Brevundimonas was the main contributor of proteins detected and almost exclusively all proteases 

detected. Only a single S8 peptidase was detected, which could indicate that the keratin degrading 

activity measured is due to novel activities. Both M13 and M16 are considered endo-acting 

metalloprotease with little to no exo-protease activity (35)(36). Both families are predicted to be 

specific for hydrophobic amino acids at the P1 site (36)(37) which is common for many keratinase 

degrading proteases (38). The few characterized bacterial M13 and M16 peptidases have been shown to 

degrade mainly oligopeptides and not globular substrates like casein or bovine serum albumin (35)(36), 

but whether the members from Brevundimonas share the same specificity is not known. While the M13 

proteases characterized until now carry transmembrane helixes, these are not present in the protease 

detected here, instead carrying a signal peptide, which facilitates translocation into the periplasm (data 

not shown), indicating that the protease identified in this study might have different roles than the 

characterized members (39).  Another possibility is that Brevundimonas employs the action of reducing 

disulfide bonds together with the proteolytic action. It is also noted that the Brevundimonas genus is 

detected and is predominant in both the D and to a high degree the F, without having the high 

azokeratin activity observed in the B enrichment. This could indicate different species being within the 

genus being present. The C enrichment showed to be different from the other by being the significantly 

more rich, which interestingly also resulted in a higher amount of protease contributors. While 
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Stenotrophomonas is present in the enrichments, Elizabethkingia, which is unique to the C 

enrichments, is also present and is an interesting genus, because an example of this genus has 

previously been described as a degrader of bird’s feathers (40)(2). A further two genera, 

Brevundimonas and Empedobacter were also contributing with proteases, with the Empedobacter 

contributing with a S8 peptidase. To the best of our knowledge this is the first time an organism from 

the genus of Empedobacter is suggested to be implicated in the degradation of keratinous materials. 

Again we detect the presence of M13 and M16 peptidases, however in these enrichments all four 

genera contributed. This could indicate a role for these peptidase families during the keratin 

degradation. Based on literature the M28 family of proteases, which is represented in all of the 

enrichments, is interesting, because a member has been shown to work synergistically with an S8 

peptidase during degradation of keratin (25). It is thus possible that this kind of synergy is also found in 

these enrichments. 

Throughout all the enrichments we also observe other genera of bacteria that do not contribute with as 

high amount of proteases compared to the genera discussed until know. Some of the most prominent 

genera, as judged by 16S rRNA sequence analysis and proteomics profiling, are Acinetobacter, 

Comamonas, Pedobacter, Pseudochrobacter and Sphingobacterium of which many are found in a 

number for enrichments. Many of these genera are the largest contributors of identified ABC 

transporter substrate binding proteins, which could indicate that many of these are mostly feeding of 

the nutrients released into the culture supernatant.  
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Figure 1: Activity of enrichment culture supernatants towards azokeratin. The culture 

supernatants sampled during the enrichment process was used in the azokeratin assay, to test 

their ability to degrade the slaughterhouse waste. Generally many of the enrichments are 

already at second generation more active than the positive control, while all are more active 

at sixth generation. For enrichments like the A and B2 a gradual increase in activity is 

observed while for the F enrichment the increase is more abrupt. Finally the E and D 

enrichments do not change activity significantly throughout the process. 
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Chao1 index            

Generation  Sample ID            

  A1 A2 B1 B2 C1 C2 D1 D2 E1 E2 F1 F2 

G1 
 

66.8 39.0 58.3 62.4 68.9 103.5 88.6 99.0 10.8 20.2 26.0 21.0 

G2 
 

63.7 41.0 - 53.3 96.3 101.0 80.5 89.7 14.0 18.0 - 19.0 

G3 
 

47.3 43.0 47.5 34.6 72.0 75.3 48.0 44.0 15.0 23.0 12.0 19.3 

G4 
 

56.8 49.5 56.0 52.5 76.6 92.1 64.9 52.8 21.7 32.5 25.9 38.3 

G5 
 

47.0 35.0 52.3 28.0 77.2 71.8 43.5 43.5 29.0 33.0 25.0 23.0 

 

Simpson (1-D) index  

Generation  Sample ID            

  A1 A2 B1 B2 C1 C2 D1 D2 E1 E2 F1 F2 

G1 
 

0.88 0.73 0.46 0.71 0.90 0.94 0.78 0.93 0.38 0.63 0.13 0.69 

G2 
 

0.70 0.70 - 0.80 0.94 0.87 0.83 0.90 0.61 0.65 0.21 0.67 

G3 
 

0.65 0.81 0.70 0.44 0.84 0.81 0.86 0.87 0.62 0.61 0.23 0.65 

G4 
 

0.90 0.78 0.81 0.79 0.92 0.89 0.77 0.82 0.67 0.78 0.72 0.65 

G5 
 

0.87 0.88 0.84 0.77 0.87 0.86 0.69 0.88 0.81 0.83 0.80 0.83 

Table 1: Chao index (richness) and Simpson 1-D index (diversity), for each enrichment experiment.  The two 

alpha diversity indices Chao1 (richness) and Simpson 1-D (diversity) were calculated for each enrichment sample to 

get a measure of the bacterial composition and the development during the enrichment process. Except for the F1 

enrichment which has low values for the Simpson 1-D in the initial generation, indicating predominance of few 

species, most of the enrichments have values that are in the same high range. The Chao1 index indicate  more 

difference between the enrichments, with the E and F enrichments having low richness, A, D and D having 

intermediate richness and the C enrichment having high richness. 



 
 

118 
 

 

Summary table of identified protease 

  
Enrichment sample 

  
A1 A2 B2 C1 C2 E1 E2 F2 

M
ER

O
P

S 
p

ro
te

as
e

 f
am

ili
es

 

M1 1 1 - 4 6 2 2 3 

M2 1 1 - 1 2 1 1 1 

M3 1 2 1 3 3 5 4 5 

M12 - - - - 1 - - - 

M13 4 4 3 3 3 5 6 6 

M14 1 - 4 1 4 2 3 1 

M16 5 7 3 8 10 5 6 1 

M20 3 2 1 3 5 6 5 8 

M23 - 1 - 5 - - - - 

M24 - - - - 1 - - - 

M28 3 4 1 4 6 7 8 3 

M43 - - - - 1 - - - 

M46 - - 1 - - - - - 

M61 - - 1 - 1 1 2 1 

S1 1 - - - - 1 1 - 

S8 4 6 1 4 3 5 5 4 

S9 6 7 5 8 11 14 13 14 

S10 - - 1 1 2 2 2 1 

S41 - - 1 - 3 1 1 - 

S46 5 2 2 3 7 4 5 4 

S58 
      

1 - 

Prolyl 7 5 2 1 3 3 1 4 

C1 - - - 1 1 - - - 

Others 7 8 14 9 18 12 20 9 

          

Table 2: Table showing the distribution of the protease in the different enrichment 

samples, categories according to the MEROPS annotation. Protease identified from the 

LC-MS/MS analysis of the culture supernatants have been sorted according to their 

MEROPS family. A broad range of protease activities/specificities are represented in many 

of the cultures, with specifically the S8 family represented in all enrichments.  
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Supplementary figures and tables 

 

Chao1 

Sample ID Pearson Corr. Significance Spearman Corr. Significance 
A1 -0.81 0.099 - - 
A2 0.01 0.981 - - 
B1 -0.39 0.606 - - 
B2 -0.77 0.129 - - 
C1 -0.04 0.943 - - 
C2 -0.79 0.115 - - 
D1 -0.85 0.068 - - 
D2 -0.88 0.048 - - 
E1 0.96 0.010 - - 
E2 0.91 0.034 - - 
F1 - - -0.6 0.285 
F2 - - 0.6 0.285 

     

 

  
Chao1 

 
Pearson Corr. Significance Spearman Corr. Significance 

A -0.33 0.358 - - 
B -0.54 0.130 - - 
C -0.42 0.222 - - 
D -0.86 0.001 - - 
E 0.81 0.004 - - 
F 0.27 0.480 - - 
     

Table S1: Pearson and Spearman linear correlation test on the Chao1 index. 

Upper table shows Pearson and Spearman correlation on each enrichment, 

testing linearity between Chao1 index and the generational level. Lower table 

shows results from the same test but with the duplicates tested together. 

Correlations are significant if P < 0.05 (Significance) 
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Simpson (1-D) 

 
Pearson Corr. Significance Spearman Corr. Significance 

A1 0.23 0.704 - - 

A2 0.85 0.067 - - 

B1 0.98 0.017 - - 

B2 - - 0.1 0.873 

C1 -0.36 0.549 - - 

C2 -0.46 0.432 - - 

D1 -0.59 0.293 - - 

D2 -0.73 0.163 - - 

E1 0.94 0.019 - - 

E2 0.84 0.074 - - 

F1 0.93 0.023 - - 

F2 - - 0.1 0.873 
     

Simpson (1-D) 

 
Pearson Corr. Significance Spearman Corr. Significance 

A 0.45 0.192 - - 
B - - 0.55 0.117 
C -0.40 0.250 - - 
D -0.45 0.187 - - 
E 0.82 0.003 - - 
F - - 0.66 0.036 

     

Table S2: Pearson and Spearman linear correlation test on the Simpson (1-

D)  index. Upper table shows Pearson and Spearman correlation on each 

enrichment, testing linearity between Simpson (1-D) index  and the 

generational level. Lower table shows results from the same test but with 

the duplicates tested together. Correlations are significant if P < 0.05 

(Significance) 
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Figure S1: ANOVA analysis of the Chao index (upper) and the Simpson index (lower), 

with summed values for each enrichment across duplicate and generations. Significance 

is tested with a P < 0.05 with a post-hoc Tukey analysis using letters to represent 

significant different groups. Error bars represent two standard errors around the mean. 
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Figure S2: Results of 16S rRNA gene amplicon sequencing of the A enrichment and binning of the OTU’s 

at a genus level. The abundance of each genus is represented as a percentage of the entire count of the consorita 

based on 16S rRNA gene amplicon sequencing. (A) shows the results from generation 1 – 5, while (B) shows 

daily sampling ( day one – day four) for the sixth generation g = generation; d = day 
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Figure S3: Results of 16S rRNA gene amplicon sequencing of the B enrichment and binning of the OTU’s 

at a genus level. The abundance of each genus is represented as a percentage of the entire count of the consorita 

based on 16S rRNA gene amplicon sequencing. (A) shows the results from generation 1 – 5, while (B) shows 

daily sampling ( day one – day four) for the sixth generation g = generation; d = day; ND = no data 
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Figure S4: Results of 16S rRNA gene amplicon sequencing of the C enrichment and binning of the OTU’s 

at a genus level. The abundance of each genus is represented as a percentage of the entire count of the consorita 

based on 16S rRNA gene amplicon sequencing. (A) shows the results from generation 1 – 5, while (B) shows 

daily sampling ( day one – day four) for the sixth generation g = generation; d = day 
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Figure S4: Results of 16S rRNA gene amplicon sequencing of the D enrichment and binning of the OTU’s 

at a genus level. The abundance of each genus is represented as a percentage of the entire count of the consorita 

based on 16S rRNA gene amplicon sequencing. (A) shows the results from generation 1 – 5, while (B) shows 

daily sampling ( day one – day four) for the sixth generation g = generation; d = day 
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Figure S6: Results of 16S rRNA gene amplicon sequencing of the E enrichment and binning of the OTU’s 

at a genus level. The abundance of each genus is represented as a percentage of the entire count of the consorita 

based on 16S rRNA gene amplicon sequencing. (A) shows the results from generation 1 – 5, while (B) shows 

daily sampling ( day one – day four) for the sixth generation g = generation; d = day 
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Figure S7: Results of 16S rRNA gene amplicon sequencing of the F enrichment and binning of the OTU’s 

at a genus level. The abundance of each genus is represented as a percentage of the entire count of the consorita 

based on 16S rRNA gene amplicon sequencing. (A) shows the results from generation 1 – 5, while (B) shows 

daily sampling ( day one – day four) for the sixth generation g = generation; d = day 
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Figure S7: Casein zymograms of the samples from the sixth generation. White zones indicate protease 

activity. Marker is the Mark12™ protein ladder.  
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Figure S8: Pie-chart showing the distribution identified proteins from each genus in the A enrichments. The portion of 

the identified proteins associated to each genus is annotated with the genus name followed by the number of 

identified proteins from that genus.  
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Figure S9: Pie-chart showing the distribution identified proteins from each genus. The portion of the identified 

proteins associated to each genus is annotated with the genus name followed by a number with is number identified 

proteins from that genus.  
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Figure S10: Pie-chart showing the distribution identified proteins from each genus. The portion of the identified 

proteins associated to each genus is annotated with the genus name followed by a number with is number identified 

proteins from that genus.  
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Figure S11: Pie-chart showing the distribution identified proteins from each genus. The portion of the identified 

proteins associated to each genus is annotated with the genus name followed by a number with is number identified 

proteins from that genus.  
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Figure S12: Pie-chart showing the distribution identified proteins from each genus. The portion of the 

identified proteins associated to each genus is annotated with the genus name followed by a number 

with is number identified proteins from that genus.  
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CHAPTER 4 – Manuscript 3 
The manuscript describes the purification and characterization of two proteases from Amycolatopsis 

keratinophila found to be aboundant within the culture supernatant. At least one of the proteases show 

promising potential as a component for hydrolysis of keratinous by-products. References, figures/tables and 

supporting figure/tables can be found in the end of the chapter.  
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Introduction 

Keratinous by-product materials represent a large environmental challenge, but also hold a potentially 

enormous quantity of nutritional resources (1). Keratinous by-products are produced mainly from 

slaughterhouses, where slaughtering of for example poultry and pigs for meats, produce feathers, 

bristles and nails in great quantities (1)(2). At a molecular level many keratinous materials are built 

from proteins, some consisting of >90% protein, which should hold great nutritional value (2)(3). Many 

keratinous materials, especially α-keratin materials, like hair, hooves, horns, bristles and nails, are 

however recalcitrant of nature and remain mostly undigested if used unprocessed as feed. This is in part 

due to high levels of cross links found in these materials (disulfide and isopeptide bonds), which 

conveys the resistance to proteolytic digestion by the protease found in the digestional tract of most 

animals (4). There are however a number of microorganism (mainly fungi and bacteria), that are 

capable of degrading keratinous materials (1)(5)(6). Theses microorganisms utilizes specialized 
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proteases called keratinases often in combination with systems for cleavage of the disulphide bonds (7). 

Keratinases are not represented by a single family of protease, but within the S8 and M36 peptidase 

families, many members have been found to have keratinolytic activities (8)(9). A bacterium named 

Amycolatopsis keratinophila subsp. keratinophila has been isolated by hair baiting and has 

subsequently been shown to degrade feathers and wool and grow on these as the sole carbon and 

nitrogen sources (10). Little is known about the bacterium and what mechanisms it uses for keratin 

degradation, which is why we chose to study it in more detail and try to elucidate these mechanisms. In 

this study we grow A. keratinophila on steam treated slaughterhouse by-product consisting of pig 

bristles and nails. From the cultures supernatant two proteases were purified, characterized and were 

hypothesized to play a role in the degradation of the slaughterhouse by-product. The two proteases 

were both shown to belong to the S1 peptidase family, but showed widely different primary structure, 

temperature profiles and specificity. At least one of the proteases shows promise within 

biotechnological applications for keratin degradation, possibly as a combinatory treatment with other 

proteases.  

 

Material and methods 

 Slaughterhouse by-product 

The slaughterhouse by-product used as carbon and nitrogen source in the growth cultures as well as for 

producing azokeratin for assaying was supplied by DAKA, Løsning, Denmark. The by-product product 
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mainly consists of pig bristles and nails, which have been chopped, steam treated (150 °C, 6 bar, 20 

min), dried and crushed into smaller particles.  

 

Microorganism and bacterial growth conditions 

Amycolatopsis keratinophila D2T (strain number: DSM 44409) was obtained as freeze dried pellet from 

the German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany. Amycolatopsis 

keratinophila D2T (D2) was regrown on LB media. Glycerol stocks were produced by growing D2 in 

LB medium overnight and mixing 500 µl culture with 500 µl 50% v/v sterile filtered glycerol. Stocks 

(1 ml) were stored in cryo-tubes at -80 °C. 

Overnight cultures of Amycolatopsis keratinophila were produced by inoculation of glycerol stocks 

into 10 ml LB in 50 ml sterile NuncTM tubes and incubated for 48 h at 30°C, while shaking at 180 rpm. 

From the overnight culture 1 ml was used to inoculate 100 ml keratin liquid medium, containing 10 g/L 

crushed pig bristle and nails, 5 mM NaCl, 5 mM NaH2PO4/Na2HPO4,  1 mM MgCl2, 0.01mM CaCl2 

and 1µM ZnCl2 at pH 7.5, in 500 ml shaking flasks. The cultures were incubated at 30°C, while 

shaking at 200 rpm. Cultures were generally grown for 4-5 days, while the culture was sampled 

periodically until keratinase activity had reached its peak.  

 

Azokeratin preparation 

Azokeratin was prepared by dyeing the same slaughterhouse by-product as used for growth of 

Amycolatopsis keratinophila. Before dyeing the slaughterhouse by-product, it was milled in a coffee 

grinder to crush bigger pieces of pig nail, to include this in the azoekeratin substrate. The milled keratin 
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product (15 g) was dyed by suspension in 1 L distilled water, with 100 ml 1.19 M NaH2CO3 solution 

added while stirring. Simultaneously, 8.65 g sulfanilic acid was dissolved in 0.12 M NaOH (200 ml), 

followed by the addition of 1.7 g NaNO2, 10 ml 5.0 M HCl and 10 ml 5.0 M NaOH while stirring. 

After a few seconds of mixing, the solution was added to the suspension containing the milled 

slaughterhouse by-product and stirred for 10 min, before vacuum filtering using filter paper. The dyed 

keratin by-product (azokeratin) washed in 1 L mQ water twice with 30 min incubation and lastly 

washed overnight. The filtered azokeratin was freeze dried to produce the finished azokeratin.  

 

Azokeratin and keratin azure assay 

To assay for activity on the slaughterhouse by-product, the azodyed by-product (azokeratin) was used. 

To each sample 12.5 mg azokeratin or 5 mg keratin Aazure and 450 µl 50 mM Tris-HCl, pH 8 

(adjusted at incubation temperatures) was added to a 2 ml round bottom Eppendorf tube. Substrate and 

buffer were heated to the incubation temperature (37 °C and 55 °C), followed by the addition of 50 µl 

sample to be assayed. To blank samples 50 µl buffer was added. Samples incubated 1 h (unless 

otherwise indicated) while shaking at 850 rpm. After end incubation the samples were filtered through 

a 96-well filter plate (0.22 µm) equipped with a vacuum manifold (Merck Millipore), filtering off 

residual insoluble substrate and stopping the reaction. The reaction was measured, by transferring of 

200 µl filtrate to a 96-well plate and absorbance was measured on a plate reader (Powerwave XS; 

BioTek) at 415 nm (azokeratin) or 595 nm (keratin azure). 

 

Assaying free thiols 
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A stock of solution of 2 mM 5, 5’-dithio-bis-(2-nitrobenzoic acid) (Ellman´s reagent) was prepared in 

50 mM tris-HCl, pH 7.5. For free thiol determination, 50µl sample was mixed with 50 µl Ellmans´s 

reagent, the sample then incubated 2 min at 25 °C before absorbance was measured at 412 nm. A 

standard curve was created (0.01 mM–0.1 mM dithiothreitol (DTT)) to determine free thiol 

concentrations in culture supernatant.  

 

Protease purification 

Cultures were grown for 4 days at which point peak activity of the culture supernatant towards 

azokeratin is observed and insoluble species in the culture was harvested by centrifugation (10,000 g, 

10 min). The culture supernatant was decanted and if necessary stored at -20°C. Proteins in the culture 

supernatant were precipitated by addition of solid (NH4)2SO4 to reach 70% saturation on ice. The 

sample was centrifuged (10,000 g, 10 min) to harvest the precipitated material and the supernatant was 

discarded. The pelleted precipitate was dissolved in 25 mM tris-HCl, 1 mM CaCl2, 1 mM MgCl2 at pH 

8 to a final volume 1/20-fold of the original culture supernatant volume. The sample was centrifuged 

(15,000 g, 10 min) to remove any undissolved material. To remove any leftover (NH4)2SO4, the sample 

was buffer exchanged using a 10 kDa spin filter (Amicon® Ultra 15 ml centrifugal filter, Merck 

Millipore), into the same buffer as used for dissolving the pellet. Once more the sample was 

centrifuged (15,000 g, 10 min) in preparation for cation exchange purification. The sample was applied 

to a cation exchange column (Resources S, 6 ml, GE Healthcare Life Sciences), with a 25 mM tris-

HCl, 1 mM CaCl2, 1 mM MgCl2, pH 8 as running buffer (A solution) and 25 mM tris-HCl, 1 mM 

CaCl2, 1 mM MgCl2, 1 M NaCl pH 8 as elution buffer (B solution). The sample was applied to the 
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column with a flow of 6 ml/min and after about three column volumes, a gradient was setup, with an 

increase of 1% B solvent pr. min. Fractions (3 ml) were collected, evaluated with regards to their 

keratinase activity using both the azokeratin assay and the keratin azure assay and fractions showing 

activity in the assays, were pooled together. The pooled samples were concentrated and buffer 

exchanged on the 10 kDa spin filter into 50 mM sodium acetate/acetic acid, 1 mM CaCl2, 1 mM 

MgCl2, pH 4, after which the sample was centrifuged (15,000 g, 10 min) in preparation for the anion 

exchange purification. The sample was applied to an anion exchange column (Resources S, 6 ml, GE 

Healthcare Life Sciences), with a 50 mM sodium acetate/acetic acid, 1 mM CaCl2, 1 mM MgCl2, pH 4 

as running buffer (A solution) and a 50 mM sodium acetate/acetic acid, 1 mM CaCl2, 1 mM MgCl2, 1 

M NaCl, pH 4 as elution buffer (B solution). Fractions were assayed for activity on azokeratin as well 

as analysed on Nu-PAGE gel to estimate purity. Fractions containing each of the proteases were pooled 

and concentrated on a 10 kDa spin filter and stored in the 50 mM sodium acetate/acetic acid buffer, pH 

4 (-20°C). 

 

Identification of proteases by matrix-assisted laser desorption/ionization time of flight and LC-MS/MS 

The purified proteases were run on a Nu-PAGE gel and the gel bands believed to contain the proteases, 

were excised using a scalpel and subjected to in-gel trypsin digestion. Gel pieces were washed in 40% 

ethanol to remove coomassie stain and then shrunk in 100% acetone, which was then completely 

removed by evaporation. To the gel piece, 50 µl 10 mM DTT in 100 mM NH4HCO3, pH 8 was added 

followed by incubation at 45 min at 56°C after which the solution was removed and free thiols were 

reacted with iodoacetamide, by addition of 50 µl 55 mM iodoacetamide in 100 mM NH4HCO3 and 
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incubated in the dark (25°C, 30 min). The supernatant was removed and gel pieces were again 

shrunken by addition of 100% Acetone. After removal of acetone, tubes were placed on ice and added 

5 µl 12.5 ng/µl trypsin (MS grade, Pierce™, Thermo Fischer Scientific) followed by incubation on ice 

(30 min). To each sample 20 µl of a 20 mM NH4HCO3 solution was added and samples incubated at 

25°C overnight. Each sample was then acidified by addition of 2µl 2% trifluoroacetic acid, samples 

were prepared for LC-MS/MS by desalting using homepacked stage-tips with C18 material (Empore™, 

3M™, 3M company)  and vacuum-dried. Peptides were dissolved firstly in 2.5 µl 2% formic acid 

followed by addition of 7.5 µl ultrapure water.  

Initial analysis of the digestes were performed on using matrix-assisted laser desorption/ionization time 

of flight (MALDI-tof/tof Ultraflex II, Bruker Daltonics) to check quality of samples. Samples were 

then analyzed by LC-MS/MS and data were recorded in a data dependent manner, on an Orbitrap 

Fusion™ Tribrid™ (Thermo Scientific). An EASY nLC-1000 liquid chromatography system (Thermo 

Scientific) was coupled to the mass spectrometer through an EASY spray source and peptide separation 

was performed on 15 cm EASY-spray columns (Thermo Scientific) with 2 µm size C18 particles and 

inner diameter of 75 µm. Mobile phase consisted of solvents A (0.1% formic acid) and B (80% 

acetonitrile in 0.1% formic acid). The initial concentration of solvent B was 6%, a gradient was applied 

to reach the following concentrations: 14% B after 18.5 min, 25% B after further 19 min, 38% B after 

further 11.5 min, 60%B after further 10 min, 95% B in 3 min and 95% B for 7 min. The total length of 

the gradient was 70 min. The full scans were acquired in the Orbitrap with a resolution of 120,000 and 

a maximum injection time of 50 ms was applied. For the full scans, the range was set to 350-1500 m/z. 

From full scans parent ions were selected based on the top 10 most abundant ions and were 

sequentially send for fragmentation with an isolation window of 1.6 m/z (11), and were added to an 
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excluded list for 60 sec. For the MS/MS scans the resolution was set to 120,000 and maximum 

injection time of 80 ms. The ions were fragmented in a higher-energy collision dissociation cell with 

normalized collision energy of 32% and analysed in the Orbitrap. 

Data was analyzed using PEAKS 8.0 (Bioinformatics Solutions Inc.). The MS spectra were processed 

and analyzed using PEAKS workflow, with de novo sequencing of MS/MS spectra followed by 

database search against a sequence library. A sequence library was constructed from a trypsin digest 

pattern of the proteome of Amycolatopsis keratinophila subsp. keratinophila, allowing for unspecific 

cleavage at one of the peptide termini and a maximum of three missed tryptic cleavages within 

peptides. A build in contaminant database was simultaneously search. Mass tolerance was set to 15 

ppm for the parent ion and 0.02 Da for the fragment ions. Carboxymethylation of cysteine was set as a 

fixed modification, while deamidation of glutamine and asparagine, acetylation of protein N-terminus 

and oxidation of methionine was set as variable modifications. False discovery rate on the peptide and 

protein level was not allowed to exceed 1%. Sample purity was based on a relative abundance estimate, 

calculating the ratio between the average intensity of the three most intense peaks for a given protein. 

 

Bioinformatics analysis: 

Signal peptides for translocation of proteases were predicted using the SignalP (ver. 4.1) webserver 

(12). Domain prediction was performed using the Conserved Domain Database online prediction 

webserver (13). Identification of similar protein sequences was performed using the BLAST online 

server at NCBI and alignment of the top 10 sequences was performed using the CLC Main Workbench 
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7 software. Sequence of human trypsin was obtained from Uniprot (UniProtKB - P07477 

(TRY1_HUMAN)). 

 

LC-MS/MS analysis of protease specificity 

Peptides used for protease specificity LC-MS/MS analysis, were prepared by digestion of the DAKA 

slaughterhouse by-product, from which the peptides were purified. Samples were prepared by addition 

of 5 mg DAKA product and 450µl tris-HCl, 1 mM CaCl2 to a 2 ml round bottom tube, followed by 

heating to 37 °C and addition of 50 µl 0.4 µM protease solution. Samples were incubated for 2 h, at 

which point the samples were centrifuged (5 min, 15,000 g, 4°C), supernatants were transferred to new 

tubes and 2% trifluoroacetic acid was added to a final concentration of 0.2% trifluoroacetic acid. The 

protein concentration in the digests were estimated based on absorbance at 280 nm (E280 nm = 1 L∙g-

1∙cm-1) and a volume containing 10 µg of peptides was used for peptide purification using the stage tip 

procedure described above. Samples were analyzed by LC-MS/MS as describe above. Spectra were 

analyzed using PEAKS 8.0 (Bioinformatics Solutions Inc.) essentially as describe above, with the 

exceptions being that the sequence library was made from Sus scrofa genome and no cleavage 

specificity was set, for the in silico digest. Peptides matched to confidently identified proteins, were 

used for specificity analysis. Redundant peptides identified as chemically modified versions were only 

counted once, while peptides identified in more than one protein where counted once per identified 

protein. For C-terminal peptide analysis, the C-terminal amino acid of the peptide was taken as a 

representative of the P1 specificity of the protease. For N-terminal peptide analysis, knowledge about 
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the position of a peptide match and knowing that a cleavage must have occurred at the N-terminal of 

the peptide as well, allowed for prediction of P1 site specificity based on this knowledge. 

 

Temperature and pH activity profile 

 Synthetic substrates were used for investigation of the activity at varying temperature and pH for both 

proteases. For the C-like protease the synthetic substrate N-succinyl-Ala-Ala-Val p-nitroanilide (Sigma 

Aldrich) was used and for the T-like the substrate was Nα-Benzoyl-L-Arg p-nitroanilide (Sigma 

Aldrich) was used. Assays for determination of both of the proteases temperature profiles were 

performed in 50 mM NaH2PO4/Na2HPO4 pH 7.5 with 2 mM substrate and the protein concentrations of 

0.9 µM (C-like) or 0.4 µM (T-like). Before addition of the proteases, buffer and substrate mixture (96 

µl) was preheated to the desired temperature (20 – 70 °C). After addition of protease (4 µl) samples 

were incubated while shaking (500 rpm) for 10min (T-like) or 15 min (C-like). The reaction was 

stopped by addition of 100 µl 500 mM acetic acid pH 4. The pH profile assays were conducted 

essentially as describe above only changes being the buffers used at the varying pH and the incubation 

temperature being 37°C for both proteases. Buffers were acetic acid (pH 4), maleic acid (pH 5–6), 

Na2HPO4/NaH2PO4 (pH 7), tris-HCl (pH 8–7) and NH4H2CO3 (pH 10 – 11). All buffers were adjusted 

at 37 °C. Absorbance was measured (Powerwave XS; BioTek) at 405 nm by transferring 200µl sample to 

a 96-well plate. 

 

Chemical additives 
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A series of chemical additives were tested to see how they affect the protease activity towards the 

synthetic substrate. The metal ions tested were Mg2+, Ca2+, Zn2+, Cu2+, Mn2+ and Fe2+ (1 mM and 10 

mM). Inhibitors tested were EDTA and PMSF (1 mM and 10 mM). In the case of metal ions and 

inhibitors, the proteases were incubated together with these on ice for 30 min before addition of 

substrate. The protease activity was also tested in the presence of detergents, SDS (0.1 and 1.0 v/v %), 

Triton X-100 (0.5 and 2.5 v/v %) and Tween 20 (0.5 and 2.5 v/v %). For the detergents there was no 

pre-incubation. The reaction time was 10 min (T-like) or 15 min (C-like) and reaction temperatures 

were 37°C (T-like) and 60°C (C-like). The reaction was stopped by addition of 500 mM acetic acid pH 

4 (1:1 v/v). Absorbance was measured (Powerwave XS; BioTek) at 405 nm by transferring 200µl sample 

to a 96-well plate. 

 

Active site titration 

The concentrations of active sites in protease stocks were determined using N-trans-

cinnamoylimidazole (Proteinase K, >30 Units/mg, Molecular biology grade, Sigma Aldrich®, Merck) 

and Subtilisin A, Sigma chemical company), p-nitrophenyl trimethylacetate (C-like) and 4-

Methylumbelliferyl p-guanidinobenzoate (trypsin and T-like). Solid N-trans-cinnamoylimidazole ( Alfa 

Aesar, Thermo Fischer Scientific) was dissolved in acetonitrile to make stock solution (10 mM). 

Proteinase K (Molecular biology grade, Sigma Aldrich®, Merck) and Subtilisin A was dissolved in 25 

mM acetic acid pH 4, to a concentration near 300µM based of weight. Active sites were determined for 

proteinase K and subtilisin A by mixing 2 µl N-trans-cinnamoylimidazole stock solution with 100 µl 

25 mM sodium acetate/acetic acid pH 5 in a cuvette (1 cm pathlength) and the spontaneous hydrolysis 
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was recorded (335 nm), until a stable linear hydrolysis was recorded after which 10 µl of protease stock 

was added. The absorbance decrease was recorded for 2 min after addition of protease to ensure linear 

that extrapolation was possible. The amount of active sites were determined based on the cleavage of 

N-trans-cinnamoylimidazole using a molar extinction coefficient at 335 nm (9.37 ∙ 103 M-1 ∙ cm-1) (14). 

The active site concentration was generally 50–65% of that determined by absorbance measurements at 

280 nm. Solid p-nitrophenyl trimethylacetate (Sigma Aldrich®, Merck) was dissolved in acetonitrile to 

make stocks solution (10 mM). A stock of C-like protease (≈ 65 µM) was prepared and concentration 

was estimated based on absorbance at 280 nm. Active sites were determined by mixing 2 µl p-

nitrophenyl trimethylacetate stock solution with 100 µl 50 mM tris-buffer pH 9 in a cuvette (1 cm 

pathlength) and the spontaneous hydrolysis was recorded (405 nm), until a stable linear hydrolysis was 

recorded after which 20 µl of protease stock was added. The absorbance increase was recorded for 2 

min after addition of protease to ensure linear that extrapolation was possible. The amount of active 

sites were determined based on release of p-nitrophenol using a molar extinction coefficient for the 

phenolate at 405 nm (18.3 ∙ 103 M-1 ∙ cm-1) (15). The active site concentration was generally 85-90% of 

that determined by absorbance measurements at 280 nm. Solid 4-Methylumbelliferyl p-

guanidinobenzoate (Sigma Aldrich) was dissolved in acetonitrile to make stock solution (100 µM). A 

stock solution of T-like protease (≈8 µM) and porcine trypsin (≈9 µM, Sigma Aldrich) was prepared 

based on absorbance at 280 nm. Active sites were determined by mixing 2 µl 4-Methylumbelliferyl p-

guanidinobenzoate stock solution with 198 µl 50 mM tris-buffer pH 8 in a fluorimeter cuvette and the 

spontaneous hydrolysis was recorded by excitation at 365 nm (slit width 2.5 nm) and emission 

observed at 445 nm (slit width 10 nm), until a stable linear hydrolysis was recorded after which 20 µl 

of protease stock was added. The emission increase was recorded for 2 min after addition of protease to 
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ensure that linear extrapolation was possible. The amount of active sites were determined based on a 

standard curve of free 4-methylumbelliferone (0.01 µM–0.1µM). Triplicates of all the active site 

titrations were performed, giving two times the standard error of mean lower than 5% for all 

measurements. 

 

Protease activity towards different substrates 

Stocks of the five proteases (T-like protease, C-like protease, Trypsin, Proteinase K and Subtilisin A) 

were prepared, based on the active site titrations, to a concentration of 0.4 µM active sites. Five 

substrates were used for activity analysis (Azokeratin, keratin azure, azocasein, duck feathers and dog 

fur) Duck feathers and dog fur was defatted in 96% Ethanol by sooking them for 5 min after which 

they were dryed at 30 °C for 24 h. Azokeratin and keartin azure assays were performed as described 

above and carried out at both 37 °C and 60 °C. Azocasein assays were performed by preparing a 10 

mg/ml azocasein solution (1.35 ml) in 50 mM tris-HCl, 1 mM CaCl2 pH 8 (pH adjusted at incubation 

temperatures), 150 µl protease stock was added and samples incubated at 37 °C. The reaction was 

sampled periodically (100 µl), these samples were added 10 µl TCA 100% w/v and centrifuged (10 

min, 15.000 g). The supernatants (75 µl) was transferred to 96-well plates, added 125µl 0.5 M NaOH 

and absorbance was measured at 415 nm. The duck feather and dog fur was tested essentially as 

described for the keratin azure. Degradation was evaluated by measurement of absorbance (280 nm) on 

sample supernatant indicating release of protein. 
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Results and discussion 

Purification and identification 

Amycolatopsis keratinophila has previously been found to grow on keratinous materials like feather-

meal and wool (10), which is the reasoning behind investigating its ability to grow on steam treated 

slaughterhouse by-product consisting mainly of pig bristles and nails. Furthermore, culture supernatant 

containing proteolytic enzymes produced by A. keratinophila has shown great capability towards 

degradation of keratinous by-product products (CHAPTER 6 – Manuscript 4), prompting the 

investigation of protease expressed by A. keratinophila. The results show that A. keratinophila grows 

well on the keratin media, exhibiting about a two day lag phase before keratinase activity is observed 

and free protein levels increase (Figure 1). It is interesting to note that during the first two days of 

incubation, the free protein present in the media is not initially consumed by the organism before 

keratinase activity is observed. This is in good agreement with previous studies, indicating that the 

presence of what is considered easier available nitrogen and carbon sources, does not suppress the 

keratinase and protease secretion by A. keratinophila (16). During the course of two-three days (48 – 

110 h) the keratinase activity and free protein increases to maximum level after which the keratinase 

activity decrease, while the level of free protein stays constant through to the end of the experiment 

(160 h). Whether there is a metabolic reason behind this decrease in keratinase activity or the bacteria 

viability is cause of this observed decrease, is not known. Furthermore, it is noteworthy that the 

keratinase activity peak co-aligns with levelling off of the free-protein concentration in the supernatant, 

indicating that at the present conditions the keratinases in the culture are not able to release more 

protein from the keratin substrate even though the activity levels are high. At the end of the 
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measurement period (160 h) the free protein concentration in the culture supernatant reaches 1.69 

mg/ml, this together with the protein background (protein at 0 h) amounts to 2.64 mg/ml protein. This 

correlates with 36.6% of slaughterhouse by-product being converted to free protein, assuming that 

72.6% of the by-product constitutes protein, which is based on amino acid analysis (17).  Another 

common mode of degradation used by bacteria and fungi on keratin rich materials is reduction of the 

high amounts of disulphide bonds found in the matrix and between the individual keratin molecules (7). 

We measured the concentration of free thiols in the supernatant and though levels of free thiols increase 

at the same time as the activity towards azokeratin and the free protein concentration, it does not follow 

the same profile. If we correlate the amount of free thiols with the amount of free protein present at the 

end of growth (160 h) and the amino acid profile of the by-product, the free thiols detected here only 

account for about 4% the theoretical amount expected if the free protein released during degradation 

has the same amino acid profile as the substrate. This indicates that reduction of disulphides bridges 

might not be an approach utilized by A. keratinophila for decomposition of the keratin material. A 

different reason could be that the free thiols are still present in the insoluble substrate and not detected 

in the soluble fraction or that the bacterium utilizes another method of disulphide bond breakage 

(sulphitolysis). 

In an attempt to dissect the protease profile expressed by A. keratinophila during growth on the 

slaughterhouse by-product, proteases were purified from a culture supernatant harvested at peak 

keratinase activity (≈ 120 h). A zymogram of the supernatant shows three major and at least two minor 

proteolytic species active under these conditions (Figure 2). An ammonium sulphate precipitation 

served to concentrate the supernatant and resulted in good recovery of the activity as judged by activity 

towards both the azokeratin and keratin azure (Table 1). The concentrated supernatant was fractionated 
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by applying it to a Resource S column (cation exchange) at pH 8. As can be seen in Figure S1, about 

75% of the activity (azokeratin and keratin azure) is recovered in the column flow-through together 

with most of the other proteins and impurities (280 nm). It also observed that later fractions (B15–B7), 

representing proteins separated from the majority the other species in the culture supernatant, contains 

proteins active towards the keratin substrates. While we in this study have chosen to focus on the 

proteins separated from the flow-through, the proteins the flow-through are currently under 

investigation. Fractions containing azokeratin activity (B15–B7) were pooled and subjected to yet 

another separation on the Resource S column, but at pH 4, resulting in better separation of the active 

species (Figure S2). The majority of the activity is defined in two peaks with maxima around fractions 

A15 and B7, which by SDS-PAGE resulted in two clear bands of similar size, fraction A15 containing 

a smaller protein (≈26 kDa) than the one in the B7 fraction (≈28 kDa) (Figure 3). The protein in the 28 

kDa band seems to possess at least one disulphide bridge since the migration of the protein is altered by 

the presence of a reducing agent, in the sample buffer (Figure S3). The migration length of the 26 kDa 

protein band was not affected, which is in agreement with the presence of only a single possible 

disulphide bridge within the protein structure (Pos85 and Pos101 of the alignment, Figure S8). 

Zymograms of the two purified proteases indicate that these can be two of the major proteolytic species 

in the supernatant (Figure 2 and Figure S4). The proteins were identified by trypsin digestion, followed 

by LC-MS/MS analysis, identifying both proteases as having a trypsin like sequence (Conserved 

Domain Database search engine (13), data not shown) and thus belong to the S1 family of protease 

(Figure S5 and 6). The protease in the 28 kDa band was termed T-like protease and showed above 60% 

sequence identity with three trypsin-like proteases in the Uniprot/Swiss-prot databases (Figure S7). The 

protease in the 26 kDa band was termed C-like protease and only showed low identity (< 35%) with 

proteins from the Uniprot/Swiss-prot databases (Figure S8).  Proteases belonging to S1 family of are 
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rarely associated with activity on keratinous substrates (18), thus this discovery is unusual and 

broadens the spectra of proteases that could be considered important for keratin degradation as they are 

active towards both the azokeratin and keratin azure. The LC-MS/MS analysis furthermore indicates 

that the purified protease samples contain less than 2% impurities (data not shown). 

Characterization 

First the proteases were used for digestion of the slaughterhouse by-product material, from which the 

proteolytic peptides released into the supernatant where subjected to LC-MS/MS analysis, revealing the 

specificity of the proteases at the P1 site. For the T-like protease the specificity was clearly 

characteristic of a trypsin-like protease, with Arg and Lys being heavily represented at the N-termini 

(P1) of the identified peptides (Figure S9). Analysing the primary structure of the T-like protease with 

the Conserved Domain Database and aligning it with other trypsin-like proteases (Figure S7), reveals 

that the substrate coordinating amino acid is Asp, similar to all trypsin-like proteases used for the 

alignment. The fact that an Asp is present at the exact proposed site of substrate coordination, as is seen 

for representative trypsin proteases, gives further credibility to the trypsin-like specificity observed. As 

for the C-like the specificity, the same analysis did not yield as clear a picture, though it clearly differed 

from the T-like protease (Figure S10). Most notably is the apparent specificity towards Ala, Val and 

Ile, which is distinctly different from that of the T-like protease. Furthermore, we also see an apparent 

specificity towards Arg, however this apparent specificity might be caused by impurities in the 

substrate and the instrument’s bias towards more positively charged ions. Similar results have been 

observed in other studies utilizing LC-MS/MS for protease specificity determination (19). Analysing 

the primary sequence of the C-like protease reveals that it shares relatively low sequence identity (≤ 

35%) with proteins from the Uniprot/Swiss-prot database (Figure S8). It is also observed that while the 
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protease aligns with trypsin-like proteases it does not share the Asp as the coordinating residue, but 

instead has a Ser. This reinforces the MS data, which show different specificity from to the T-like 

protease. Furthermore to measure the concentration of active sites showed that the C-like protease was 

not active towards the flourometric chymotrypsin substrate 4-methylumbelliferyl p-

trimethylammoniocinnamate, which simulates a large hydrophobic amino acid site chain (data not 

shown). From the mass spectrometry data we can also verify that both proteases cleave different 

keratins in the slaughterhouse by-product, among them the krt81, krt84, krt85, krt31, krt33b and krt34, 

which all have been characterized as  “hard keratins”, located in different parts of hair and nails (20). 

The specificity of the two proteases was further verified by cleavage of the synthetic substrates N-

succinyl-Ala-Ala-Val p-nitroanilide (C-like) and Nα-Benzoyl-L-Arg p-nitroanilide (T-like), which were 

also used for further characterization of the proteases.  

The temperature profiles of the two proteases further discriminate them from each other, showing the 

widely different optima (Figure 4A and 4C). The T-like protease has an optimum around 40 °C, which 

is lower than the trypsin counterparts found in mammalians (21)(22). The C-like protease optimum is 

around 60 °C. Compared to the T-like protease, the optimum temperature of the C-like protease is 

much further from the optimal growth temperature of A. keratinophila, which is around 28 °C (10). It 

has however been shown that the protease activity of the culture supernatant from A. keratinophila 

grown on slaughterhouse by-product, as the one used in this study, has an temperature optimum around 

60 °C (CHAPTER 6 – Manuscript 4). This indicates that the C-like protease could play a role, when 

culture supernatant is used for hydrolysis of slaughterhouse by-product at elevated temperatures 

(CHAPTER 6 – Manuscript 4). The dependency of protease activity on pH gave similar results for both 

proteases (Figure 4B and 4D), with optimum around neutral to slightly alkaline pH (pH 8–9). The 
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protease activities were then tested in presence of different metal ions and chemical additives (Table 2).  

Both proteases showed a slight increase in activity upon addition of divalent ions Mg+2 and Ca+2, while 

the Cu+2 and Zn+2 has a distinctly negative effect on the activity. This could indicate that the two 

proteases bind Mg+2 and more likely Ca+2, as observed for other protease in the S1 family (23). The 

dependence on metal ions is further established for the T-like protease, as 10 mM EDTA also affects 

the activity negatively. Surprisingly, 10 mM EDTA has no effect on the C-like protease’s activity. As 

expected both protease are inhibited by the serine protease inhibitor PMSF. Additionally the disulphide 

bond breaking reagents DTT and sulphite have negative effects on the activity of both proteases. This 

indicates that both proteases contain disulphide bonds that are important for the activity, which is likely 

do to their importance in maintaining the structural integrity. The dose shift from 1 to 10 mM of the 

reagents does however not seem to have much effect on the activity, indicating that 10 mM of these 

reagents can be used in combination with the proteases for degradation purposes. While the non-ionic 

surfactants have a positive effect on the activity of the proteases at low concentrations, this effect is lost 

at higher concentration and results in a slightly negative effect. SDS has a clear negative effect on the 

proteases in the concentration range tested. 

The ability of the two proteases to degrade three different proteinous materials was tested and 

compared to trypsin, proteinase K and subtilisin from Bacillus licheniformis near the temperature 

optimum of the T-like and the C-like proteases. All protease stocks were analysed for active site 

content, to ensure equal concentrations of active sites in the reactions. Proteinase K showed the highest 

activity of all the tested proteases on azokeratin both at 37 °C and at 55 °C (Figures 5A and B), which 

is to be expected considering proteinase K is known for its activity towards keratinous substrates (24). 

Neither the T-like nor the C-like protease outperformed trypsin in the duration of the experiment and 
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C-like protease was the least active at 37 °C. At 55 °C the C-like protease is performing much better 

than at 37 °C, which is to be expected from its temperature profile, however it is not outperforming 

trypsin and is inferior compared to proteinase K. Activity assay using the more homogenous keratin 

substrate, keratin azure, showed some interesting tendencies (Figures 5C and 5D). Unlike the results 

with the azokeratin substrate, proteinase K does not standout as being significantly more active, 

compared to the C-like protease and trypsin at 37 °C. However, they are all three significantly more 

active than the T-like protease. The keratin azure substrate seems to favour the C-like, compared to the 

T-like, indicating that the two proteases have different specificities towards the two substrates. 

Proteinase K is again the most active of the proteases at 55 °C, but the C-like protease shows an 

interesting trend within the first 15 h by keeping a steady level of degradation, which is why the 

degradation analysis period was extended to 40 h. Compared to proteinase K and trypsin, C-like 

protease has lower degradation within the first 7 h, however, at 15 h when the trypsin degradation 

effecientcy decreases, the C-like protease’s degradation is more or less unchanged throughout the 

experiment. Furthermore, as the proteinase K activity also begins to level off, the gap in absolute 

degradation between proteinase K and the C-like proteases is decreasing. In this setup the C-like 

protease thus seems to be close to on par with proteinase K as a keratin degrader. Assays on the 

universal protein substrate azocasein indicate that the two proteases in this study have the lowest 

specific activity towards azocasein, under the given conditions (Figure 6). This indicate that the T-like 

and C-like proteases have a higher specificity for the keratinous substrates than proteinase K, subtilisin 

and trypsin, if the ratio between keratin activity and casein activity is taken of a measure of these (25). 

On a molecular level these proteases would thus be interesting to further investigate, to get more 

knowledge on what interactions are responsible for conveying this apparent specificity towards the 

keratinous substrates. Testing the activity towards dog fur and duck feathers resulted in only proteinase 
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K showing activity and only towards the duck feathers when incubated at 55 °C (data not shown). Thus 

under the tested conditions the two proteases does not seem to show any noteworthy degradation of 

these keratin materials.  

 

Conclusion 

Two proteases were purified from the culture supernatant of A. keratinophila grown on steam treated 

slaughterhouse by-product consisting mainly of pig bristles and nails. The proteases were purified 

based on their activity towards the azo-dyed slaughterhouse by-product and keratin azure. Both 

proteases were identified by LC-MS/MS and shown to belong to the S1 family of proteases.   The 

proteases showed different physico-chemical properties and cleavage specificities. The T-like protease 

clearly showed close relations to trypsin-like proteases, as indicated by sequence alignment and it 

possessed a clear specificity towards Arg and Lys at position P1. The C-like protease only showed low 

sequence identity by alignment with proteins in the Swiss- and Uni-prot databases and had an apparent 

activity towards small to medium sized hydrophobic amino acids (Ala, Val and Leu). Both proteases 

showed significantly lower activity towards azocasein, compared to the other tested proteases, while 

being more on par when activity was measured towards the keratinous substrates azokeratin 

(slaughterhouse by-product) and keratin azure. These results points towards the purified proteases 

having an apparent higher specificity towards keratin substrates compared to the other tested proteases. 

It was furthermore verified by LC-MS/MS that the two proteases hydrolyze the keratin proteins in the 

slaughterhouse by-product, as peptides from these substrates were identified. It is unclear what 

biological role these two proteases play in the degradation process, but the C-like protease has potential 

as a keratin degrader, possibly in combination with other proteases at elevated temperatures (55 °C). 
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Figures and Tables 

Figure 1: Growth of Amycolatopsis keartiniphila on keratinaceous slaughterhouse waste. Amycolatopsis 

keartiniphila was grown on slaughterhouse waste and three parameters where followed throughout the growth 

period. Activity towards azokeratin (circle), concentration of free protein (square) and concentration of free 

thiols (triangle) all showed a lag phase until 75 h, after which the all three parameters increase. The azokeratin 

activity peaks at 120 h after which it decreases, while the free protein concentration stays at level and the free 

thiol concentration increases steadily. The error bars are the standard deviation of three replicates. 
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Figure 2: Casein zymogram showing the protease 

profile of Amycolatopsis keratinophila culture 

supernatant and the two purified proteases. The 

culture supernatant shows the clear presence of proteases 

capable of cleaving casein resulting in bright clearing 

zones on the gel. The two purified proteases also show 

clearing zones corresponding to some of the major 

clearing zones in the supernatant sample. Due to the 

running conditions the clearing zones are not necessarily 

representative of the molecular weight of the proteases. 

Furthermore the T-like sample contains two clearing 

zones, which is hypothesized to be due to a folded and an 

unfolded fraction of the protease. 
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Purification step Azokeratin Keratin azure 

 
Absolut activity Yield (%) Absolut activity Yield (%) 

Culture supernatant 1691 100 478 100 

AMS precipitation 1727 102 495 104 

Sample for IEC (pH 8) 1600 94.6 489 102 

Sample for IEC (pH 4) 402 23.8 135 28.3 

T-like protease 133 7.9 - - 

C-like protease 177 10.5 - - 

Table 1: Table summarizing the purification process, followed by the activity of samples towards azokeratin 

and keratin azure. The purification of the two proteases was followed by the activity towards azokeratin and keratin 

azure, showing the same activity yield at each step of the purification. Absolute activity is the absorbance measured 

during the assay multiplied by the amount of sample for a given purification step.  
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Figure 3: Nu-PAGE gel showing the 

purified proteases. The two purified 

proteases show almost equal size with the T-

like protease being slightly larger as judged by 

these results. The amount of both proteases 

loaded on the gel is 10 µg and they thus quite 

pure as visualized here.  
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Figure 4: Temperature and pH profile of the T-like and C-like proteases. The temperature profile of the 

two proteases are widely different with the T-like (A) protease having a maximum around 40 °C and the C-

like (C) around 60 °C. The pH profiles of the two proteases are more similar with both the T-like (B) and 

the C-like protease (D) having maxima in the range between pH 8–9. The error bars are the standard 

deviation of three replicates. 
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 C-like T-like 

Additive/Concentration 1mM 10mM 1mM 10mM 

Tris 100 +/-2.5 100 +/-2.8 100 100 +/-4.1 

Ca+2 100.1 +/-1.3 106.5 +/-1.5 105.1 +/-2.9 117.6 +/-0.8 

Mg+2 93.1 +/-2.4 104.5 +/-0.1 100.8 +/-9.0 105.5 +/-2.7 

Zn+2 93.0 +/-1.5 78 +/-0.9 50.1 +/-1.4 24.8 +/-1.4 

Fe+2 95.7 +/- 3.5 ND 102.9 +/-2.1 ND 

Cu+2 99.4 +/-1.6 72.9 +/-1.0 101.5 +/-2.8 63.1 +/-1.3 

Mn+2 98.2 +/-2.6 97.5 +/- 3.2 103.0 +/-1.1 104 +/-3.6 

EDTA 96.1 +/-4.8 100.5 +/-1.9 97.5 +/-2.7 53.3 +/-10.5 

DTT 77.2 +/-5.4 80.2 +/-2.5 97.4 +/-3.2 90.5 +/-1.5 

𝐒𝐎𝟑
−𝟐 92.8 +/-6.9 87.9 +/-1.8 90.9 +/-3.5 91.5 +/-2.3 

PMSF 65.1 +/-1.0 39.8 +/-1.7 94.2 +/-2.3 55.0 +/-2.4 

 
0.5% v/v 2.5% v/v 0.5% v/v 2.5% v/v 

Triton 126.3 +/-3.1 95.5 +/-4.2 110.3 +/- 3.9 90.0 +/-2.4 

Tween 123.9 +/-1.7 94.5 +/-2.1 117.5 +/- 4.0 92.0 +/-0.8 

 
0.1% v/v 0.5% v/v 0.1% v/v 0.5% v/v 

SDS 20.4 +/-6.3 0.8 +/-0.9 30.8 +/-2.4 0.7 +/-0.3 

Table 2: Activity of the two proteases in the presence of different metal ions 

and chemical additives. The activity of the two proteases at the different conditions 

is represented as percent activity relative to a reference sample (50 mM Tris-HCl, 

pH 8). The errors are the standard deviation of three replicates and ND is no data 
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Figure 5: Degradation profile of five proteases with azokeratin and keratin azure as substrates. 

Azokeratin (A and B) and keratin azure (C and D) was degraded using the T-like protease (square), C-

like protease (diamond), porcine trypsin (triangle), subtilisin A (cross) and proteinase K (circle) at two 

temperatures (37 °C and 60 °C). Proteinase K is shown to be the most effective at degrading azokeratin at 

37 °C (A) and at 60 °C (B), however of the two purified proteases the T-like is the most effective of the 

two at 37 °C, while the C-like is overall more effective at 60 °C (T-like not tested at 60 °C).  None of the 

protease tested showed a clearly higher degradation capability than the others at 37 °C. Notably, it is 

observed that the C-like protease is the better degrader compared to the T-like protease at 37 °C (C). At 60 

°C the C-like protease performs better than trypsin and at 40 h, is almost as good as proteinase K (D). The 

error bars are the standard deviation of three replicates. 
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Figure 6: Degradation profile of five proteases with azocasein as substrates. The 

degradation of azocasein was done using the T-like protease (square), C-like protease 

(spades), porcine trypsin (triangle), subtilisin A (cross) and proteinase K (circle) at 37 

°C. The two proteases purified in this study are clearly the slowest degraders of the 

universal protease substrate azocasein. The error bars are the standard deviation of three 

replicates.  
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Supplementary figures and tables 

 

 

 

 

 

 

  

Figure S1: Cation exchange chromatography of proteins from culture supernatant, performed at pH 

8. Cultures supernatant was subjected to fractionation using a Resource S column, eluting proteins with a 

gradient of increasing NaCl concentration. Fractions were assayed for azokeratin activity and active 

fractions were pooled (fractions within the bracket, B15–B7). Fractions A2 and A3 were diluted 10 times 

with buffer before being used in the assay, thus absorbances should be multiplied by 10. 
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Figure S2: Cation exchange chromatography of proteins from culture supernatant, performed at pH 

4. Pooled fractions from previous purification step were subjected to fractionation again using a Resource S 

column, but at pH 4, eluting proteins with a gradient of increasing NaCl concentration. Fractions were 

assayed for azokeratin activity.  
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Figure S3: Nu-PAGE gel of the two purified 

proteases with or without reducing agents. Samples 

of the two proteases were run of a Nu-PAGE gel at 

reducing (+ DTT) and non-reducing (- DTT) 

conditions. The results indicate that the T-like 

protease contains disulfide bridges in the structure, 

while the C-like protease could contain disulfide 

bridges that lesser degree alters the structure of the 

protease compared to for the T-like protease. 
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Figure S4: Nu-PAGE gel of the two purified 

proteases, with the gel being run at similar 

conditions as for the casein zymograms . Samples in 

this gel correspond to the same samples used in the 

casein zymogram of figure 2 and the gel is run 

similarly to the zymogram gel. The difference from 

figure 3 is thus only how the gel is run (lower voltage 

and low temperature). The proteins in these samples 

have been TCA treated, unlike for the zymogram and 

are thus suspected to be unfolded during the gel 

electrophoresis. I can be observed that the band in the 

T-like lane is of similar size as to one of the clearing 

zones obsereved on figure 2. 
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Figure S5: Primary structure of the T-like protease. Analysis of the primary structure of the T-like protease using 

the conserved domain database search engine and the Signal P online webserver indicates residues carrying important 

functions. A signal peptide was predicted to be cleaved off between Ala33–Glu34. Further processing was predicted 

to take place at Asp39–Val40. Following Val40 a trypsin-like domain was predicted with a substrate coordinating 

residue predicted at Asp209, responsible for the coordination of a Lys or Arg residue at the P1 site.  
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Figure S6: Primary structure of the C-like protease. Analysis of the primary structure of the C-like protease using 

the conserved domain database search engine and the Signal P online webserver indicates residues carrying important 

functions. A signal peptide was predicted to be cleaved off between Ala25–Ser26. Further processing was predicted to 

take place at Asn36–Ile37. Following Ile37 a trypsin-like domain was predicted with a substrate coordinating residue 

predicted at Ser192, responsible for the coordination of the P1 residue, which indicate that the specificity of the 

protease is not the typical trypsin specificity (Lys and Arg).  
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Figure S7: Alignment of the T-like protease with the top 10 hits in the BLAST of the protease 

against the Uniprot/Swiss-prot databases and human trypsin. The similarities between the 

proteins begin at position 40, where the presence of four hydrophobic amino acids is aligned in all 

proteins, resembling the N-terminal of a mature trypsin protease. At position 225 of the alignment the 

amino acid predicted to be responsible for the P1 specificity is found to be an Asp, which is similar to 

that of human trypsin and fits the results from the specificity analysis. Some of the blast hits have 

been truncated at the N-terminal to include only the trypsin domain, to shorten the alignment. 

Sequences are represented by their Uniprot accession number. 
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Figure S8: Alignment of the C-like protease with the top 10 hits in the BLAST of the 

protease against the Uniprot/Swiss-prot databases and human trypsin. The similarity 

between the proteins begins at position 54 and presence of four hydrophobic amino acids again 

aligns in all proteins, resembling the N-terminal of the T-like protease. At position 261 of the 

alignment the amino acid predicted to be responsible for the P1 specificity is found to be an Ser 

for the C-like protease, while for many of the other protease it is Asp as for human trypsin. This 

indicates that the C-like protease might not have specificity for Arg and Lys. Notably the C-like 

protease also contains a deletion just prior to the coordinating residue (Pos252–Pos259). 

Sequences are represented by their Uniprot accession number. 
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Figure S9: Analysis of peptides to give amino acid preference at P1 of the C-like protease. The peptides 

matched to the proteome of Sus scrofa was used for prediction of the P1 preference of the C-like protease. 

(A) The dark gray bars show the fraction of times that a corresponding amino acid was detected at the P1 

site. The analysis was done by looking at the amino acids located at the C-terminal of each peptide. (B) The 

dark gray bars shows the same as for (A) but the analysis was done by looking at the amino acids N-terminal 

to the detected sequence. This was done to try and circumvent the issue of peptides containing Arg and Lys 

at the C-terminal being represented more often do to instrument bias. The light grey bars are the amino acid 

profile when sampling random positions within the proteins detected in the experiment.  
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Figure S10: Analysis of peptides to give amino acid preference at P1 of the T-like protease. The 

peptides matched to the proteome of Sus scrofa was used for prediction of the P1 preference of the T-like 

protease. (A) The dark gray bars show the fraction of times that a corresponding amino acid was detected at 

the P1 site. The analysis was done by looking at the amino acids located at the C-terminal of each peptide. 

(B) The dark gray bars shows the same as for (A) but the analysis was done by looking at the amino acids N-

terminal to the detected sequence. This was done to try and circumvent the issue of peptides containing Arg 

and Lys at the C-terminal being represented more often do to instrument bias. The light grey bars are the 

amino acid profile when sampling random positions within the proteins detected in the experiment.  
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CHAPTER 5  
 

Proteomics analysis of Amycolatopsis keratinophila protease profile  
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Introduction 

This chapter describes the attempt to elucidate the protease expression profile of Amycolatopsis 

keratinophila subsp. keratinophila D2T, when cultured on the DAKA slaughterhouse by-product. 

Sequences within the genome of A. keratinophila coding for proteases were identified using PPR 

(peptide pattern recognition) analysis (1), while proteomics data verified the actual presence of encoded 

proteases. Protein fractionation combined with proteases, activity measurement guided the selection of 

proteases for cloning and heterologous production in Escherichia coli. 

 

Results and discussion 

PPR analysis of the genome of Amycolatopsis keratinophila  

A partial assembly of the Amycolatopsis keratinophila subsp. keratinophila D2T genome available 

through NCBI´s genome library was used for PPR analysis (1) to elucidate potential proteases encoded 

by the genome. Our results show that A. keratinophila has a large number of genes coding for proteases 

belonging to a wide range of protease families (MEROPS families) (Table 1). In total the genome is 

predicted to encode 621 proteins performing proteolytic actions. A large number of these proteolytic 

enzymes are not anticipated to be involved in degradation of extracellular substrates as their genes are 

not encoding signal peptides required for translocation to the periplasm, examples are family C39 with 

67 and family S33 with 104 predicted members of which only 1 and 16, respectively, have signal 

peptides.  

The protease families of special interest for keratin degradation are S8, M3, M14, M28 and M36 

(2)(3)(4). Family S8 is by far the largest contributor of known keratinases (5) and 18 of the 23 

predicted S8 peptidases include a signal peptide for periplasmic translocation, in excellent agreement 

with the keratin degrading capability of A. keratinophila involving S8 enzymes. Moreover, members of 

the M3 and M28 peptidase families have been proposed to work synergistically together with S8 
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peptidases in degradation of pig bristles (2). Only a single M3 and four M28 proteases are predicted 

and proteomics data will show whether members of these families are present during growth. A single 

member of the M14 peptidase family has been reported to degrade keratinaceous materials (3) and the 

prediction of four M14 is encouraging. The last family of special interest is M36 known in fungi for 

keratin degradation and present in high number in dermatophytes infecting skin, nails and hair, when 

compared to non-keratinolytic counterparts (4)(6). Notably, this family is mainly found in fungi and the 

present annotation to M36 of one gene in A. keratinophila is of interest. The bacterial counterpart of 

M36 is M4 and they resembling each other near the catalytic residues, however a BLAST search 

against the Uniprot/Swiss-prot database gives highest similarity with M36 fungalysin peptidases (data 

not shown). Besides these families known to contain keratinases, two proteases (referred to as T-like 

and C-like), which are found to be predominant within A. keratinophila culture supernatant are from 

the S1 family and capable of degrading the slaughterhouse by-product to some extent (CHAPTER 4 – 

Manuscript 3).  

 

Proteomics of Amycolatopsis keratinophila culture supernatant grown on slaughterhouse by-product 

In the light of the PPR analysis of the protease profile of A. keratinophila showing large content of 

proteases broadly representing families of known keratinolytic capability the actual proteases secreted 

to the medium during growth of A. keratinophila on the DAKA slaughterhouse by-product were 

identified using a proteomics approach. Initial experiments indicated that at d 5 of growth, which is 

under the given conditions having maximum activity towards azokeratin and maximum free protein in 

the culture, only 6 A. keratinophila related proteins were identified. Sample at d 3 increased the number 

to 61 identifications, which however is still considered relatively low. The difference was attributed to 

the high background in the culture supernatant created due to release of peptides and proteins from the 

slaughterhouse by-product after d 5 of culture. Based on these initial findings, the culture aliquots were 

collected at 24, 48, 96 and 120 h of growth. Proteins were isolated from an equal volume of supernatant 

to enable direct comparison of protease levels between samples. Unfortunately due to technical 

problems, neither the biological triplicates nor the daily samplings could all be compared and 12 

samples were used for identification of the protease profile 24–120 h across the growth period. 
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Analysis of MS spectra from all four days sampled (three replicates) identify 57 proteases distributed 

into 14 peptidase families (Table 2). Information about the proteases, including identification statistics, 

is found in Supplementary Table S1. As a total of 186 proteins were identified (Tabel S3), the 57 

proteases correspond to 30% of the described proteome.  

Focusing on the families known to contain keratinases, family S8 is represented with 12 proteases from 

A. keratinophila, which is high compared with the keratin degrading fungi Onygena corvina where five 

S8 peptidases were identified in the culture supernatant using a proteomics approach (2). Similarly, 

four M28 peptidases are identified from A. keratinophila while five were seen from Onygena corvina 

(2). Of the three remaining families M3, M14 and M36 known to contain keratinases, four from M14 

and one from M36, were identified in the culture supernatant (Table 2). By contrast as expected the 

predicted M3 member was not identified in the supernatant in agreement with its lack of leader peptide. 

A potentially high number of proteases involved in keratin degradation are present in the culture 

supernatant of A. keratinophila grown on the slaughterhouse by-product. Furthermore, a range of other 

proteases are present such as S1 peptidases of which 11 are identified, among them the T-like and C-

like proteases, both of which has already been characterized (CHAPTER 4 – Manuscript 3). Overall a 

large number of peptidase specificities are represented, endo- (S1, S8, and M36) and exo-peptidases 

from which both amino- (M28 and M1) and carboxy-peptidases (M14) are represented, but also di- 

(S15) and tri-peptidyl peptidases (α/β hydrolases). Though many proteases are identified, the amount 

of peptides and their matching to a specific protease (sequence coverage), can be used as an indication 

of the abundance in the sample. Generally, proteases are among the most confidently identified proteins 

in the culture supernatant and of the top 20 proteins identified with highest confidence, 17 are proteases 

(Table 3). Broad variation of peptidase families is represented among the most abundant proteins in the 

cultures supernatant. This once more verifies that A. keratinophila secretes many different proteases 

covering several specificities when grown with the DAKA product as sole source of carbon and 

nitrogen. 

 

Fractionation and identification of proteases from the A. keratinophila culture supernatant 
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While proteomics data give a picture of the protease profile in the culture supernatant, they do not 

disclose which proteases are important for the keratin degradation process. In an attempt to get that 

insight, the proteases from the culture supernatant were separated using anion-exchange 

chromatography (Supplementary Figure S1) and fractions were assayed using azokeratin at both 37 °C 

and 60 °C (Figure 1). It is observed that the flow through (fractions A3 – A7; Supplementary Figure 

S1) contains proteins with high activity towards azokeratin at 37 °C and 60 °C. In the subsequent 

fractions (A5-A11) activity decreases before elution of proteins is initiate by the NaCl gradient. The 

activity profile at 37 °C assayed for 2 h (Figure 1A) shows a gradual increase in activity from fraction 

A9–B12 and a decrease in activity (B12-B6) forming a broad elution peak. This large peak is followed 

by a gradual decrease in activity. The profile of activity assay for 20 h is very similar profile, but with 

overall higher activity. Assaying activity at 60 °C, however, led to activity peaks in a smaller number of 

fractions (A9, A13 and B12–B14), which were observed for 2 h and the 20 h incubation. As was also 

seen for assaying at 37 °C a base level of activity was found across the fractions, suggesting poor 

separation of proteases active on azokeratin. Moreover, these results indicate that not all proteins in the 

tested fractions react equally well at 60 °C compared to 37 °C. Thus the flow-through give rise to 

higher increase in activity at 60 °C as compared to 37 °C, when incubated for 2 h, while the opposite is 

observed for the 20 h incubation. Most of the proteases in these samples actually seem not to benefit 

from the elevated temperature.  

By separating and identifying the proteases in different fractions, we are able to suggest proteases 

responsible for the activity in the azokeratin assay by aid of LC-MS/MS analysis on every second 

fraction from A3 to C3 (16 samples). Focus will be on identified proteases as these are considered main 

responsible for the degradation. Considering all fractions most of the proteases were identified in the 

unfractionated culture supernatant (Table 1), indicating that essentially proteases were not lost during 

the fractionation. A full list of protease identifications from the fractionation of the culture supernatant 

is available (Supplementary Table S2). Using the ion intensity as an estimate of the abundance of 

proteins in each fraction, it is evident that the fractionation worked to some degree, by the gradual 

elution of proteases (Table 4). It is, however, observed that many proteases are detected over a large 

range of analyzed fractions and some are identified in all fractions. MS for some proteases, give low 

maximum intensity and few identified unique peptides indicating low abundance of these proteases, 
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while others gave high ion intensities and numerous identified peptides. This means that even though a 

protease is identified, the abundance can be relatively low and play no significant role in the 

degradation. On the other hand a high abundance does not necessarily constitute a high activity if the 

protease only has minor specific activity towards the azokeratin. This makes interpretation of the 

results difficult and both relative abundance and knowledge about the protease from bioinformatics 

analysis is needed for evaluation of the results. 

One of the most interesting fractions (A3) contains some of the most abundant proteases as judge by 

intensity, includes interesting families (S8 and M28) and has highest activity in the azokeratin assay. 

The S8 (gi|1020292961) and M28 (gi|1020292008) peptidase, are also identified with high confidence 

and give rise to a high number of peptides from the unfractionated culture supernatant, indicating that 

these two proteases may be important for the degradation process. Other notable proteases present in 

fraction A3 is the S1 protease (gi|1020304291, C-like protease), which has a relatively high intensity, 

although it has highest intensity in fraction A11. This points to one of the issues with the results from 

this experiment, namely that many of the proteases are identified across a large number of fractions and 

for some cases in all fractions. Looking at the two S8 and M28 proteases they have maximum intensity 

in fraction A3, however, high abundances are also obsereved in the remaining fractions and in many 

cases they show higher intensity than proteases with otherwise maximum intensitie. This may explain 

the rather similar level of activity towards azokeratin observed with almost all fractions (Figure 1).  

Fractions A15–B8 assayed at 37 °C show another peak in activity which correlates with peak intensity 

of the previously named T-like protease (gi|1020292854) from family S1. The T-like protease is 

abundant in the culture supernatant. However, high activity at 60 °C is found for fractions B14 and B12 

where activity of the T-like protease would be abolished or greatly reduced. Other candidates 

contributing with activity at 60 °C and 37 °C in these fractions is the S8 peptidase (gi|1020291517) and 

the M7 protease (gi|1020292965) both of maximum abundance in these two fractions. The S8 peptidase 

is the protein identified with highest confidence from the culture supernatant and possibly it is 

important in the keratin degradation. Although no keratinase has been reported from the M7 family and 

little is known about the specificity of M7, a characterized member has optimal temperature around 50 

°C which may support that an A keratinophila protease from this family is active at elevated 

temperatures (7). It is not known if the activity observed in fractions B4–C3 stems from proteases that 



 
 

184 
 

seems specifically eluted in these fractions or whether it is due to the presence of the highly abundant 

proteases observed in fraction A3.  

It is not possible to deduce the contribution to keratin degradation of each protease in the culture 

supernatant based on activity found in fractions from the anion exchange fractionation, because the 

separation was not efficient, yielding broad elution profiles and a high number of proteases co-eluting. 

The results suggest that an S8 (gi|1020292961) and an M28 (gi|1020292008) peptidase are key players 

in degradation of the DAKA product by A. keratinophila. Furthermore, the two previously 

characterized T-like and C-like proteases are also highly abundant and lastly a potentially highly 

abundant S8 protease (gi|1020291517) is also a candidate that could be important for the degradation.  

 

Cloning and expression of protease from Amycolatopsis keratinophila 

The results above suggest number proteases found in the culture supernatant, which might be involved 

in the degradation of the keratinaceous DAKA product. A number of these were selected for cloning 

and heterologous production. Such recombinant proteases would be useful for reconstitution and 

enhancing keratinolytic capabilities of the culture supernatant. The proteases were chosen (Table 5) 

based on proteome analysis of unfractionated and fractionated supernatant and furthermore to embody 

a broad selection of protease types. The T-like and C-like S1 proteases where included since they have 

characterized after purification from the culture supernatant found activity towards the DAKA product 

(CHAPTER 4 – Manuscript 3). The two S8 peptidases are speculated to be responsible for the activity 

towards azokeratin eluted in fractions A3 and around B14. One M28 peptidase was chosen because it 

was found in A3 and the other was the most confidently identified M28 peptidase from the 

unfractionated culture supernatant analysis. The last two proteases were selected for being among the 

20 most confidently identified proteins and representing different activities than the other selected 

proteases. The protease with accession number gi|1020292516, was chosen mainly to provide diversity 

and because no specific peptidase family could be assigned it, aside from it being a metalloprotease. It 

thus represented a possible novel activity in keratin degradation and belonged to the top 20 list of 

identified proteins in the culture supernatant. The protease designated M11_1 was chosen based on 

novelty and a high abundance found by MS. Together these selections comprise endo-acting peptidases 
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(S8 and S1), exo-acting aminopeptidases (M28) and carboxypeptidases (M14), and also a dipeptidyl 

peptidase (S15) and a putative tripeptidyl peptidase (S8_3). At the time of selecting proteases for 

heterologous production the presence of the M36 peptidase, was not known, otherwise this would have 

been included.  

The T-like and C-like proteases were the first to be cloned for production in E. coli. Based both on 

alignments with similar proteins and the sequence coverage in LC-MS/MS experiments (CHAPTER 4 

– Manuscript 3), these two proteases were shown to be processed to yield mature proteases. The 

primary structures of the mature proteases were predicted and the corresponding genes were 

constructed to avoid problems with processing of zymogen in the host. Because the N-terminal residue 

in trypsin-like proteases interacts with the active site (8), introducing an N-terminal Met by 

intracellular expression could cause problems if the protein would not be processed correctly. If this 

Met was not removed or partially removed in the host (9) a pool of two protease species, one possibly 

with impaired activity, can be envisaged. Such forms would be difficult to separate and therefore 

extracellular production was chosen, using the pET22b vector system that carries the PelB leader 

sequence. The translocation system cleaves directly after the leader peptide leaving the N-terminal 

residue of the mature protease. It was observed that overnight cultures for E. coli transformed with the 

vector carrying the C-like protease gene, suffered from cell death even without induction, when grown 

at 37 °C. This behavior was not detected for hosts transformed with the T-like protease gene. This 

prompted the suspicion that induction of the C-like protease could lead to pronounced cell death. 

Indeed at 2 h after induction of C-like protease, cultures began to be more transparent with flocculating 

cell debris, except for cultures induced at 20 °C (visual inspection). Similar observations were not made 

during the T-like protease expression. This behaviour was, a good indication that C-like protease was 

produced in an active form. Different conditions were tested for expression of proteases and activity for 

azokeratin was measured on the supernatant (Table 6). This clearly indicated that the C-like protease is 

produced as higher activity was found in induced compared to the non-induced cultures. Results also 

show while the production of the C-like protease was initially slow at 20 °C, the highest activity was 

reached in the end (20 h), which could be due to E. coli being less vulnerable than at 37 °C. Neither of 

the conditions tested for T-like protease production yielded much active protease. It was checked if the 

C-like protease was present in the culture supernatant in amounts visible in SDS-PAGE using a 
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precipitated sample of culture supernatant (Figure S2). No induction of a protein of the correct size was 

clearly detected in this way. In addition the induced cells were analysed by SDS-PAGE to check for 

protease being located in the periplasmic space, however this seemed not to be the case (Figure S3). 

The same analysis was performed for the T-like protease but no induction was indicated here either 

(Figure S4) and attempts to produce the T-like protease in E. coli were discontinued. Different 

measures were taken to overcome the issue with cell death in the overnight cultures and during 

expression, eventually to improve the yield. Thus E. coli BL21(DE3)pLysS strain was used for 

expression and the bacteria (BL21) was kept at 20 °C from transformation all the way to induction also 

taking place at 20 °C. None of these trials result in culture supernatants with higher activity towards 

azokeratin (data not shown). However, larger scale cultures and purification using a C-terminal His6-

tag on the C-like protease resulted in C-like protease visible in SDS-PAGE (Figure 3), accompanied by 

activity towards azokeratin (Figure S5), verifying the production of the protease. The yield was low 

and estimated to 200 µg/L culture supernatant and moreover further purification was needed. In 

comparison to the 1–1.5 mg/L culture protein that is routinely purified from the culture supernatant of 

A. keratinophila grown on the DAKA product, it is not suitable to use the recombinant expression for 

acquiring the pure proteases, in the current state. In conclusion recombinant production of the C-like 

protease is possible, but improvement of the yields is necessary.  

Of the remaining targeted proteases (Table S3) cloning of the genes failed for two (M28_2 and S15_1) 

and the successfully cloned genes were first attempted expressed intracellularly in E. coli. As was seen 

for the C-like protease E. coli suffered from issues with cell death in non-induced overnight cultures as 

well as in induced cultures, indicative of the presence of active proteases. Of the tested proteases it was 

only the S8_3 protease, which did not induce the protease production as visualized by SDS-PAGE 

(Figure 4 and S6). Unfortunately the proteases were produced as inclusion bodies as they were located 

together with the lysed cell debris after centrifugation. To overcome this problem the recombinant 

proteases were directed to the periplasm of the E. coli using the same vector system as for the C-like 

protease no activity towards azokeratin was detected in the supernatants (data not shown). This cannot 

rule out the possibility that the proteases are expressed, since it is not known if they are active towards 

the azokeratin, although at least the S8 peptidases are expected to degrade keratin. Even though the 

expression studies were limited in scope with regard to the variation of conditions (temperature), they 



 
 

187 
 

suggest to use a different host/expression system for these proteases. As the bacterial host seems to lyse 

when active protease is a crucial limiting factor and Pichia pastoris could be a more suitable host, as it 

has been used before for expression of proteases (2). 

 

Conclusion 

PPR analysis of the genome and proteome analysis of the culture supernatant from A. keratinophila 

growing on the DAKA keratinaceous product show abundant protease secretion to the supernatant and 

provides a rare insight into the secretome of a keratin degrading organism. The PPR anaylsis shows 

that A. keratinophila is capable of secreting a variety of proteases from families known to contain 

keratinolytic members (S8, M3, M14, M28 and M36). All families except for M3 were represented in 

the culture supernatant. S8 and M28 appeared as the most prominent families. The M36 peptidase is of 

special interest as proteases from this family are recognized as key in keratin degradation by 

dermatophytes (fungi). Further investigations of the single M36 peptidase in A. keratinophila would be 

important to elucidate the specific role of this protease. In addition to known keratinolytic peptidase 

families, a broad selection of protease families are represented resulting in a vast array of proteolytic 

actions categorizing A. keratinophila as an effective degrader of proteinaceous materials in general. 

Attempts on cloning and heterologous production of 11 proteases, which cover some selected of the 

many proteases secreted by A. keratinophila, resulted in only one recombinant protease (C-like), being 

expressed and partially purified. Further work is needed to reconstitute the protease cocktail in the 

culture supernatant by recombinant proteases. 

 

Methods and material 

PPR analysis of the Amycolatopsis keratinophila genome 

A partial genome assembly of Amycolatopsis keratinophila with accession number GCA_001620365.2, 

was acquired from NCBI. The PPR analysis was performed at the lab of Lene Lange by Yuhong 
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Huang. The method is still unpublished. Signal peptides were predicted using the SignalP 4.0 

webserver (10).  

 

Culture supernatant preparation for proteomics  

Overnight cultures of Amycolatopsis keratinophila D2T (strain number: DSM 44409) were produced by 

inoculation of glycerol stocks into 10 ml LB in 50 ml sterile NuncTM tubes and incubated (48 h, 30°C, 

shaking at 180 rpm). Overnight culture (1 ml) was used to inoculate 3 x 100 ml Keratin Liquid Medium 

(KLM) containing 10 g/L crushed keratinous slaughterhouse by-product (DAKA), 5 mM NaCl, 5 mM 

NaH2PO4/Na2HPO4, 1 mM gCl2, 0.01 mM CaCl2 and 1 µM ZnCl2 at pH 7.5, in 500 ml shake flasks. 

Cultures were incubated at 30°C, while shaking at 200 rpm. Aliquots (1 ml) were removed after at 24, 

48, 96, 120 and 148 h after inoculation. Samples were centrifuged (15.000 g, 10 min) to remove debris.  

 

Fractionation of culture supernatant by anion-exchange chromatography 

Culture supernatant (100 ml) was harvested after 120 h of growth by centrifugation (15,000 g, 20 min, 

4 °C) and proteins were precipitated by ammonium sulfate. Supernatant (100 ml) on ice was added 

ammonium sulfate (43 g) to reach 70 % saturation of  (4 °C). The precipitate was collected by 

centrifugation (10,000 g, 10 min, 4 °C) and the supernatant discarded. The pellet was dissolved in 50 

mM Tris-HCl, 1 mM CaCl2, pH 8.0 (pH adjusted at 4 °C) to a final volume of 5 ml, clarified by 

centrifugation (15,000 g, 20 min, 4 °C) and the supernatant was further purified was subjected to 

desalting using a 3 kDa spinfilter (Amicon®, Merck). An anion-exchange column (Resources Q, 6 ml, 

GE Healthcare Life Sciences) was equilibrated with buffer A (50 mM Tris-HCl, 1 mM CaCl2, pH 8.0), 

and 2 ml concentrated culture supernatant was loaded, at a flow-rate of 3 ml/min and fractions (3 ml) 

were collected monitoring absorbance at 280 nm. After the initial flow-through and the absorbance at 

280 nm was constant, a gradient elution by buffer B (1 M NaCl, 50 mM Tris-HCl, 1 mM CaCl2, pH 

8.0) reaching 40 % after 40 min followed. Samples were stored at −20 °C until further use.  
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Sample preparation for proteomics 

Protein (100 µl sample see above) was precipitated by 10 µl 100% w/v TCA solution TCA, incubated 

on ice (30 min) and centrifuged (15,000 g, 10 min, 4 °C). The supernatant was discarded and the 

protein pellet was washed by 200 µl ice-cold acetone, centrifugation as above and the supernatant was 

discarded. Pelleted proteins were dissolved in 20 µl 8 M urea, 50 mM Tris-HCl, pH 8, added 2 µl 500 

mM dithiothreitol and incubated (60 min, R.T.). A stock (4 µl) of freshly prepared 450 mM 

iodoacetamide in 50 mM Tris-HCl, pH 8 was added to the samples and reacted (R.T., 45 min, in dark). 

After alkylation 74 µl 50 mM Tris-HCl, pH 8 was added, followed by 2 µl of 0.1 µg/µl trypsin 

(Sequencing Grade, Promega) in 10 mM HCl. Samples were incubated at 20 °C overnight and the 

digestion was stopped by 2 µl 10% v/v trifluoroacetic acid. Samples were prepared for LC-MS/MS 

essentially as described (11). Peptides from 10 µl of digest were purified using a C18 reverse phase 

material (Empore™, 3M™, 3M company). Peptides were eluted by 10 µl 60% acetonitrile, 0.1% 

trifluoroacetic acid in water, and vacuum-dried until about 1 µl ermained, which were added 2.5 µl 2% 

formic acid followed by addition of H2O to a final volume of 10 µl.  

 

LC-MS/MS analysis of tryptic digests 

Samples were analyzed by LC-MS/MS and data were recorded in a data dependent manner on a 

Fusion™ Tribrid™ (Thermo Fischer Scientific). An EASY nLC-1000 liquid chromatography system 

(Thermo Fischer Scientific) was coupled to the mass spectrometer through an EASY spray source and 

peptide separation was performed on 15 cm EASY-spray columns (Thermo scientific) with 2 µm size 

C18 particles and inner diameter of 75 µm. Mobile phase consisted of solvents A (0.1% formic acid) 

and B (80% acetonitrile in 0.1% formic acid). The initial concentration of solvent B was 6%, a gradient 

was applied to reach the following concentrations: 14% B after 18.5 min, 25% B after further 19 min, 

38% B after further 11.5 min, 60%B after further 10 min, 95% B in 3 min and 95% B for 7 min. The 

total length of the gradient was 70 min. The full scans were acquired in the Orbitrap with a resolution 

of 120,000 and a maximum injection time of 50 ms was applied. For full scans, the range was set to 

350−1500 m/z. From full scans parent ions were selected based on the top 10 most abundant ions and 

were sequentially send for fragmentation with an isolation window of 1.6 m/z (12), and added to an 
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excluded list for 60 s. For the MS/MS scans the resolution was set to 120,000 and maximum injection 

time of 80 ms. The ions were fragmented in a higher-energy collision dissociation (HCD) cell with 

normalized collision energy (NCE) of 32% and analysed in the Orbitrap. 

 

Mass spectrometry data analysis 

Data were analyzed using PEAKS 8.0 (Bioinformatics Solutions Inc.). The MS spectra were processed 

and analyzed using PEAKS workflow with de novo sequencing of MS spectra followed by database 

search against a sequence library. A sequence library was constructed from trypsin digestion pattern of 

the proteome of Amycolatopsis keratinophila subsp. keratinophila, allowing for unspecific cleavage at 

one of the peptide termini and a maximum of three missed tryptic cleavages within peptides. A build-in 

contaminant database was simultaneously search. Mass tolerance was set to 15 ppm for the parent ion 

and 0.02 Da for the fragment ions. Carboxymethylation of cysteine was set as a fixed modification, 

while deamidation of glutamine and asparagine, acetylation of protein N-terminus and oxidation of 

methionine was set as variable modifications. False discovery rate on the peptide and protein level was 

not allowed to exceed 1 %. To further ensure confident identification of proteins, at least 2 unique 

peptides were needed for proteins to be considered identified. Identified proteases were searched 

against the results of the PPR analysis to verify the correct annotation.  

 

Cloning of protease genes 

Genomic DNA was purified from 5 ml harvested cells from an overnight culture of A. keartinophila 

grown on Luria Broth at 30 °C. The genomic DNA was purified essentially as previously described 

(13). The PCR reaction mixture contained 4 µl 5 x Phusion® HF buffer, 0.4 µl 10 mM dNTP, 1 µl 

forward and reverse primer (0.5 µM), 0.33 µl gDNA (100 ng), 0.6 µl dimethyl sulfoxide, 0.2 µl 1 U/µl 

Phusion® DNA polymerase and nuclease free water to a final volume of 20 µl. Primers were design to 

remove predicted signal peptides, but to include all predicted domains. The PCR reaction was initiated 

by an initial denaturation (98 °C, 1 min and 30 s), then 30 cycles of 10 s at 98 °C, 30 s at primer 

annealing temperature (Table S4) and 30 s at elongation temperature (72 °C) and the last step 10 min at 
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72 °C. After end reaction samples were stored at 4 °C. PCR products were separated and visualized 

(SYBR™ safe stain, Invitrogen™, Thermo Fisher Scientific) on an agarose gel, after which bands 

corresponding to the correct product size were excised and the PCR product was purified using 

QIAquick gel extraction kit according to the manufactures specifications. PCR products and plasmids 

were digested according to the specific restriction enzymes used as specified by the supplier (New 

England BioLabs® Inc.) and products were purified using the QIAquick PCR purification kit. Digested 

plasmids (pET28a and pET22b) and PCR products were ligated by incubating at a molecular ratio of 

1:3 (total DNA amount 50 ng) in 20 µl sample containing 10 x T4 ligase buffer, 0.2 µl 5 U/µl T4 ligase 

(Thermo Fisher Scientific) and nuclease-free water. The ligation mixture was incubated at R.T. for 10 

min, after which 5 µl was added to 50 µl chemically competent cells, which then incubated on ice for 

30 min. The cells were then put at 37 °C for 45 s, back in ice for 2 min, after which 1 ml of LB media 

at 37 °C was added and the samples incubated at 37 °C for 1 h, while shaking (800 rpm), before 100 µl 

of the transformation was plated on LB agar plates containing either kanamycin or ampicillin for 

selection.  

 

Recombinant expression of cloned genes  

Overnight cultures for inoculation were grown (16 h) at 37 °C by inoculating LB media containing 

appropriate antibiotic (kanamycin or ampicillin) with a single colony from agar plate. The expression 

culture was grown in shake flasks with baffles and inoculated with the overnight culture in a volumetric 

ratio of 1:100 and grown to the desired optical density (0.4, 0.8 or 2.5) at 37 °C, after which the 

temperature was adjusted to expression temperature (20 °C or 37 °C) and IPTG was added (0.01 mM, 

0.5 mM or 2.0 mM). Cultures were harvested by centrifugation (10,000 g, 20 min) after which the cell 

pellet was resuspended in lysis buffer (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), 300 mM NaCl, pH 7.5) and cells were lysed using a homogenizer (Stansted Fluid Power, 

UK). Cell debris was removed by centrifugation (15,000 g, 20 min) and the lysate store at −20 °C until 

use. Cultures where recombinant proteins directed to the periplasmic space were harvested as described 

above, and the supernatant was used for further purification. For His6-tag purification of C-like 

protease, culture supernatant (500 ml) was pH adjusted with HEPES buffer (0.5 M, pH 7.5), to pH 7.5 
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and 55 ml 1 M NaCl was added, followed by about 2.5 ml HisPur™ Ni-NTA resin (Thermo Fisher 

Scientific) and incubated for 4 h with gentle mixing. The resin recovred by centrifugation (700 g, 2 

min), packed in a gravity flow column and washed with 50 ml 50 mM HEPES, 10 mM imidazole, 300 

mM NaCl, pH 7.5. The protein was eluted with 20 ml 50 mM HEPES, 500 mM imidazole, 500 mM 

NaCl, pH 7.5 and 1 ml fractions were collected. Protein content was estimated spectrophotometrically 

from absorbance at 280 nm. For SDS-PAGE protein in the fractions was precipitated by TCA.  
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Figures and Tables 

  

Table 1: Summary of PPR analysis. Each MEROPS family with number  of 
identified members are represented in the table. MEROPS families that 
are colored darker blue are families whose members could be potential 
keartinases. The higher number of S8 peptidases identified in the 
genome is very interesting since many of the identified keratinsaes in 
literature are members of this family (subtilisin-like).  
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Table 2: Summary of the detected proteases from the LC-MS/MS analysis and corresponding resulst from 
the PPR analysis. Results from the two LC-MS/MS experiments have been tabulated and identified protease 
have been order into their predicted MEROPS families. The  “Proteomics (sup)” coulmn is results from the 
analysis of the unfractionated supernatant samples, while the “Proteomics (a-IEC)” column is results from 
the fractionation analysis. In addition to the PPR analysis results, the column with the headline “Potential”, 
are protease that have been predicted to be potential keratinases. The numbers correspond the number of 
proteases within the familie and the numbers within the parenthesis are the number of proteases that 
contain predicted signal peptides for extracellular translocation.  
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Table 3: List of the top 20 proteins identified with highest confidence. The table shows the results from the 
identification of proteases in the unfractionated culture supernatant and the associated identification 
statistics. -10lgP is the scoring system used in PEAKS and >20 means a protein identification with a P < 0.05. 
Coverage is the percentage of sequence covered by identified peptides. #Peptides is the number of peptides 
identified for the protein. #Unique is the number of peptides not uniquely identified to the protein. Family is 
annotated using CDD.  
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Figure 1: Azokeratin assay of fractions from anion-exhange chromatography. Fractions from the anion-
exchange were assayed using the azokeratin assay to visualize the seperation of active proteins within the 
fractions. The assay was conducted at 37 °C for 2 h (A) and 20 h (B) and at 60 °C for 2 h (C) and 20 h (D). The 
results show that for the 37 °C incubations (A and B), two prominent peaks are observed, one in the flow-
through fractions (A3–A7) and a broad peak in fractions A15–B6. The 60 °C incubations (C and D) show the 
same peak activity in the flow-through fractions when assayed with azokeratin, but the larger broad peak is 
not present. Instead two fractions (B14 and B12) show increased activity compared to the sourrounding 
fractions. Generally, the 20 h reactions have a relatively high activity in a broad selection of fractions. 
Absorbances are a result of a single measurment. 
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Table 4: Proteases identified in fractions from anion-exchange chromatography and peptide intensity based relative quantification. Protease have been sorted 
according to their relative intensity in the analysed fractions, as to give a illustration of gradual elution of proteases. Peptides from identified proteins were used to 
quantify relative abundance based on the intensity of the top 3 most intense peptides. Intensities of a protease within the fractions has been color coded going 
from green (high relative intensity) to red (low relative intensity), to represent the elution profil of the protease. The numbers below each fraction number is 
intensities transformed with Log10. Care should be taken to compare the relative intensities of proteases, since maximum intensity (green) of a protease in a given 

fraction can be still be low compared to other proteases. 
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Table 4 continued. 
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Table 5: Table of protease genes selected for isolation and recombinant expression. Genes of 11 
proteases were selected for expression based different criteria. The proteases represent a broad selection 
of the protease profile observed in the LC-MS/MS experiments. Of the 11 genes only 9 genes were 
isolated and cloned into expression vectors.  
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Table 6: Activity of culture supernatants, from various expression conditions, against azokeratin. 
Expression of the T-like and C-like proteases were done at various conditions to find the best 
expression conditions. While no activity is observed for the supernatants in the T-like expression 
cultures, the C-like cultures all show activity. It is also clear that expression at 20 °C, results in the 
highest activity after 20 h of induction, which could be a result of the E. coli not suffering from cell 
lysis at this temperature. Values are averages of triplicate measurements. 
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Figure 3: His-tag purification of C-like protease. C-like protease expressed 
into the culture supernatant was purified with Ni-NTA resin. A protein with 
the same mass as the c-like protease purified from A. keartinophila culture 
supernatant is eluting from the Ni-NTA resin. Lane 1: Marker 12 protein 
ladder, Lane 2-8: 2–8 ml of the elution from Ni-NTA resin. Lane 9: Purified C-
like protease (10 µg), Lane 10: Purified T-like protease (10 µg). Lane 10: 
Marker 12 protein ladder. 
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Figure 4: SDS-PAGE of cell pellet, cell debris and cell lysate to visualize the presence of 

proteins in possible inclusion bodies. Cells induced to express proteases were harvested, 

lysed and debris and lysate was separated. The location of the expressed proteases were 

visualized and observed as clearly expressed by high abundances of protein (black arrows). All 

proteases were located with the cell debris indicating that the proteases are expressed as 

insoluble form. Lane 1: Marker 12; Lane 2: M1 cells; Lane 3: M1 cell lysate; Lane 4 M1 cell 

debris; Lane 5: S8_2 cells; Lane 6: S8_2 cell debris; Lane 7: S8_2 cell lysate; Lane 8: M28_1 

cells; Lane 9: M28_1 cell debris; Lane 10: M28_1 cell lysate; Lane 11: M14_1 cells; Lane 12: 

M14_1 cell debris; Lane 13: M14_1 cell lysate; Lane 14: M11_1 cells; Lane 15: M11_1 cell 

lysate; Lane 16: M11_1 cell debris; Lane 17: S8_1 lysate, Lane 18: S8_1 cell debris, Lane 19: 

S8_1 cells Lane 20: Marker 12  
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Supplementary figures and tables 

  

1
Analysis of sequence with CDD show that S8 peptidase domains are predicted within the sequence 

Table S1: Summary of all the proteases 
identified in the complete culture 
supernatant. Proteases are sorted in 
MEROPS families. -10lgP is the scoring system 
used in PEAKS and >20 means a protein 
identification with a P < 0.05. Coverage is the 
percentage of sequence covered by identified 
peptides. #Peptides is the number of 
peptides identified for the protein. #Unique is 
the number of peptides not uniquely 
identified to the protein. Family is annotated 
using CDD. 
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Table S1 continue. 
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1
Analysis of sequence with CDD show that M28 peptidase domain is predicted within the sequence 

2
BLAST of the sequences against Uniprot/Swiss-prot databases indicates similarity to tripeptidyl aminopeptidases 

Table S1 continue. 
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Figur S1: Anion-exchange chormatography of the culture supernatant. The proteins within the culture supernatant were 
fractionated on a Ressource Q column. Two ml of the concentrated protein sample was applied to the column, the flow rate 
was set to 3 ml/min and fraction were collected (3 ml). Flowthorugh (fractions A3–A7) was collected and the 280 nm 
absorbance was allowed to  settle, before a gradient of the B buffer was adjusted to reach 40% after 40 min (20 column 
volumes). The B buffer concentration was then adjusted to reach 50% instantly, 2 column volumes eluted and then the B 
buffer was set to 100%. 
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Table S2: Summary of all the proteases identified in the fractionated culture supernatant. Proteases are 
sorted in MEROPS families. -10lgP is the scoring system used in PEAKS and >20 means a protein 
identification with a P < 0.05. Coverage is the percentage of sequence covered by identified peptides. 
#Peptides is the number of peptides identified for the protein. #Unique is the number of peptides not 
uniquely identified to the protein. Family is annotated using CDD. 
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Table S2 continue. 
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Table S2 continue. 
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Figure S2: SDS-PAGE analysis of culture 
supernatant containing expressed C-like 
protease. Culture supernatants that had 
shown acitivty towards azokeratin were 
analysed on SDS-PAGE gel to see if the 
expressed protease was visible. No visible 
protein with the mass of the purified C-
like protease was visible (upper band in 
lane 2). Lane 1: See Blue protein ladder, 
Lane 2: Purified C-like protease, Lane 
3:´20 h OD=08, Lane 4: 0 h OD=0.8, Lane 
5: 20 h temp=20, Lane 6: 0 h  temp=20, 
Lane 7:  0 h non-induced.  
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Figure S3: SDS-PAGE of cell pellets to visualize 

potential C-like protease which is located in the 

cell periplasm. 

(A): Lane 1: See Blue; Lane 2: T-like protease; Lane 

3: C-like protease; Lane 4: 0 h OD=0.8; Lane 5: 2 h 

OD=0.8; Lane 6: 4 h OD=0.8; Lane 7: 20 h OD=0.8; 

Lane 8: 0 h OD=0.4; Lane 9: 2 h OD=0.4; Lane 10: 4 

h OD=0.4; Lane 11: 20 h OD=0.4; Lane 12: 0 h 

OD=2.5; Lane 13: 2 h OD=2.5; Lane 14: 4 h OD=2.5; 

Lane 15: 20 h OD=2.5; 

(B): Lane 1: See Blue; Lane 2: 2 h IPTG=0.5 ; Lane 3: 

4 h IPTG=0.5; Lane 4: 20 h IPTG=0.5; Lane 5: 2 h 

IPTG=2; Lane 6: 4 h IPTG=2; Lane 7: 20 h IPTG=2; 

Lane 8: 2 h Temp=20; Lane 9: 4 h Temp=20; Lane 

10: 20 h Temp=20; Lane 11: 20 h non-induced;  

Lane 12: C-like protease; Lane 13: T-like protease; 
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Figure S4: SDS-PAGE of cell pellets to visualize 

potential T-like protease which is located in the 

cell periplasm. 

(A): Lane 1: See Blue; Lane 2: T-like protease 10 µg; 

Lane 3: T-like protease 1 µg; Lane 4: 0 h OD=0.8; 

Lane 5: 2 h OD=0.8; Lane 6: 4 h OD=0.8; Lane 7: 20 

h OD=0.8; Lane 8: 0 h OD=0.4; Lane 9: 2 h OD=0.4; 

Lane 10: 4 h OD=0.4; Lane 11: 20 h OD=0.4; Lane 

12: 0 h OD=2.5; Lane 13: 2 h OD=2.5; Lane 14: 4 h 

OD=2.5; Lane 15: 20 h OD=2.5; 

(B): Lane 1: See Blue; Lane 2: 2 h IPTG=0.5 ; Lane 3: 

4 h IPTG=0.5; Lane 4: 20 h IPTG=0.5; Lane 5: 2 h 

IPTG=2; Lane 6: 4 h IPTG=2; Lane 7: 20 h IPTG=2; 

Lane 8: 2 h Temp=20; Lane 9: 4 h Temp=20; Lane 

10: 20 h Temp=20; Lane 11: 20 h non-induced;  

Lane 12: T-like protease 1 µg; Lane 13: T-like 

protease 10 µg; 
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Figure S5: Elution profile of recombinant C-like protease 

purified using his-tag. Fractions from the elution of C-like 

protease, similar to the once visualized in figure 3, were assayed 

with the azokeratin assay. Activity co-aligns with elution of 

protein from the column. 
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1     2     3     4    5    6     7     8    

Figure S6: SDS-PAGE of cell pellets to visualize 

potential S8_3 protease. The S8_3 protease was 

expressed at both 37 °C and 20 °C, and were 

sampled at 2, 4 and 20 h.   

Lane 1: Mark 12; Lane 2: no induction 20h; Lane 3: 

37 °C 2h; Lane 4: 37 °C 4h; Lane 5: 37 °C 20h; Lane 

6: 20 °C 2h; Lane 7: 20 °C 4h; Lane 8: 20 °C 20h;  
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Accession -10lgP Cover. (%) Description 

gi|1020291517 459.24 55 serine protease  

gi|1020305344 454.91 58 amidohydrolase  

gi|1020295836 454.25 66 peptidase  

gi|1020305551 444.56 65 hypothetical protein  

gi|1020303702 443.18 63 peptidase  

gi|1020292516 431.43 79 peptidase M1  

gi|1020292854 431.19 69 trypsin  

gi|1020293931 423.01 60 peptidase  

gi|1020304291 420.66 76 serine protease  

gi|1020292961 419.9 40 serine protease  

gi|1020295805 415.62 60 peptidase M28  

gi|1020305593 411.49 40 peptidase S8  

gi|1020292008 407.87 38 aminopeptidase  

gi|1020291768 399.56 69 serine protease  

gi|1020290938 394.13 70 peptidase  

gi|1020292999 390.66 47 hypothetical protein  

gi|1020291486 386.89 38 hypothetical protein  

gi|1020294885 383.08 59 Xaa-Pro dipeptidyl-peptidase  

gi|1020305192 376.07 55 peptidase M6  

gi|1020305515 375.3 53 peptide ABC transporter substrate-binding protein  

gi|1020293188 373.12 52 peptidase  

gi|1020295000 372.54 56 hypothetical protein  

gi|1020305614 365.23 39 peptide ABC transporter substrate-binding protein  

gi|1020295400 355.25 66 peptidase  

gi|1020293890 348.72 50 phospholipase C  phosphocholine-specific  

gi|1020293959 339.68 47 phosphatase  

gi|1020291706 338.27 52 Xaa-Pro dipeptidyl-peptidase  

gi|1020305627 332.08 57 Zn-dependent exopeptidase M28  

gi|1020305099 330.65 50 peptidase  

gi|1020292051 328.43 31 zinc protease  

gi|1020292378 327.55 50 beta-galactosidase  

gi|1020293882 322.26 55 trypsin  

gi|1020304826 321.99 38 carboxypeptidase  

gi|1020304831 315.95 32 penicillin acylase  

gi|1020290936 314.69 70 hypothetical protein  

gi|1020290937 309.61 29 hypothetical protein  

gi|1020292527 306.21 52 trypsin  

gi|1020305428 300.58 47 serine protease  

gi|1020292733 300.41 63 peptidase M14  

gi|1020304301 297.11 51 hypothetical protein  

gi|1020293151 296.39 50 ribonuclease  

gi|1020290630 294.18 34 hypothetical protein  

gi|1020305711 292.79 32 serine protease  

Tabel S3: Complete list of proteins 

identified in the culture supernatant. 

-10lgP is the scoring system used in PEAKS 

and >20 means a protein identification 

with a P < 0.05. Cover. is the percentage 

of sequence covered by identified 

peptides.  
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gi|1020305684 289.31 44 hypothetical protein  

gi|1020304872 287.04 32 peptidase M14  

gi|1020293345 284.55 62 thiol reductase thioredoxin  

gi|1020304618 283.72 42 isoquinoline 1-oxidoreductase  

gi|1020304300 283.69 38 gamma-glutamyltransferase  

gi|1020293806 281.47 30 hypothetical protein  

gi|1020305218 278.12 43 hypothetical protein  

gi|1020293726 277.86 52 beta-N-acetylhexosaminidase  

gi|1020293142 277.33 45 hypothetical protein  

gi|1020292951 266.08 51 cholesterol oxidase  

gi|1020305501 265.08 39 catalase  

gi|1020294943 257.19 42 chitinase  

gi|1020291888 255.8 27 trypsin  

gi|1020295169 255.7 53 ABC transporter substrate-binding protein  

gi|1020290827 255.23 31 hypothetical protein  

gi|1020293856 253.38 26 cytochrome C  

gi|1028045270 252.5 36 D-alanyl-D-alanine carboxypeptidase  

gi|1020292965 252.16 28 serine protease  

gi|1020305510 250.46 52 hypothetical protein  

gi|1020290813 245.68 23 hypothetical protein  

gi|1020304489 245.53 46 trypsin  

gi|1020290849 245.07 49 peptidylprolyl isomerase  

gi|1020302622 244.11 38 amidase  

gi|1020291376 237.23 45 metalloprotease  

gi|1020290891 236.91 54 
branched chain amino acid ABC transporter substrate-binding 
protein  

gi|1020293310 230.86 32 hypothetical protein  

gi|1020294563 228.74 29 alpha/beta hydrolase  

gi|1020290859 228.68 18 exo-beta-D-glucosaminidase  

gi|1020294787 225.98 42 lipase  

gi|1020292791 222.89 56 hypothetical protein  

gi|1020293383 220.6 17 alkaline ceramidase  

gi|1028045290 220.27 7 hypothetical protein  

gi|1020291614 216.09 49 superoxide dismutase  

gi|1020292006 210.44 24 hypothetical protein  

gi|1020291824 209.05 31 serine protease  

gi|1020291772 208.78 34 serine protease  

gi|1020292342 207.31 32 adenosylmethionine-8-amino-7-oxononanoate aminotransferase  

gi|1020292341 205.84 15 alpha-galactosidase  

gi|1020293111 205.45 22 hypothetical protein  

gi|1020305327 203.76 17 serine protease  

gi|1020292966 202.13 18 serine protease  

gi|1020292393 200.59 28 hypothetical protein  

gi|1020291800 199.77 39 glycerophosphodiester phosphodiesterase  
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gi|1020292517 198.4 9 hyalin  

gi|1020295185 198.32 18 bifunctional metallophosphatase/5'-nucleotidase  

gi|1020295895 197.95 31 peptidase M15  

gi|1020293670 191.26 24 hypothetical protein  

gi|1020290629 189.95 20 hypothetical protein  

gi|1020292755 189.9 20 cellulase  

gi|1020293342 189.59 29 hypothetical protein  

gi|1020304469 188.44 35 peptidase S49  

gi|1020292453 187.66 31 phosphate ABC transporter substrate-binding protein PstS  

gi|1020295357 187.61 27 FAD-linked oxidoreductase  

gi|1020291291 187 40 hypothetical protein  

gi|1020294071 184.09 11 phospholipase C  phosphocholine-specific  

gi|1020291590 181.42 12 sugar dehydrogenase  

gi|1020294978 181.33 76 type VII secretion protein  

gi|1020304529 181.23 23 lyase precursor  

gi|1020290790 178.25 17 leucyl aminopeptidase  

gi|1020305051 176.28 24 hypothetical protein  

gi|1020292541 173.62 27 cell surface protein  

gi|1020292758 170.73 24 glycoside hydrolase family 1  

gi|1020304924 165.76 27 hypothetical protein  

gi|1020295689 163.12 12 transglycosylase  

gi|1020296543 161.79 9 neuroendocrine convertase 1  

gi|1020293099 161.12 60 nucleoside-diphosphate kinase  

gi|1020305073 158.69 14 chitinase  

gi|1020293046 158.24 12 serine protease  

gi|1020294143 158.01 11 metallophosphoesterase  

gi|1020290897 157.8 13 glycoside hydrolase  

gi|1020304387 157.67 23 hypothetical protein  

gi|1020295572 155.97 21 hypothetical protein  

gi|1020292988 153.98 18 peptidase S8  

gi|1020293015 153.9 18 beta-N-acetylhexosaminidase  

gi|1020291767 152.89 22 peptidase M14  

gi|1020305582 151.19 17 glucose dehydrogenase  

gi|1020292714 149.08 15 beta-N-acetylhexosaminidase  

gi|1020293751 148.33 12 serine hydrolase  

gi|1020295510 145.31 10 peptide ABC transporter substrate-binding protein  

gi|1020305581 145.1 10 hypothetical protein  

gi|1020293907 144.57 13 glycosyl hydrolase  

gi|1020290632 143.3 21 peptidylprolyl isomerase  

gi|1028045342 142.78 17 glycosyl hydrolase  

gi|1020294979 138.88 35 type VII secretion protein  

gi|1020292793 137.35 19 proteasome subunit beta  

gi|1020292009 133.31 15 chitinase  

gi|1020304460 131.76 14 hypothetical protein  
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gi|1020305775 129.64 8 glucan 1 4-alpha-glucosidase  

gi|1020294323 128.3 14 1-pyrroline-5-carboxylate dehydrogenase  

gi|1020295443 127.49 5 hypothetical protein  

gi|1020293854 127.32 21 sugar phosphate isomerase  

gi|1020293954 126.73 14 ethylammeline chlorohydrolase  

gi|1020293808 125.04 6 alpha-mannosidase  

gi|1020305531 122.97 17 glucose dehydrogenase  

gi|1020294127 120.15 12 amidohydrolase  

gi|1028045372 116.36 14 hydrolase  

gi|1020291851 115.83 12 amidohydrolase  

gi|1020293279 113.66 10 triacylglycerol lipase  

gi|1020295243 112.59 6 lipase  

gi|1020292654 110.8 16 peptidase  

gi|1020291022 109.78 22 peptidase  

gi|1020292553 109.57 21 acid phosphatase  

gi|1020291774 107.4 17 chitinase  

gi|1020292515 105.43 8 negative regulator of beta-lactamase  

gi|1020292247 104.91 12 serine hydrolase  

gi|1020291691 103.52 37 reactive intermediate/imine deaminase  

gi|1020305265 103.47 22 hypothetical protein  

gi|1020292788 101.1 9 hypothetical protein  

gi|1020295672 98.9 11 iron transporter  

gi|1020293577 98.57 6 chitinase  

gi|1020305667 98.07 13 hypothetical protein  

gi|1020304757 97.03 20 peptidylprolyl isomerase  

gi|1020293809 94.42 9 feruloyl esterase  

gi|1020292792 94.34 14 proteasome subunit alpha  

gi|1020305640 93.21 20 serine protease  

gi|1020294524 93.03 15 lysis protein  

gi|1020291462 93.01 15 hypothetical protein  

gi|1020295121 92.59 6 hypothetical protein  

gi|1020292563 89.87 7 alpha-mannosidase  

gi|1020291764 89.51 21 hypothetical protein  

gi|1020294575 88.09 7 trypsin  

gi|1020294463 86.3 10 serine protease  

gi|1020304625 84.19 6 chemotaxis protein  

gi|1020293579 83.1 4 chitinase  

gi|1020293762 81.67 5 cholesterol oxidase  

gi|1020292548 77.73 8 peptidylprolyl isomerase  

gi|1020294486 77.41 21 protease  

gi|1020295249 76.36 11 hypothetical protein  

gi|1020301228 74.71 5 4-aminobutyrate--2-oxoglutarate transaminase  

gi|1020291819 74.32 8 hypothetical protein  

gi|1020294320 73.9 15 peptidylprolyl isomerase  
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gi|1020295002 70.89 3 amidase  

gi|1020291686 70.45 6 3-carboxymuconate cyclase  

gi|1020305725 70.34 5 hypothetical protein  

gi|1020293341 67.44 10 hypothetical protein  

gi|1020290874 67.35 11 aminopeptidase  

gi|1020291628 64.54 11 hypothetical protein  

gi|1020295474 62.61 5 peptidase S8  

gi|1020294778 62.37 4 peptidase S8  

gi|1020294115 60.65 11 sulfonate ABC transporter substrate-binding protein  

gi|1020294907 60.42 6 aminotransferase  

gi|1020293857 49.53 2 copper-binding protein  

gi|1020299304 43.73 1 hypothetical protein  
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Accesion 
Product 

name 

Coding 

gene lenght 

(bp) 

Annealing 

Temperature 

(°C) 

Primer Sequence 5’ -3’ 
Restriction 

site 

gi|1020304291 S1 (C-like) 627 69 
Forward 

Reverse 

atatatggccatcgtgggcggcgg 

atatactcgaggaccccggtggtcgagc  

MscI 

XhoI 

gi|1020292961 S8_1 1434 68 
Forward 

Reverse 

atataccatggatggtagcgacaaggcgatcaagg 

atataaagcttgacggtcagcgaccagc 

NcoI 

HindIII 

gi|1020291517 S8_2 1128 66 
Forward 

Reverse 

atataccatggatgagcagcagggcgagatc 

atataaagcttcttgacctggagcagcagc 

NcoI 

HindIII 

gi|1020292516 M1_1 1132 66 
Forward 

Reverse 

atataccatggatagcgacggatacgtgcac 

atataaagctt-gctcccgggaaagagagc 

NcoI 

HindIII 

gi|1020305192 M11_1 1857 66 
Forward 

Reverse 

atataccatgg-atatcgacggatcgacctgg 

atatataagctt-cgaagtcgccgacttcg 

NcoI 

HindIII 

gi|1020304826 M14_1 1167 67 
Forward 

Reverse 

atataccatggatctgtattcggtggagggcg  

atatataagcttggctttcgcctcgttgatc 

NcoI 

HindIII 

gi|1020292008 M28_1 1491 65 
Forward 

Reverse 

atataccatggatgcaccggacatcgctctc 

atataaagctt-gacggtgatggtccagcac 

NcoI 

HindIII 

gi|1020295836 S8_3 1527 68 
Forward 

Reverse 

atataccatgg-atgcccaggaagccggg  

atataaagctt-ggcggtttcgaacggc 

NcoI 

HindIII 

Table S4: Primers for amplification of protease genes from gDNA.  The restriction site is underlined in the primer sequence and the 

part that aligns with the gene is written in bold. 
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CHAPTER 6 – Manuscript 4 
 

The chapter presents in manuscript form the work done to develop an optimized hydrolysis reaction for the 

degradation of the keratinous slaughterhouse by-product. The studies resulted in a two-stage process, 

involving a gowth step where keratinases are produced by Amycolatopsis keratinpohila, followed by a 

hydrolysis step at elevated temperatures. 
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An integrated strategy for the cost-effective production of bristle protein 

hydrolysate by keratinolytic filamentous bacteria Amycolatopsis keratinophila 

D2. 

1Francesco Cristino Falco, 2Roall Espersen, 2Birte Svensson, 1Krist V. Gernaey, 1Anna Eliasson Lantz 

1Department of Chemical and Biochemical Engineering, Technical University of Denmark, DK-2800 Kgs. 
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2Department of Biotechnology and Biomedicine, Technical University of Denmark, DK-2800 Kgs. Lyngby, 

Denmark 

Abstract 

In a conventional keratin microbial degradation process keratin-specific proteases production and 

hydrolysis of keratinous residual biomass are both achieved during the same stage of the process, 

which in turn runs under suboptimal conditions. In this study the keratinolytic actinomycete 

Amycolatopsis keratinophila D2 was successfully employed to biodegrade pretreated pig bristles at 

high solid loading (16 % w/v) with an overall accumulation of 89.3 g/L protein-rich hydrolysate and 

a productivity of 427 mg of crude soluble proteins per litre per hour. The two-stage submerged 

fermentation process developed in this work enabled to recover, in a single unit operation, 

approximately 72.5 % of the protein material contained in the keratin-rich by-product structure.  

The obtained protein hydrolysate powder displayed a 2.2 fold increase in its in vitro digestibility 

with respect to the non-hydrolysed pretreated substrate. The soluble proteins, peptides and free 

amino acids recovered during the enzymatic extraction process represent a viable alternative protein 

source in animal feed. 

Introduction 

Keratins are fibrous structural proteins containing a high number of disulfide bonds in their primary 

structure (Wang et al., 2016), which makes them water-insoluble and resistant to hydrolysis by 

common proteolytic enzymes (Brandelli et al., 2010). Keratin-rich animal by-products such as 

chicken feathers, horns, and bristles are the third most abundant renewable polymeric material 

present in nature after cellulose and chitin (Lange et al., 2016). Keratin by-product is classified as a 

low-risk animal byproduct which occurs abundantly in slaughterhouses and meat & poultry 

processing plants. Therefore, the structure of the residue is not suitable for human consumption and 

needs to be treated before its disposal into the environment (Korniłłowicz-Kowalska and Bohacz, 

2011). Based on their secondary structure, keratins are divided into α- and β-keratins. The α-type is 

also named hard keratin, and that is because it contains a higher cysteine content that allows the 
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formation of a larg number of disulfide bridges, cross-linking protein chains (Wang et al., 2016). 

Some bacteria, actinomycetes and keratinophilic fungi have the capability to use keratin as the only 

source of C, N, S and energy. Specifically, they are able to synthesize microbial keratinases (EC 

3.4.21/24/99.11), which are enzymes belonging to the class of serine proteases or metalloproteases 

showing high levels of hydrolytic activity towards keratinous substrates. Therefore, biodegradation 

of keratin by-product with keratinolytic bacteria can be considered an attractive way of 

transforming it into products of practical industrial value (Kothari et al., 2017; Korniłłowicz-

Kowalska and Bohacz, 2011, Daroit and Brandelli, 2014). Protein hydrolysates obtained from the 

biodegradation of keratin-rich animal processing by-products have a potential for replacing a 

considerable part of the fish meal used in aquaculture feed formulation and more in general, for 

becoming a protein supplement in animal feed (Martínez-Alvarez et al., 2015; Mazotto et al., 2017). 

For instance, only in 2013, approximately 222 thousand tons of wet pig bristles were generated as a 

by-product inside the European Union (Gachango et al., 2017). The effective reutilization of such a 

type of keratinous by-product constitutes an unsolved problem due to its outstanding resistance to 

chemical and enzymatic digestion in comparison to softer categories of keratins such as those 

present inside the structure of chicken feathers (Łaba et al., 2015; Brandelli et al., 2015). Therefore, 

in the present work, we focus on the recovery of valuable proteins from thermally pretreated pig 

bristles using the keratin-degrading Amycolatopsis keratinophila D2 strain previously isolated by 

Al-Musallam et al., (2003). Specifically, we demonstrate and optimize a novel two-stage process, 

for the efficient production of keratinolytic enzymes and the effective hydrolysis of pretreated pig 

bristles at high dry solids loadings (16 % v/w) in a standard stirred tank aerobic bioreactor. 

 

Material and Methods 

Chemicals and media composition 

A. keratinophila D2 was cultivated in mineral keratin (Basal) medium formulated according to the 

following composition (g/L): 0.75 NaCl, 1.75 K2HPO4, 0.25 MgSO4·7H2O, 0.055 CaCl2, 0.010 

FeSO4·7H20, 0.005 ZnSO4·7H20, 10.53 (1 % w/w) PBM (Pig bristle meal) powder. The medium 

was sterilized at 121 °C for 20 min. 

Inocula preparation 

Inocula were prepared by propagating frozen microbial cell stocks of A. keratinophila D2 in 

Erlenmeyer flasks (500 mL) containing 100 mL of GYM medium (4.0 g/L glucose, 4.0 g/L yeast 
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extract, 10.0 g/L malt extract); the initial pH of the culture broth was adjusted to 7.2 before 

autoclaving. Each flask was inoculated with 1 mL of a glycerol stock (20 % v/v) of bacterial cells 

and incubated in orbital shaker (200 rpm) at 28 °C for 48 hours. Microbial cells were harvested by 

centrifugation (4000 rpm for 20 min at 4ºC), washed twice in sterile phosphate buffer saline (PBS) 

solution (15 mM NaCl, pH 7.2) and again resuspended in an appropriate volume of PBS solution.      

Aerobic shake flask cultivations 

Aerobic shake flask experiments were conducted in 250 mL Erlenmeyer flasks each one containing 

50 mL of mineral keratin medium. After initial pH adjustment of the culture broth to around a value 

of 7.2, 1 mL resuspended bacterial cells was inoculated to obtain a microbial concentration of about 

0.15 mgcdw/mL at the start of the cultivation process. All shake flasks experiments were conducted 

in triplicate.  

Keratinase assay 

Keratinase activity was assayed on the supernatant obtained after centrifugation (12000 × g, 5 min) 

of the fermentation broth with azokeratin as a substrate by the following method. The reaction 

mixture contained 200 µL of enzyme preparation and 1400 µL of 10 g azokeratin l-1 in 50 mM tris 

buffer, pH 8.0, was incubated (15 min at 50 °C) and the reaction was stopped by the addition of 

1600 µL 20% w/v trichloroacetic acid (TCA) to a final concentration of 10% w/v. After 

centrifugation (10,000 × g, 5 min), the absorbance of the supernatant was measured at 440 nm. One 

unit of enzyme activity was the amount of enzyme that caused a change of absorbance of 0.01 at 

440 nm for 15 min at 50 °C. 

Crude soluble proteins determination 

Soluble protein concentration was determined by the bicinchoninic acid (BCA) assay (Smith et al., 

1985) employing bovine serum albumin (BSA) as protein standard (Pierce™ BCA Protein Assay 

Kit, Thermo Scientific). 

 

Optimization of process parameters 

Cultivation parameters were optimized by one-variable-at-a-time (OVAT) approach. A. 

keratinophila D2 displayed efficient keratin degradation in a medium containing PBM powder as 

only source of carbon and nitrogen. In particular, both incubation temperature (25, 28, 30 and 35 

ºC) and PBM powder concentration (1, 2, 3, 4, 5, 6, 7 % w/v) were optimized considering both the 

level of keratinolytic proteases secreted and the amount of crude soluble proteins extracted. The 
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optimal reaction temperature of the cell free keratinase extract from A. keratinophila D2 was 

investigated in the temperature range 28–88 ºC in 50 mM tris buffer, pH 8.0, whereas the optimal 

pH tests were conducted in the range pH 5–11, employing 1 % v/v azokeratin powder as substrate.  

Laboratory scale batch cultivation 

Batch submerged cultivation of filamentous bacteria A. keratinophila D2 were carried out in 

duplicate in two identical 3-L bioreactors (Applikon, Delft, The Netherlands), with a 2-L working 

volume. Both fermenters were equipped with two 6-bladed Rushton impellers. In the first stage of 

the fermentation process, cultivation parameters were optimized in order to maximize keratinolytic 

enzyme secretion: the initial pH of the keratin basal medium was adjusted to 7.2; the temperature 

was set at 28 °C; fully aerobic conditions (dissolved oxygen concentration ≥ 30 %) were ensured by 

flowing 1 vvm of air throughout the vessel; stirring was kept at a constant rate of 500 rpm. 

Fermenters were inoculated with 2.5 % (v/v) of fresh inoculum (≈ 0.35 mgcdw/mL) and run under 

the previously described condition for up to 94 h. During the course of the cultivation of A. 

keratinophila D2 in a keratinous by-product containing medium an increase of pH was observed. 

Once a value of pH 8.0 was reached, in order to avoid further increase of alkalinity, the pH in the 

culture broth was stabilized around a set value of pH 8.0 and controlled by adding 2 M H2SO4 by a 

peristaltic pump. In the second stage of the bioprocess, cultivation parameters were optimized in 

order to maximize both the rate of keratin degradation and the extent of crude protein extraction and 

solubilisation as well: the temperature was raised and maintained at 50 °C; no more air was 

supplied to the reactor (dissolved oxygen concentration ≈ 0 %); the stirring rate was increased to 

800 rpm; the automatic addition of a 6 M Na2OH solution prevented acidification of the hydrolysate 

and kept its pH around a set point value of 8.0. The second stage of the process was carried out for 

about 112 h. At the end of the two stage process, the protein hydrolysate was separated from the 

residual non-solubilized keratin and spent microbial mass by centrifugation at 4000 rpm for 40 min 

(Heraeus™ Multifuge™ X3R, Thermo Fisher Scientific). In addition vacuum filtration was 

employed to further remove from the protein digest small insoluble particles down to an average 

particle size of 12-15 μm (Sartorius™ Grade 288 Qualitative Filter Papers Disc). Finally the bristle 

protein hydrolysate was lyophilised in a CoolSafe™ 4 L freeze dryer (LaboGene, Denmark) in 

order to obtain a dry powder. 

Amino acid analysis and in vitro digestibility of bristle protein hydrolysate powder  

Freeze dried samples were sent for amino acid analysis and in vitro pepsin digestibility test were 

shipped to Eurofins Agroscience Services A/S, Middelfart, Denmark,  
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https://www.eurofins.com/agroscienceservices. Samples were both analyzed for total amounts of 

amino acid (acid hydrolysis of samples) and free amino acid content (no acid hydrolysis of 

samples). Amino acid analysis of the fractions from size exclusion was prepared and performed as 

described above (Amino acid analysis by Alphalyse A/S, Odense, Denmark, www.alphalyse.com). 

Samples were both analyzed for total amounts of amino acid (acid hydrolysis of samples) and free 

amino acid content (no acid hydrolysis of samples).  

 

Size exclusion chromatography (SEC) of hydrolysate 

Hydrolysate after the hydrolysis process (206 hours) was used for size analysis. The sample was 

filtrated (0.22 µm filter, Minisart NML, Sartorius™), followed by centrifugation (15 min, 10,000 

g). The supernatant was diluted ten times into the running buffer (10 mM NH4
+(CH3COO-), 30% 

acetonitrile in water, pH 9) and centrifuged (15 min, 10,000 g). A Superose® 12 10/300 column 

was equilibrated with running buffer (10 mM NH4
+(CH3COO-), 30% acetonitrile in water, pH 9) 

and the diluted sample (1 mL) was loaded on the column. Flow rate was 1 ml/min and separation 

was monitored spectrophotometrically at 280 nm and fractions were collected in fractions (0.5 mL). 

Calibration of the Superose® 12 10/300 column was performed by two consecutive runs a mixture 

of calibrants. First run consisted of aldolase (36 kDa), chymotrypsinogen (25.6 kDa) and vitamin 

B12 (1.3 kDa) and second run consisted of thyroglobulin (660 kDa), ovalbumin (66 kDa) and 

ribonuclease (13.7 kDa). Furthermore a measurable change in conductivity was as an indicator for 

elution of the smallest possible molecules.  The calibration was performed in a different buffer than 

the one used for the sample (10 mM NaH2PO4/Na2HPO4, 500 mM NaCl at pH 7.5). The molecular 

mass of the calibrants (kDa) was 𝐿𝑜𝑔10 transformed, plotted as a function of elution volume (𝐾𝑒), 

after which the data was fitted to a linear model (𝐿𝑜𝑔10(𝑚𝑎𝑠𝑠) = 𝑎 ∗ 𝐾𝑒 + 𝑏). The column was 

further calibrated by free amino acids (Gly, Leu, Arg, Phe and Trp) to test whether these would 

adhere to the column material when using the running buffer used for sample runs. 

Size estimation of fractionated hydrolysate using gel electrophoresis 

Fractions from SEC were subjected to size determination using a Nu-PAGE gel electrophoresis 

system (Invitrogen™, Novex™, Thermo Fisher Scientific). Half of the volume from the fractions 

(250 µl) was dried using speed vacuum, after which the dried material was dissolved in sample 

buffer mixed with reducing agent and heat treated (90 °C, 5 min). Samples were run on a Nu-PAGE 

bis-tris 4–12 % gel and stained using a commassie blue based stain. The protein ladder used was 

Mark 12™ (Thermo Fisher Scientific).   

http://www.alphalyse.com/
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Results and discussion 

Effect of cultivation temperature and PBM concentration on secretion of keratinases and 

crude protein extraction during PBM biodegradation  

Optimal cultivation conditions for enhanced keratinases secretion levels can differ significantly 

according to the type of microorganism under investigation. It is therefore necessary to conduct a 

set of experiments to establish conditions yielding maximum keratinolytic enzyme production. The 

actual capacity of the employed keratin-degrading strain to accumulate large quantities of 

extracellular keratinases in the culture medium has a direct effect on the rate of hydrolysis of the 

pretreated keratinous by-product and, consequently, on the effective enzymatic extraction of 

digestible proteins (Fakhfakh et al., 2011; Fakhfakh et al., 2013; Fontoura et al., 2014). Given these 

facts, process parameters were investigated in order to identify the set of cultivation conditions 

which could maximise the process metrics (i.e., titre, extraction yield and volumetric productivity) 

in terms of production rate of soluble proteins. 

It has been widely described that the synthesis of extracellular microbial keratinases can be induced 

by the presence of keratinous material in a basal mineral medium (Brandelli et al., 2010). 

Additionally, it has been also documented that the secretory levels of keratinolytic proteases could 

be improved by supplementing the culture medium with non-keratinous substrates (Fang et al., 

2013; Daroit et al., 2011). Nonetheless, one of the major obstacles preventing large scale production 

of microbial keratinases at an industrial level is the possibility to obtain these biocatalysts in 

sufficiently large amounts and at a competitive manufacturing cost. Therefore, in this study we only 

employed unexpansive keratin-rich by-product material, namely pig bristles meal, to achieve the 

cost effective synthesis of microbial keratinase. 

Several actinobacteria capable of producing keratin degrading enzymes have been reported and 

described in the literature (Meng et al., 2007; Gong et al., 2015; Ningthoujam et al., 2016; 

Habbeche et al., 2014). The capability of A. keratinophila D2 to decompose keratin was tested by 

growing the strain on mineral medium containing 2 % (w/w) PBM. The effect of temperature on the 

quantity of keratin-specific proteases secreted by A. keratinophila D2 was studied in the first place. 

The highest amount of keratinases accumulated in the culture broth was invariably reached after 4 

days of cultivation. Maximum keratinolytic enzyme secretion was observed at 28 °C (120 ± 15 

U/mL) and significantly decreased above this temperature (Fig. 1). This finding can be ascribed to 

the fact that the strain grew better at this temperature having the highest maximum specific growth 

rate (data not shown). In general some extracellular proteolytic enzymes  are constitutively 
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expressed by the microrganism. This means that the amount of microbial mass obtained at the end 

of the exponential growth phase could regulate the final level of protease accumulated in the culture 

broth. It is therefore possible that conditions which maximize growth rate will yield larger 

quantities of keratinolytic enzyme at the end (Daroit and Brandelli, 2013; Verma et al., 2017). 

A plateaux in the amount of crude protein extraction was observed after 4 days of cultivation for 

each of the four tested temperatures (Fig. 1). Despite the decrease in keratinolytic enzyme secretion 

with the increase of temperature it was observed a stable production of crude soluble protein with 

even a small increase in protein hydrolyseate productivity for the case of 35 ºC (5.83 ± 0.19 g/L). 

This was explained by the fact that the catalytic rate of the enzymatic pool of keratinases increased 

with the temperature reaching a maximum at 64 ºC (Fig. 3). The activity of the enzymes was 

gradually increased from 25 to 35 ºC resulting in a stable rate of hydrolysis despite the decrease 

after 28 ºC in the amount of secreted keratinases. 

The concentration of pretreated bristles powder contained in the culture media directly affected the 

level of keratinolytic proteases secreted by A. keratinophila D2 during the course of its aerobic 

growth in shake flask at 28 ºC (Fig. 2). Maximum keratinases activity was always observed after 4 

days of cultivation. In addition, PBM concentration affected only the maximum amount of 

keratinolytic enzyme secreted by the cells and had no significant effect on the time needed to reach 

its peak concentration. The amount of keratin-specific proteases produced by A. keratinophila D2 

was inversely correlated to the concentration of keratinous substrate when the latter was increased 

from 1 to 3 % (w/w). This finding is consistent with a previous report by Reddy et al. (2017) on 

Bacillus pumilus GRK and Cheng et al. (1995) regarding Bacillus licheniformis PWD-1. In 

addition, no substantial decrease in production of keratinases was observed after the concentration 

of PBM was raised further from 4 and up to 7 % (w/w). A plateau in the production of crude soluble 

proteins was reached after 4 days for 1, 2, 3, 4 % (w/w) PBM concentration; 5 days in the case of 5 

% (w/w) PBM; 6 days for 6 % (w/w) and 7 days for 7 % (w/w). Crude soluble protein titer 

increased with increasing bristle meal concentration reaching a maximum at 7 % (w/w) PBM (17.9 

gCSP·L-1). The highest productivity in terms of crude soluble proteins was achieved with 4 % (w/w) 

PBM (117.3 ± 0.7 mgCSP·L-1 h-1), while maximum yield was reached with 1 % (w/w) PBM (39.1 

gCSP/gPBMdw). 

A. keratinophila D2 is a mesophilic strain; nevertheless its keratinases were found to have a global 

optimum in the thermophilic temperature range. Moreover, similarly to most keratin-degrading 

actinomycetes, A. keratinophila D2 showed an optimum pH in the neutral/alkaline range (Daroit 
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and Brandelli, 2014). Indeed, the highest keratinolytic activity was observed at pH 8.0 and about 62 

°C (Fig. 3, Fig. 4). The activity of the cell-free crude keratinases extract decreased rapidly at 

temperatures lower than 46 ºC and higher than 76 ºC, with a reduction to 75 and 76 % respectively. 

In addition, regarding the effect of pH on the keratinolytic activity of the enzymatic cocktail a 

drastic loss of catalytic rate was observed outside the range pH 6.9 – 8.7; more specifically, at pH 6 

and 9 reduction was detected of 32 and 64%, respectively. 

Two-stage PBM biological degradation process 

After  initial studies carried out inshake flasks, it was decided to transfer the biodegradation process 

to a bench-scale fermenter to investigate, in a more controlled setting, the effect of cultivation 

parameters such as agitation, aeration rate, dissolved oxygen concentration, pH and temperature, on 

both secretion level of keratin-specific proteases and on the amount of crude soluble proteins which 

could be extracted from the keratinous by-product material and accumulated in the bioreactor. With 

this in mind, biodegradation of pretreated pig bristles for production of keratin protein hydrolysate 

by A. keratinophila D2 was carried out in a 3-L laboratory scale aerobic fermenter. In order to 

simultaneously maximize extraction yield and volumetric productivity an integrated strategy, 

consisting in a two-stage biodegradation process, was developed (Burg et al., 2016; Klamt et al., 

2017). From a phenomenological view point the aim of this approch was to completly decouple 

and, therefore, disengage the keratinolytic enzyme production phase from the keratin hydrolysis 

stage. The first stage of the process consisted in the production of the crude microbial keratinases  

by simply culturing  A. keratinophila D2 under conditions that maximize cell growth. Specifically, 

keratinolytic enzymes will be mainly synthesized and secreted during the late exponential and 

stationary phase of the growth of the microorganism. Therefore, throughout the initial stage, no 

attempt was made to try to balance the rate of formation of extracellular keratin-specific proteases 

with the rate of enzymatic keratin hydrolysis by compromising between biomass growth and protein 

hydrolysate production. The soluble proteins extracted from porcine bristles were only considered 

as a nutrient source (i.e., substrate) capable to meet the nutritional requirement of the 

microorganism during growth. Part of the solubilized proteins, after breakdown into peptides and 

amino acids, was consumed as nutrients for growth of the microrganism. Consequently, in order to 

attein optimal growth under fully aerobic conditions and therefore maximum rate of keratin-specific 

proteases production during the first phase of the process, the cultivation temperature was set at 28 

°C and 1% w/w bristle meal powder was employed as sole source of C and N. Moreover, the initial 

pH was adjusted to 7.2 and controlled around a set value of 8.0 by acid addition. At the same time, 
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the aeration rate was manteined at 1.0 vvm to provide fully aerobic conditions (DO ≥ 30 %) 

meanwhile the agitation rate was kept constant at 500 rpm. As a result, during the batch 

fermentation of A. keratinophila D2 in 3-L fermenter maximum keratinase production was achieved 

after 86 hrs of aerobic submerged cultivation (204 ± 2.3 kU/L) (Fig. 5). This value was 

considerably higher then the one obtained in shake flask under the same conditions (i.e., 148 ± 3.0 

kU/L). The reason for this observed diminished keratinase synthesis and/or secretion in a shake 

flask system compared to the stirred tank bench-scale aerobic fermenter could be a result of poor 

agitation, causing insufficient mixing of the keratin-medium constituents and microbial cells and 

consequentlylack of uniformity in oxygen distribution (Zaghloul et al., 2011).  

The end of the microbial growth was observed after 48 hours; specifically, before entering the 

stationary phase, a final microbial mass concentration of 4.6 g/L was reached. A. keratinophila D2 

secreted extracellular keratinases before the start of the exponential growth phase and exhibited 

considerable keratinase secration also after the end of exponential growth. In particular, the specific 

rate of keratinases production was higher during the pre-exponential and stationary phases and 

lower during the exponential phase of growth of the microrganism. After 62 hrs no significant 

increase in soluble protein extraction was observed (4.1 ± 0.1 g/L ).  

The cocktail of crude keratinolytic enzymes produced by A. keratinophila D2 during the first phase 

was employed in the second stage for the hydrolysis of the pretreated pig bristles. As a 

consequence, in the second phase keratin by-product material was not considered as an inducer and 

solubilized proteins were no more seen as a substrate for microbial growth. The bioprocess 

conditions at this stage were optimized with the objective of drastically enhance the rate of 

hydrolysis of the recalcitrant keratinous by-product. Therefore, in the second phase, the temperature 

was incresed to a costant value of 50 °C, while pH was maintained at 8.0. It is important to notice 

that, by doing so, the catalytic rate of the keratinolytic enzyme pool increased from about 29 % to 

approximatly 85 % of its maximum value (Fig. 3). Additionally,  no more air was supplied to the 

cultivation vessel, while the agitation rate was raised to 800 rpm. The actinobacterium is an obligate 

aerobic microrganism that was not able to show any further growth both in the case of a cultivation 

temperature of 50 °C and in the absence of oxygen. Therefore, the consumption of preciouse 

nutrients, especially free amino acids and small peptides, was prevented during the second phase. 

Regarding the economic feasibility of the microbial degradation process it is preferable to perform 

the enzymatic hydrolysis of keratinous by-product at high-solids loadings. This permits to obtain 

keratin hydrolysates with higher titres of crude soluble proteins while reducing the capital and 
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operating costs of the biological extraction step. Nevertheless, to run the second stage of the process 

in a batch mode is not convenient from an operational viewpoint. In fact, high initial levels of 

insoluble solids do not necessarily mean a linear increase in the crude protein extraction yield 

(Modenbach and Nokes, 2013; Kristensen et al., 2009). For the aforementioned reasons, aiming at 

increasing the final titer of crude soluble proteins accumulated during the keratin by-product 

hydrolysis process, the cultivation was followed by a three step addition of extra keratin substrate 

(i.e.: 121.6 g dw at 94 h, 121.6 g dw at 136 h and 64.5 g dw at 165 h). The cumulative concentration 

of keratinous substrate added during the enzymatic hydrolysis of the bristle meal was 164.3 g/L dw. 

In analogy with a fed-batch cellulose hydrolysis process, the advantage of employing such a 

stepwise addition of bristle meal powder was to give the possibility to keep the concentration of 

non-hydrolyzed particulate keratinous material at a manageable level during the course of the 

enzymatic extraction process (Hodge et al., 2009). This resulted in a sequential increase of crude 

soluble protein concentrations after each of the addition steps (Fig. 5). At the end of the 206 hrs run 

89.3 ± 2.8 g/L crude soluble protein were enzymatically extracted from the PBM fed to the 

extraction vessel. The productivity of the system was increased from 117.3 mg·L-1 h-1 to 426.6 

mg·L-1 h-1 (3.6 folds) with respect to single stage cultivation strategy (non-decoupled system). 

Moreover, after 206 hrs about 8.7 g/L of free-amino acids were released in the culture broth.  

It was estimated that the amount of proteic material present in the keratin-rich by-product was about 

75 % of its dry weight. This was based on the assumption that the total amino acid content in the 

dried PBM was equivalent to its actual crude protein content (See Supplementary Material). Given 

these facts, approximately 72.5 % of the insoluble proteic material originally entrapped in the bristle 

structure was enzymatically recovered.  

The composition of the free-amino acids present in the final  keratin protein hydrolysate is shown in 

Table 1. Among the free-amino acids branched-chain free amino acids (BCAAs) were particularly 

abundant. This was in accordance with a recent observation by Łaba et al., 2017 by enzymatically 

digesting pretreated pig bristles using a concentrated cell free keratinase extract from Bacillus 

cereus PCM 2849. The protein hydrolysate powder obtained after the biological degradation 

process exhibited a very high in-vitro pepsin digestibility ( 95 %) with respect to the non-

hydrolysed PBM ( 43 %). 

Size distribution of proteins/peptides 
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The end hydrolysate (206 hrs) was subjected to SEC, to estimate the size distribution of 

protein/peptides produced following the hydrolysis. The hydrolysate contained a broad distribution 

of product sizes, covering the entire fractionation range of the column (2×106 – 1000 Da). Gel 

electrophoresis of fractions from the SEC run (Figure S1) showed the molecular mass of the 

products to decreasing as a function of the elution volumes, correlating with the results from the 

calibration of the column (Figure S2). Using both the electrophoresis and SEC calibration results 

for size estimation, it was observed that the hydrolysate contained predominantly medium sized to 

small mass peptides (<20 kDa), based on monitoring absorbance 280 nm. These observations were 

further verified by peptide concentration measurements using the BCA assay, which nicely follows 

the trend of the absorbance at 280 nm monitored. The free amino acid concentration in each fraction 

was also attempted measured and a peak co-aligned with the elution volume of low molecular 

species like vitamin B12 and free amino acids (Figure 1, S2 and S3). It should be noted that the 

estimated amounts from the ninhydrin assay excessed our expectations, indicating a possible cross 

reactions with other molecular species in the hydrolysate. As with results for the BCA 

measurements, the ninhydrin assay also indicates that species that react with both these reagents and 

absorbs light at 280 nm is eluting (~21 mL) after the theoretical highest exclusion volume (~20 

mL). This could be due to adherence to the material and similarly when free tryptophan is run over 

the column it elutes around 23.5 mL, which happens to co-align with the last small peak observed in 

the chromatogram (280 nm) and with ninhydrin. Based on these results single fractions were binned 

to make larger pools covering different size distributions (Table 1). To get a more accurate measure 

of the total amount of amino acids in the binned fractions, amino acid analyses were conducted on 

each of the fraction pools. The results verified what was indicated by other experiments, that the 

highest concentration of amino acids were detected in fraction groups B and C with a size 

distribution corresponding to medium to small peptides and free amino acids (Table 1). This 

specific size distribution of peptides found in the hydrolysate can prove to have a critical impact on 

the use of the hydrolysate as food additive.   As expected the C group contains the highest amount 

of free amino acids, with the total amount of free amino acids corresponding to 15.0 % of the total 

amino acid content. Free amino acids within the hydrolysate can also prove to be a source of amino 

acids that are readily metabolized by a variety of feeders. 
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Conclusions 

In this work the filamentous bacterium Amycolatopsis keratinophila D2 was successfully employed 

for the consolidated bioprocessing of pretreated pig bristles to keratin protein hydrolysates. Indeed, 

using a two-stage biological recovery process developed extraction yield, titre and volumetric 

productivity of crude soluble protein were significantly improved. It was additionally shown that, 

the largest amounts were detected in the fractions of the final keratin protein hydrolysate consisting 

of small peptides and free amino acids. This together with the high in vitro digestibility of the 

obtained product shows the great potential of this integrated production strategy in obtaining protein 

supplements for animal feed with improved nutritional value. 
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Figures and Tables 

 

 

Fig.1. Effect of temperature on keratinases secretion and crude protein extraction during 2 % 

(w/w) PBM substrate degradation by A. keratinophila D2. 
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Fig.2. Effect of PBM substrate concentration on keratinases secretion and crude protein 

extraction during degradation by A. keratinophila D2 at 28 ºC. To find the optimal 

concentration of PBM in the media for production of keratin degrading proteins in the culture 

supernanat, a range of PDM concentrations were tested. Of the tested concentrations 1% w/v 

resulting in the highst activity 
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Fig. 3. Effect of temperature on enzymatic activity of the keratinolytic proteases cocktail 

produced by A. keratinophila D2. The optimal temperature for hydrolysis was investigated in the 

range 25 °C–90 °C. The activity was found to be optimal aournd 62 °C after model fitting to the 

data. This temperature is much elevated compared the optimal growth temperature of the organism. 
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Fig. 4. Effect of pH on enzymatic activity of the keratinolytic proteases cocktail produced by 

A. keratinophila D2. The acitivity of the culture supernatant containing protease from 

A.kertatiniphila D2 was tested at varying pH to find the optimal pH for the hydrolysis process. The 

optimal pH favouring activity was found to be near pH 8. 
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Fig. 5. Time course of two-stage PBM biological degradation process in 3-L bench-scale aerobic fermenter. Keratinolytic activity (■), 

microbial mass (●), soluble proteins (▲), and water insoluble solids (─).
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Fig. 6. Chromatogram of the SEC analysis of the end hydrolysate (206 hrs).  

The SEC analysis was monitored by absorbance measurement at 280 nm (solid line), followed by 

analysis of the protein content ( triangle) and free amino acids (square), within the collected 

fractions. All analyses indicate that the hydrolysate is fractionated according to size and that much 

of the protein content is found in smaller peptides. 
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Amino acid 
Concentration (mg/L) 

This work Łaba et al., 2017 

Ala 1039.8 54.7 

Arg 101.4 119.5 

Asn No 14.7 

Asp 273.0 24.2 

Cys 660.9 No 

Glu 1939.4 61.8 

Gln No 37.3 

Gly 14.9 17.1 

His 70.1 36.7 

Ile 407.3 342.3 

Leu 1114.4 953.0 

Lys 53.7 199.4 

Met 134.3 136.0 

Orn 147.7 No 

Phe 132.8 14.2 

Pro 659.4 No 

Ser 11.9 14.5 

Thr 4.5 325.8 

Trp 193.9 25.0 

Tyr 408.8 269.3 

Val 1368.0 360.6 

TOT 8736.3 3006.1 

 

Table 1. Free-amino acid concentration if final hydrolysate obtained during PBM enzymatic 

digestion with crude keratin-specific produced by A. keratinophila D2. 
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 Fraction groups Elutiona (ml) Massb (kDa) Total AA (mg) Free AA (mg) 

A 7.4 ‒ 14.9 1.6×103 ‒ 23.0 0.41 - 

B 14.9 ‒ 17.4 23.0 ‒ 5.5 1.18 - 

C 17.4 ‒ 19.9 5.5 ‒ 1.35 2.03 0.45 

D 19.9 ‒ 22.4 1.35 ‒ 0.33 0.24 0.14 

E 22.34 ‒ 24.89 0.33 ‒ 0.79 - - 

                                                                   Sum of fractions      3.86 0.58 

Fractionated sample 5.48 - 

 

Table 2. Summary of results from the amino acid analysis of binned fractions from the SEC 

analysis.  

Fractions from the SEC analysis were binned according to the theoretical mass of the protein 

products, which is based on the calibration of the column. Groups of binned fractions were analyzed 

to obtain total and free amino acid content, indicating that the largest amount amino acids were 

found group C thus in peptides/proteins of 5.5 kDa mass, down to 1.35 kDa and possibly free amino 

acids. The summed amount of total amino acids is 70 % of that in the sample loaded on the column 

(Fractionated sample). 

a The elution range from which fraction were binned together in the corresponding group.  

b Theoretical mass range of products within the group based on the calibration of the column. 
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Supporting Figures 

 

Figure S1: Calibration curve correlating Amycolatopsis keratinophila D2 dry cellular weight 

(DCW) to the absorbance measured at 595 nm and obtained employing the simplified 

diphenylamine DNA quantification method. In order to obtain a reliable and accurate 

quantification of microbial cell growth in a cultivation medium containing solid keratin particles it 

was chosen to employ the DNA extraction and quantification method developed by Zhao et al., 

(2013). The diphenylamine colorimetric method to quantify microbial DNA showed a very good 

correlation with the measurement of cell density obtained with a standard cell dry weight method.   
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Figure S2: Gel electrophoresis of fractions from SEC analysis of hydrolysate. Fractions from 

the SEC analysis were run on a Nu-PAGE gel to verify that the products within the hydrolysate 

were distributed within the fractions according to size. Numbers above lanes correspond to the 

elution volume (ml) of the fraction. The marker (M) is the Mark 12® protein ladder and numbers on 

the left side of the gel is the molecular masses (kDa) of the protein standards. 
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Figure S3: Calibration of Superose® 12 column. The Superose® 12 column was calibrated using 

a range of proteins specified in the Methods and materials section. The data was fitted to a linear 

model and used to estimate the sizes of the products in the hydrolysate. The formula obtained from 

the fit as well as the R2 is shown within the plotting area.  
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Figure S4: SEC of free amino acids. In order to know when free amino acids would elute from the 

Superose® 12 column Trp, Gly, Leu, Phe and Arg was run on the column. It is observed that Gly, 

Leu and Phe elute as expected by molecule of their size, while Arg and Trp elute much later. Arg 

and Trp is thus suspected to adhere to the column material and elute later than expected.  
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Discussion and concluding remarks 
 

The study in this thesis work has involved investigation of different aspects within the area of 

keratinous material degradation, ranging from assay development and microbial screening to 

protein characterization and pig bristle hydrolysate production. Below the work presented in the 

different chapters will be further discussed and concluding remarks will be given. 

In chapter 2 a draft manuscript describes results from work done in collaboration with the 

Molecular Microbial Ecology Group at University of Copenhagen, of which the overall aim was to 

develop and evaluate the azokeratin screening method using the DAKA slaughterhouse by-product 

as a substrate. Labeling of the slaughterhouse by-product product using a simple azo-dye was 

shown to work, following the release of soluble degradation products upon degradation with 

proteinase K, a known keratinase, and by protease produced by known keratin degrading bacteria. 

The fact that the substrate used represents as keratinous material, but has been heat treated means 

that its use as a substrate for screening of keratinases that can degrade purely native non-treated 

keratinous materials can be debated. However, the main motivation for choosing this approach was 

that we could easily assay for activity on the actual substrate to be degraded, which is a strong point 

for choosing this approach. Using this new substrate, some common practices within the field of 

keratinases investigation were examined, including the pH dependence of the released azo-dyed 

product and the practice of using TCA as a stopping reagent. It was observed that the use of TCA to 

stop the reaction is biased depending on the protease studied and it was concluded that a filtering 

method was more appropriate than TCA acidification and subsequent protein precipitation. It 

should be noted that centrifugation and cooling is described in the literature previously for stopping 

the reaction, especially when using keratin azure as substrate, likely because of the signal loss when 

using TCA (1)(2). Such analysis of the various downsides of using TCA as stopping reagent, 

however, has to the best of my knowledge, never been published and is thus not available in the 

literature.  

Another problem that can be encountered when reading the literature is how to compare the 

activities of keratinases between individual studies. Labeled substrates prepared in the laboratory, 

most likely vary based on the pretreatment of the substrate (e.g. milling, heating or cutting) and 

labeling efficiency, hence will give rise to different signal responses. It was therefore proposed that 

the signal produced from a substrate should be standardized and in the present study standardization 
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with proteinase K was chosen. Performing a suitable standardization will indeed facilitate 

comparison of keratinases as they can be related for example to the proteinase K efficiency. It is 

thus the hope that these initiatives will be used within the field of keratin degradation.  

 

Chapter 3 is a manuscript in preparation and presents data from the enrichment and screening 

efforts, performed in order to identify candidates for degradation of the slaughterhouse by-product 

using the azokeratin substrate as an evaluation method. This work was also performed in 

collaboration with the Molecular Microbial Ecology Group at University of Copenhagen and 

represents work towards one of the aims of the Keratin2Protein project by “creating” consortia of 

bacteria capable of degrading the slaughterhouse by-product. Instead of doing initial isolation of 

bacteria with keratinase/protease activity, enriched consortia of bacteria were tested, to investigate 

possible synergistic and emergent properties of the consortia compared to isolated bacteria. One of 

the apparent cons of this methods is that it can be discussed how efficient the enrichment process 

has been, since the method only applies minor selection to the bacteria in the consortia. The only 

selection/enrichment that is happening is based on the ability of an organism to grow in the culture 

and not necessarily on the ability to degrade the substrate material, since the release of nutrients can 

be performed by other bacteria in the culture. It would possibly have been better to have 

implemented an approach that at an earlier stage incorporated selection based on the activity 

towards azokeratin, while still allowing for co-dependence of activity to be observed. An approach 

using serial dilution of an initial enrichment culture for the stochastic selection of bacterial species 

would be an option (3). The end results was, however, positive since the general observations was 

that all the enrichments performed better than the positive control (Bacillus licheniformis PWD-1), 

assayed using the azokeratin substrate made from the slaughterhouse by-product. A conclusion was 

never reached as to why these consortia performed better, whether it was simply due to the fact that 

they contained a single species more effective than the positive control or some synergistic effects 

are at play.  

Though the 16S rRNA gene amplicon and LC-MS/MS analysis shed some light on which bacteria 

could possibly be involved in the degradation process, LC-MS/MS analysis was challenged by the 

lack of metagenomics data from the enrichment cultures. Redundancy in the sequence library used 

for the search resulted in the identification of a low number of unique peptides per protein 
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identification. Metagenome data would have greatly aided the analysis and could have resulted in a 

higher number of identified proteins from the consortia. 

The genus of Stenotrophomonas was identified from the 16s rRNA analysis and is known from 

literature to contain species, which have keratinolytic activity (4)(5)(6). The genus was furthermore 

shown to secrete S8 peptidases into the culture supernatant, indicating an involvement in the keratin 

degradation activity. The genus was not evaluated at a species level in chapter 3, but the 16S rRNA 

analysis indicated that the Stenotrophomonas genus was represented by two different species. In 

every sample this genus was identified, which could indicate co-dependence of the two species, 

which was unfortunately not investigated further. It would be interesting to identify whether the 

indicated co-dependence is related directly to the ability of the species to grow on the 

slaughterhouse by-product or relates to a different biological mechanism. Brevundimonas and 

Empedobacter were also identified as possibly being involved the degradation process and these 

two genera have not previously been associated with keratin degradation and furthermore the 

Brevundimonas genus has rarely been reported to produce proteases (7). What was further 

interesting about the Brevundimonas genus was the apparent lack of secreted S8 peptidases, which 

could indicate that the mode of degradation utilized by Brevundimonas either involves novel 

proteolytic families, involves disulfide bond cleavage or a completely novel mechanism. In this 

study the main mode of degradation investigated was protease activity and it would have been 

interesting to address the disulfide bond cleavage capabilities of the consortia. In relation to this, the 

lack of proteomics data for the D enrichment is unfortunate. The reason for not analyzing these 

samples was the relatively low activity compared to the other enrichments (albeit higher than 

positive control) and a low number of proteases as judged by the casein zymograms. It would, 

however, be interesting to investigate a possibly different degrading mechanism than proteolysis, 

which the MS data would not necessarily show, but could have indicated it if no proteases were 

identified. In general a more elaborate experimental procedure with regards to the LC-MS/MS 

analysis would have greatly benefited the study. Disulfide bond cleavage could also explain why 

Brevundimonas does not seemingly need to express S8 peptidases to degrade the keratinous 

material. The focus on proteases also resulted in non-protease producing genera like Comamonas, 

Pedobacter, Pseudochrobacter and Sphingobacterium not being attributed to be responsible for the 

keratin degradation. Based on the data it cannot be concluded that this is the case, however 

influence could have been elucidated using the dilution experiments mentioned earlier. With all this 

knowledge about the enrichments, it would also have been valuable to have done experiments 
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measuring the loss of dry matter within the enrichment cultures, to judge the percentage of keratin 

material solubilized and not only have the azokeratin activities for evaluation. 

In the case of Brevundimonas and Stenotrophomonas enrichments mainly consisting of these 

species indicated that these could possibly be capable of degrading keratin in monocultures. The 

Elizabethkingia and Empedobacter genera were only identified in combination with other keratin 

degraders (Stenotrophomonas) and it would thus have been interesting to have isolated these 

species and investigated their capabilities in isolation. In the context of the Keratin2Protein project, 

many of the identified bacteria were judged as not being appropriate for industrial applications as 

they were all gram-negative and the Stenotrophomas and Elizabethkingia genera both contain 

species that are characterized as opportunistic human pathogens (8)(9). This resulted in the 

termination of further investigation of the enrichments. Whether the exact species investigated here 

are actually pathogens are not known and in an academic context these enrichments still represent 

interesting opportunities for further elucidation of novel keratin degradation mechanisms.  

 

Chapter 4 is a manuscript in preparation and presents data on the purification and characterization 

of two proteases purified from the culture supernatant of Amycolatopsis keratinophila subsp. 

keratinophila grown on the keratinous slaughterhouse by-product. This part of the study was 

initiated to characterize the protease profile of the bacterium to understand and use this knowledge 

in a possible industrial application, something that was further investigated in the work presented in 

chapter 5. Two proteases were purified based on their activity towards azokeratin and keratin azure. 

In this initial purification step it was also shown that other proteins with activity towards the 

azokeratin were present. Future work will hopefully identify these proteins with activity towards 

azokeratin, something that was partly elucidated in chapter 5 of this thesis. The two proteases were 

purified, identified by LC-MS/MS and bioinformatics analysis of the identified proteins showed 

that they were both belonging to the S1 peptidases family. Few keratinases have been identified to 

be S1 peptidases. Whether the two proteases represent keratinases can be discussed, but it can be 

concluded that the two proteases are capable of degrading the azokeratin and keratin azure. 

Furthermore it was shown during the specificity analysis that peptides from what is considered hard 

keratins were identified, which indicate cleavage of keratin proteins. In conjunction with this an 

interesting observation was the relatively low activity of the T-like and C-like protease towards 

azocasein compared to the activity towards keratin substrates compared to the other protease. 
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Furthermore, the two proteases seem to be accountable for a significant percentage of the activity 

observed in the culture supernatant. Thus they are believed to have a significant role during the 

slaughterhouse by-product degradation. Though both proteases were identified to be S1 peptidases, 

they were shown to differ on several parameters, e.g. temperature optimum, specificity and keratin 

substrate degradation capabilities. The C-like protease exceled by activity close to the same level as 

proteinase K at 55 °C on keratin azure, which indicated it is the more promising of the two 

proteases for hydrolysis at elevated temperatures. Prolonging the incubation time even further and 

also verifying the same behavior on azokeratin, would be needed to complete the study. It indicates 

that the C-like protease could be involved in the hydrolysis process described in chapter 6. Both 

proteases were however not capable of degrading neither native dog fur nor feathers, something that 

only proteinase K could do at 55 °C. In that context it was shown that both protease could withstand 

reducing agents and sulfite and still remain active and it would thus be interesting if addition of 

these chemicals to a reaction mixture would aid the proteases in the degradation due to opening of 

disulfide bonds.  

The specificities of the two proteases were shown to be different, indicated by sequence alignments, 

MS specificity analysis and synthetic substrate specificity. Aside from the apparent specificity of 

the C-like for small to medium sized hydrophobic site chains at P1, there was also an apparent 

specificity towards Arg and Lys. This specificity was, however, hypothesized to either be attributed 

to contaminants in the keratin material used as substrate and/or the bias of the instrument towards 

positively charged peptides, thus having a higher identification rate. A similar unsuspected 

specificity pattern has been observed before, using MS for protease specificity analysis (10). While 

these results indicate a specificity of the C-like protease unlike that of the T-like, it would be nice to 

substantiate these results by kinetics experiments on synthetic substrates or using the Terminal 

Amine Isotopic Labeling of Substrates (TAILS) approach (11)(12), both for standardization of the 

substrate (peptides) and to remove the possibility of contaminants in the substrate sample. It would 

thus be opportune to be able to split the specificity analysis into two experiments, the digestion of 

the keratin material and a TAILS experiment. Analysis of the digestion products from the 

slaughterhouse by-product gives insight into which proteins are being digested and further 

experimental investigation could potentially point towards a specific degradation pattern. The 

specificity analysis using the keratin product was, however, complicated by the high similarity 

between keratin proteins. This could be minimized by using the TAILS method, which would also 

eliminate any bias that could occur because of the structure of the keratin material. Results from 
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both experiments would thus complement each other nicely. Furthermore, while focus has been put 

on the specificity at P1 it would also be interesting to investigate whether the proteases show 

specificity at any of the other positions.  

The active site titration experiments were not given much attention in the draft manuscript, but I 

think they should be mentioned since I find it to be an important procedure and one that should be 

incorporated more rigorously in the field of keratinase studies. When working with enzyme 

characterization (e.g. kinetics) one often has to rely on the enzyme solution containing 100% active 

protein, which is not always a correct presumption. Proteolytic degradation, misfolding and 

chemical modifications can alter the apparent activity of the enzymes. Working with proteases, 

autodigestion is a common problem encountered (13), which makes estimation of active proteases 

difficult based on absorbance measurement alone. It was commonly observed during the study that 

the active site concentration could be as low as 10%, as compared to what was estimated based on a 

concentration measurement. Protease stocks made from lyophilized protease were also observed to 

result in lower concentration of active site than expected. This means that even if great care is taken 

to prepare the protease and store them correctly, the concentrations of the proteases can be widely 

different from what has been estimated based on UV absorbance measurements. Titrants are 

available for many different protease types (13) and it would thus be good practice if active site 

titrations could be included, especially when protease activities are compared.  

 

Chapter 5 included data from the proteomics analysis of the culture supernatant from Amycolatopsis 

keratinophila grown on the DAKA slaughterhouse by-product. The protease profile of A. 

keratinophila was shown to contain a wide variety of peptidase families and protease 

activities/specificities. In chapter 4 it was shown that apart from the T-like and C-like proteases, 

other proteins were present in the culture supernatant showing activity towards azokeratin and 

keratin azure. Some of these proteins are possibly identified in this part of the study. Some 

interesting families were represented in the profile, many of which have previously been associated 

with keratinase activity (14)(15). While the initial experiment was meant to examine the expression 

profile at different time point during the growth of A. keratinophila and compare the abundance of 

proteins, this analysis became invalid due to instrument failure. It would nontheless be an 

interesting experiment to perform, in order to observe whether selected proteases are expressed 

early in the degradation process rather than later and vice-versa. The initial approach taken, 
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involved precipitation of proteins from the same volume of culture supernatant at all time points 

and looking at the difference between relative protein abundances. It could be argued that this 

approach heavily favors relatively higher abundances in samples late in the growth. While this 

might be true, expect in situations where a dramatic down-regulation would occur late in the 

growth, there is no other obvious way to determine how large a volume proteins should be 

precipitated from. Instead, a comparison of the ratios between the proteases within a sample and 

then comparing those ratios between the different sampling points and the relative abundance could 

be used.  

While the LC-MS/MS analysis of fractions after the anion exchange chromatography worked fine, 

the fractionation itself was not very successful. The separation of the different proteases was very 

limited (co-elution), which made it difficult to relate activity towards azokeratin with an 

identification of a protease in a given fraction. Because protease abundance (peptide intensities) 

does not necessarily correlate with which protease is responsible for the azokeratin activity 

observed, the presence of e.g. five proteases in one sample makes it difficult to predict which of the 

proteases is/are responsible for the activity. A previous study observed the same problem of co-

elution when using the anion exchange column, while getting better result with a cation exchange 

column (14), which could also be attempted in a future study. 

The attempt to produce recombinantly a number of the proteases identified in the supernatant by 

LC-MS/MS, only resulted in the expression and partial purification of a single protease of the 11 

cloned and expressed in E. coli. One of the obvious difficulties in this setup was the fact that many 

of the E. coli transformants suffered from cell death even without induction of the protease gene 

expression. Either further attempts has to made at getting higher levels of expression in E. coli, but 

a more promising solutions would be to change expression host to Pichia pastoris (16) or Bacillus 

subtilis (17). With the inclusion of the M36 peptidase identified to be expressed into the culture 

supernatant, the production of all the chosen proteases would potentially both be beneficial towards 

an industrial application and gaining academic knowledge. It furthermore represents a different 

approach compared to purification from the native host and would supplement this approach. 

Dissection of the protease system involved in the keratin degradation would allow better 

understanding and opportunities for optimization of the system, relating to the work presented in 

chapter 6.   
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Chapter 6 is a manuscript in preparation presenting data on the hydrolysis of the DAKA 

slaughterhouse by-product. Parameters for increased production of keratinases by A. keratinophila 

were investigated resulting in optimized conditions that were used for the preparation of culture 

supernatant containing keratinases. The optimal keratinase activity of the culture supernatant  was 

found to occur at higher temperatures (60 °C) as compared to optimal growth temperature of A. 

keratinophila, which resulted in a two-stage process of bacterial growth followed by hydrolysis at 

elevated temperature. This effectively resulted in the degradation of a large percentage of the 

keratin material and resulting in an abundance of small peptides easily degradable as verified by in 

vitro pepsin digests. While this study proves that the concept works optimization could involve 

harvesting of the culture supernatant and adding it in portions like for the keratin material. As we do 

not currently know exactly how the keratinases are affected by prolonged heating and the 

environment within the reactor, serial addition could potentially result in higher hydrolysis 

efficiency. Different setups could potentially further improve the hydrolysis, by combining culture 

supernatant from different species in the same reaction or using recombinantly expressed proteins in 

combination with supernatants. Testing of the hydrolysate as a food additive is currently planned 

and results of these studies will decide whether the product can be used or not.  

 

In conclusion, the ultimate aim of the Keratin2Protein to develop bacterial consortia capable of 

degrading the keratinous slaughterhouse by-product made from pig bristles and nails did not 

succeed. Consortia with keratin degrading abilities were obtained however in the context of the 

project the potential pathogenicity ended this part of the project. We were however able to develop 

and evaluate an assay to show degradation of the slaughterhouse by-product and investigate some 

pitfalls within common practices used for keratinase assays. We were furthermore able to get 

knowledge about some potentially new keratin degrading bacterial genera within the consortia, 

which could be interesting to investigate further to gain more knowledge about the process of 

keratin degradation. To advance the project the known keratin degrader Amycolatopsis 

keratinophila was acquired and the capability to degrade the slaughterhouse by-product was 

demonstrated. This prompted the investigation of the proteases able to degrade the substrate, which 

was leading to the discovery of two abundant proteases capable of degrading the slaughterhouse by-

product and keratin azure. Of the two, especially the C-like protease showed to be a potential 

candidate for use in a hydrolysis of the slaughterhouse by-product at elevated temperatures. Based 
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on proteomics profiling of the culture supernatant a number of interesting proteases were identified, 

from which nine genes were cloned and attempted produced recombinantly in E. coli to reconstitute 

the hydrolyzing power of the culture supernatant. None of the proteases could be purified in the 

attempts, except for the C-like protease. The culture supernatant of A. keratinophila was then used 

for hydrolysis of the slaughterhouse by-product utilizing a two-step process, with serial addition of 

the slaughterhouse by-product. The hydrolysis procedure resulted in the release of the 75% of the 

protein content in the bristles. The high digestibility of the product hopefully ensures that it will 

succeed as a food additive.  
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The following posters have been presented at: 

The 29th Annual Symposium of the Protein Society, 2015, Barcelona, Spain 

The 8th International Congress on Biocatalysis, 2016, Hamburg, Germany 

Furthermore the posters have been presented at the biannual (internal and collaboration with KU) Protein.DTU 

workshops  
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Due to the construction of keratin rich materials like bristles and nails, the 

digestibility and nutritional value is very low when used as animal feed. The reason 

behind the low digestibility is the keratin matrix proteins (high amount of disulfide 

bonds) and the structure of the keratin fibers, which both contribute to the high 

resilience towards proteolytic degradation[1]. 

 

 

Figure 1: Schematic representation of a typical hair fiber. Complex biological 

structures like a hair fiber are not easily degraded by a single enzyme as they have 

multiple components[1]. 

Introduction:  

Results:  

Keratin degrading microorganisms, were cultured from samples 

taken in different environments that was judged prone to be 

inhabited by organism with the desired phenotype. The 

samples were taken through an enrichment process, where 

organisms were grown on keratin rich slaughter-house waste 

as the sole nutritional source. This resulted in consortia of yet 

unknown composition, that are able to degrade and grow from 

nutrients in the waste material. At least some of the 

components responsible for the degradation were found to be 

located in the culture supernatant as cell free supernatant is 

also able to degrade the waste material. This could very well 

indicate extracellular secreted keratinases. 

Casein zymograms show that different compositions of 

protease are present in the different enrichments (figure 3). As 

casein is a easily degraded substrate this does not tell us 

much about which of these protease are responsible for the 

keratin degradation or if some of these protease play a 

secondary role in the degradation. By adding the protease 

inhibitor PMSF during the zymogram procedure, we get an 

idea of the nature of these proteases (figure 4). PMSF has a 

clear inhibitory effect, which indicates that at least  serine 

proteases are present in the supernatant. It is also interesting 

that some proteases do not seem affected by the inhibitor, 

indicating that metallo-proteases could be present.  

It was possible to make in-gel trypsin digestion knowing 

the approximate position of the proteases and perform 

mass analysis of the peptides using MALDI-TOF. Using 

MASCOT to match peptide masses with calculated 

masses from the NCBInr database, some interesting 

matches were found. As of now digests from two gel 

bands (marked by the black arrows in figure 5) have 

resulted in peptides that have significant matches with 

proteases in the database. These proteases both 

originate from Stenotrophomonas maltophilia, which is an 

organism known to be able to digest keratin rich 

materials[3]. Both a proposed serine (bottom black arrow) 

and a proposed metallo-protease (top black arrow) were 

top hits. M
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Figure 3: Casein zymogram visualises protease activity in culture supernatants. By soaking the gels in 

a 2% casein solution after running and incubating at 37°C, active protease cleaves the casein in the gel, 

which will leave a blank spot after staining. Letters over each lane is where the original sample came from. 

Each  A) Pre-enriched soil with bristles, B) Slaughterhouse solid waste, C) Wastewater, D) Soil, E) Moth gut, 

F) Milled bristles, G) Bacillus licheniformis PWD-1  
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Experimental  

Zymograms: 15 µl of culture supernatant was mixed with 4xNu-PAGE® sample 

buffer (Life technolgies), but without added reducing agent or heating the samples. 

Gels were then run on a Nu-PAGE® (Life technologies) gel at 100 V for 1.30 h 

after which the gels were washed 30 min in 2.5% v/v triton x-100 solution. Gels 

were then washed in a 50 mM tris buffer at pH 8 for 30 min and soaked in a 2% 

w/v casein solution for 60min. Gels incubated at 37C° for 3h in a 50mM tris buffer 

at pH 8. Gels were then stained with Coomassie. With added inhibitor, PMSF 

incubated for 1 h with a the tris buffer containing 1 mM PMSF, before being moved 

to 37 °C. 

In-gel digest: 200 µl culture supernatant was TCA precipitated and run on a Nu-

PAGE gel as with the zymogram, afterwards it was stained with Coomassie. Gel 

bands were cut out and reacted with DTT and iodoacetamide to remove disulfide 

bridges. Digestion was done with trypsin overnight at 37 °C. 

Peptide identification: Tryptic digests were analysed on a Bruker Daltonics 

Ultraflex MALDI-TOF/TOF, though without performing MS/MS. The matrix used 

was α-cyano-4-hydroxycinnamic acid and it was loaded on a MTP AnchorChip™ 

(Bruker Daltonics) target. Automated peak picking for mass lists were done using 

Biotools (Brukner Daltonics). MASCOT was used for matching masses with 

calculated masses in the NCBInr database. Searches were limited to bacterial 

taxa and mass tolerance was set to 50 ppm and 2 allowed missed cleavages. 

  

Conclusions and suggestions for 
further research  

• Zymograms have shown that the supernatant from the enriched cultures contain protease and most 

cultures probably contain more than one protease. Furthermore inhibition by PMSF suggests  that some of 

these are serine proteases. 

 

• Matching of peptides from two bands on a Nu-PAGE gel to two proteases suggests that these bands in fact 

contain extracellular proteases secreted by microorganisms in the cultures. 

 

Further research: 

 

• Purification of the different protease, will allow further elucidation of their role in the keratin degradation 

process and whether they are effective when isolated or are dependent on redox active proteins/chemicals. 

 

• Using LC-MS/MS could improve the identification of these two proteases and would allow de novo 

sequencing of the peptides, to discover possible amino acid changes compared to the ones listed in the 

databases. 
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Figure 5: Gel bands used for in-gel digestion. Proteins 

in supernatant from consortia E1 has been concentrated 

using TCA and the run on gel. The bands where the black 

arrows are located were of interest because these were in 

an area where E1 supernatant had shown protease activity 

in zymograms. In-gel digests effectively produced peptides 

which where matched to two proteases from Stenotro-
phomonas maltophilia. That both proteases were matched 

with protease from the same organisms may indicate that 

this is in fact a species of S. maltophilia. 
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Figure 4: Zymogram with added serine protease inhibitor. Interesting 

culture supernatants were further investigated, by adding serine protease 

inhibitor to the zymogram and thereby giving some knowledge about the 

nature of the protease. Many of the proteases are inhibited by the PMSF, 

while two or three proteases seem  to not be much affected by the inhibitor. 

Figure 2: Proposed mechanism of wool degradation by three enzymes in S. maltophilia BBE11-1. The 

investigation of a keratin degrading bacterial strain lead to the discovery of three enzymatic proteins that each 

had their role in the degradation. (a) A disulfide reductase removes disulfide bonds, (c) which then allows a 

keratinase (K1) to cleave the keratin dimers to smaller pieces . (d) Lastly keratinase (K2) cleaves the keratin 

into yet smaller pieces [2].  

Some microorganisms have developed special mechanisms for liberating the 

nutrients from these keratin materials. These tactics involve cleaving peptide bonds 

and breaking disulfide bonds[2]. 

 

 

 

 

 

 

 

 

 

 

We have set out to investigate how microorganisms may work synergistically in a 

consortia to give greater degradation versus single organism degradation. We find 

that to reach this goal it is of great interest to disclose how the enzymes responsible 

for the degradation work on a molecular level. We have chosen to start with 

investigating the keratinases from different enriched microorganisms as these are 

the core of the degradation. 
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Due to the biological structure of keratin rich materials like bristles and feather, the

digestibility and nutritional value is very low when used as animal feed. Keratin

matrix proteins (high amount of disulfide bonds) and the structure of the keratin

fibers, both contribute to the high resilience towards proteolytic degradation[1] and

hence the low nutritional value .

Figure 1: Schematic representation of a typical hair fiber. Complex biological

structures like a hair fiber are not easily degraded by a single enzyme as they have

multiple components[1].
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Experimental

Zymograms: 15 µl culture supernatant was mixed with 4xNu-PAGE® sample

buffer (Life technologies), but without added reducing agent or heating the

samples. Gels were then run on a Nu-PAGE® (Life technologies) gel at 110 V for

1.30 h after which the gels were washed 30 min in 2.5% v/v triton x-100 solution.

Gels were then washed in 50 mM tris buffer pH 8 for 30 min and soaked in 2% w/v

casein solution for 60 min. Gels incubated at 37C° for 2 h in 50 mM tris buffer pH

8. Gels were then stained with Coomassie.

Culture growth: Media consisted of a simple buffer, 5 mM NaPi, 8 mM NaCl, 1

mM MgSO4,, pH 7.5, with 10 g/L dried and roughly milled pig bristles and hooves.

Shake flasks were used for culturing and the growth temperature was 30°C.

Azokeratin assay: An appropriate amount of sample was added to a tube

containing azokeratin in 50 mM tris, pH 8. The final azokeratin concentration of the

samples was 25 mg/ml. The samples were then incubated for 1 h at 30°C while

shaking. After end incubation the reaction was stopped by filtrating the sample

thus ending the reaction. Absorbance was measured at 415 nm.

Concluding remarks and future research 

• Here we identified one proteases and possibly secondone, which are both potentially involved in the 

degradation of keratin by Amycolatopsis keratiniphila.

• The positively identified protease seems to be a trypsin-like protease, a property that is novel for keratin 

degrading proteases.

• Further work will revolve around getting a completely positive identification of both protease and 

correlations with the zymogram results. Purification is currently being further optimized.

• Furthermore we shall try and see if we can account for all the keratin degrading activity in the 

supernatant, which means possibly identification of more proteases or other proteins functionally related 

to the degradation.

• Proteases will we recombinantly produced and characterized, to further elucidate their involvement in 

keratin degradation.  

Figure 2: Proposed mechanism of wool degradation by three enzymes in S. maltophilia BBE11-1. The

investigation of a keratin degrading bacterial strain lead to the discovery of three enzymatic proteins that each

had their role in the degradation. (a) A disulfide reductase removes disulfide bonds, (c) which then allows a

keratinase (K1) to cleave the keratin dimers to smaller pieces . (d) Lastly keratinase (K2) cleaves the keratin

into yet smaller pieces [2].

Some microorganisms have developed special mechanisms for liberating the

nutrients from these keratin materials. These tactics involve hydrolysing peptide

bonds and breaking disulfide bonds[2].

We have set out to investigate the keratin degrading mechanisms of a known

keratin degrader, Amycolatopsis keratiniphila[3]. Nothing is known about the mode

of degradation that this bacteria utilizes, but it has been observed that the culture

supernatant, contains some keratin degrading activity as well as protease activity.

Here we investigate, whether some of these proteases are involved in the

degradation and also attempt to get an identification of these protease.
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Figure 1: Azokeratin activity and protease profile of A. keratiniphila

culture supernatant. A: Investigation of the ability to degrade azokeratin

in the culture supernatant during a 7 day period of time. B: Zymogram of

the culture supernatant (Sup), suspended sample after ammonium sulfate

precipitation of the culture supernatant (AMS resus.) and change of buffer

to a 50 mM Acetate buffer, pH 4 (acetate sample). The degradation activity

in the culture supernatant sharply increases around day 3 after inoculation

and then peaks around day 5. The supernatant used for the experiments

has been harvested at day 5. Both the zymogram and azokeratin assay

show that AMS precipitation does not loose any activity while around 40%

is lost when exchanging to acetate buffer.
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Figure 2: Cation exchange chromatography and zymogram of azokeratin

active fractions. A: Cation exchange chromatography was performed at pH 4 in

an attempt to make all the azokeratin active proteins bind to the column material.

Proteins were eluted with an gradient of a 1 M NaCl, 50 mM acetate buffer, pH 4.

All fractions have been assayed with azokeratin and fractions with activity have

been presented here. Notably the flow through contained no activity. The red line

is absorbance at 280 nm. Fraction volume was 3ml B: Fractions were

furthermore used for zymogram to visualize the separation of proteases which

were responsible for the activity. It can be seen that around fraction B2 a

protease appears on the zymogram around 40 kDa (Protease 1). The second

one is at C6 (Protease 2) and the last one around C10 (Protease 3). These three

proteases can also be observed in the zymogram of the supernant. It seems like

mostly Proteases 1 and 3 are active in the azokeratin assay. The band around

20 kDa is as of now of unknown origin.

Purification and identification of two protease thought to be involved in keratin degradation
46,6 56,6 66,6 76,6 86,6 96,6 106,6

-10

0

10

20

30

40

50

60

70

0

0,05

0,1

0,15

0,2

0,25

0,3

A
5

A
6

A
7

A
8

A
9

A
1
0

A
1
1

A
1
2

A
1
3

A
1
4

A
1
5

B
1
5

B
1
4

B
1
3

B
1
2

B
1
1

B
1
0

B
9

B
8

B
7

B
6

A
b

s 4
15

n
m

Fraction #

Figure 3: Size exclusion

chromatography on azokeratin

active fractions from cation

exchange chromatography pH 4.

A: To get a better estimate of the

size of the proteases, fractions B4-

C12 from the cation exchange, was

pooled and concentrated before

being subjected to size exclusion

chromatography on a Superdex 75

16/600 pg. B: Zymogram of

azokeratin active fractions from the
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size exclution experiment As prior experiments had shown that the protease

masses are not what is indicated by the zymograms, a Superdex 75 column was

used for size determination. The results from the size exclusion show that the two

proteases in fraction A15-B13 exits the column at a volume, that fits the size of a

protein with a mass around 25 kDa and not what is indicated by the zymogram. It

also shows that the protease 3 exits a bit after the two others, but does not seem

to correlate with much azokeratin activity, which can also be seen in figure 2. The

azokeratin activity from A8-A13 also seems to be correlated somehow with the

band at 25kDa. It is not yet clear what this band is, as a similar band starts to

appear in figure 1B when the sample is acidified. It also appears in figure 2B. The

hypothesis is that this could be one of the proteases that is unfolded at pH 4 and

therefore runs differently in the zymogram, perhaps more in line with the actual

size. If it is in a more unfolded state this could explain why it exits the Superdex

75 column at size correlating to a around 40 kDa. Further research is needed to

explain this observation.
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Figure 4: SDS-PAGE of fractions from size exclusion

chromatography and STI affinity column. Two fractions from

the size exclusion that correlated with the highest activity (A11

and A15), were TCA precipitated and run on an SDS-PAGE gel.

It is clear that neither of the samples are particularly clean, but

the two clear bands around 28 kDa, resemble two bands seen

when fractions from the cation exchange experiments (fractions

B1 and C9), were subjected to the same procedure. These

bands were used for in-gel trypsin digestion and analysed both
with MALDI-TOF and LC-MS/MS (orbitrap). The lower of the two bands was

identified as a 25 kDa trypsin-like protease. The protein in the upper band, has not

been identified with very high certainty yet, but results indicate that this could also

be a trypsin-like protease. This correlates with the fact that PMSF treatment,

removes the activity from these two protease when visualized with zymograms.

Furthermore azokeratin activity is also lost. In an attempt to show the potential

trypsin like nature of the proteases, affinity purification using column material with

covalently linked soy bean trypsin inhibitor (STI) was attempted. The sample used

was similar to the AMS precipitate in figure 1B. Proteins bound were eluted and

were TCA precipitated and run on the SDS-PAGE gel (lane: STI). Again the two

bands appear and these samples also show azokeratin activity.
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