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Introduction

Today, the generation of electricity, heating &naghsportation highly depend on fossil
fuels. Combustion of natural gas, oil and coalasés enormous quantities of air pollutants
such as carbon dioxide, sulfur oxides and nitrogerides. The latter two compounds are
responsible for acid rains while elevated levelscafbon dioxide in the atmosphere are
considered the major cause of global warming amdaté change. In addition, the formation
of fossil fuels is much slower than their consumptiate and therefore depletion is expected
within a couple of decades. Concerns about thedomavailability of fossil fuels and their
negative effect on the environment urge the sdientommunity to seek for clean energy
carriers that can be produced from renewable ssuktgdrogen is among the best candidates
since it burns to clean water vapor with zero carbimxide emission. It can be generated
from many renewable energy sources including setergy, hydropower, wind power and
biomass.

A great number of microorganisms are known to peedhydrogen and the possible
use of microbes for hydrogen production is exteglgigtudied. Photosynthetic cyanobacteria,
green algae and purple bacteria are potential datel for solar energy driven biohydrogen
production while fermentative bacteria and archaveawell suited for hydrogen fermentation
using cheap organic substrates. Agriculture aramtedlindustries produce large quantities of
by-products which are rich in carbohydrates or jgegt Currently, these wastes are mainly
disposed, or decomposed through expensive procedlreprinciple, these organic waste
materials could be used to cover the biomass rexpgnt of fermentative hydrogen-
producing facilities (Claassen et al. 1999). Thembmation of biological waste
decomposition and fermentative biohydrogen produacis promising as it can solve two
problems at the same time. It offers an environalBnsound, cheap alternative for the
treatment of agricultural wastes and additionallynight produce energy carriers that can

reduce our dependence on fossil fuels.



1. Overview of the literature
1.1. Proteinaceous animal wastes - processes for de  composition

1.1.1. Meat meal

Animal carcasses, by-products from slaughterhowsszed raw meat and meat products
unsuitable for human consumption are collected processed in dedicated industrial
facilities. Closed disinfectors are used to stegiland cook the collected materials applying
high pressure and temperature. The resulting mugubsequently drieh situ followed by
physical (e.g. extrusion) or chemical fat remo@aied materials with reduced fat content are
finally milled to yield meat meal (Szél and Gal 098
For a long time, meat meal has been applied asstig#dor farmed animals. However,
current EU regulations (1774/2002/EU) introducdzha on such use and tightly restricted the
use of animal by-products. Consequently, nowadays$iiingary this material is mainly

incinerated.

1.1.2. Keratinaceous wastes
1.1.2.1. Structure of keratins

Keratins are insoluble fibrous structural proteihat can be found in feathers, wool
and animal hair in large quantities. Their uniquatn®-filament texture (Jones and Pope
1985), strengthened by a large number of disulfideds (Lynch et al. 1986), makes keratin
highly resistant against physical, chemical andlogical agents, resulting in an ideal
protective layer for animals. Based on their seeoyndtructure, keratins are divided irdo
andf3 keratins. In mammals, keratins predominate (Fraser et al. 1986) wRikeratins are
more characteristic to reptiles and birds (Fraset Barry 2008). X-ray diffraction studies
confirm the presence of tightly packed helicalrfilents that consist of repeated units both in
animal hair and in feathers. Filaments found iraavieathers and reptilian scales consist of a
pair of twistedp-sheet domains, each composed by a 32-residue dqffaser and Parry
2008). The other part of the same protein maketh@pnatrix of the keratinaceous structures.
Mammalian keratins contain filaments that are bugtfrom heterodimeric rod-like particles
(Steinert 1990). These building blocks are formgdsjpooling a type | (acidic) and a type |l
(neutral/basalx keratin resulting in a coiled colil structure. Niealical N terminal and C

terminal domains support the multimerisation of thés yielding long filaments.



1.1.2.2. Keratin degradation techniques

Billions of tons of keratinaceous wastes are preduannually in the poultry, wool,
fish, and meat industry (Williams et al. 1991; E@2004). Pyrolysis (Kim and Agblevor
2007), chemical treatment of concentrated wasteetiycing agents (Onifade et al. 1998) or
hot NaOH (Kim and Patterson 2000) are commonly egga, although these technologies
are energy demanding and environmentally harsh.aAgrotein polymer, keratin is an
attractive feed source for those microbes that tlagebility to degrade and utilize it. Several
bacteria e.gBacillus cereus DCUW (Ghosh et al. 2008RBacillus subtilis (Cai et al. 2008)
Sreptomyces pactum (Bockle et al. 1995)Bacillus licheniformis PWD-1 (Lin et al. 1992;
Williams et al. 1990)Chryseobacterium sp. kr6 (Riffel et al. 2003 treptomyces fradiae (Yu
et al. 1969), Bacillus halodurans (Takami et al. 1992; Takami et al. 1999), the
hyperthermophilicFervidobacterium species (Friedrich and Antranikian 1996; Nam et al
2002), several dermatophyta fungi (Kunert 1973gtal. 1972) and recently a nonpathogenic
Trichoderma strain (Cao et al. 2008) were reported to produatinolytic proteases capable
of decomposing keratin. Many of these microorgasisare potential candidates for

biotechnological keratin degradation applications.
1.1.2.3. Keratinases

Keratinases are proteases that are able to hy@rélmatins. In general, proteases can
be classified according to their cleavage habitopEoteases cleave peptide bonds at the
amino termini (aminopeptidases) or at the carboaynini (carboxypeptidases) of their
substrates, while endopeptidases break non-termapide bonds inside polypeptide chains
(Rao et al. 1998). Based on the functional grodgber active sites, proteases can be further
divided into four prominent groups: serine protsasgy/steine proteases, aspartic proteases
and metalloproteases (Neurath 1989). The majofiknown keratinases are endopeptidases
belonging to the serine protease family.

Amino acid sequences of seveidcillus keratinases are known to show striking
sequence homology to Carlsberg subtilisin (E.C.23.462), a well-described member of the
serine protease family. All three catalytic actsies (Asp32, His64, Ser221) characteristic to
subtilisins can be identified in the primary sequeenf keratinases.

Subtilisins and related extracellular proteases laetaiad of 'pre’, 'pro' and 'mature’
regions (Wells et al. 1983; Power et al. 1986). Naterminal 'pre' part serves as a signal
sequence directing the translocation of the newyteesized precursor molecules through the

cell membrane. The adjacent 'pro’ region acts asteamolecular chaperone that promotes



the correct fold of the protease domain and is exgguisite for the protease maturation
(Shinde et al. 1997). In the last step of matumatibe enzyme is activated via an autocatalytic
removal of the 'pro’ region (Power et al. 1986).

Kinetic parameters oBacillus licheniformis KK1 keratinase and Carlsberg subtilisin were
determined and compared using a set of para-nitio@rfpNA) conjugated oligopeptides as
substrates (Evans et al. 2000). Both enzymes shawadar kinetics with most of the
oligopeptide substrates, preferentially cleavingtrte hydrophobic and aromatic residues.
The nearly identical protein sequence and the amfilochemical characteristics suggest a

tight relationship between keratinases and suinisisolated fronBacillus strains.
1.2. Possible ways of hydrogen production

1.2.1. Physical and chemical hydrogen production

Annually, roughly 50 million tons of hydrogen isead in the world (NHA 2008).
Most of it is generated via methane reforming aiotigh partial oxidation of crude oil
(Hancsok 2004). Currently, electrolysis of watenmma compete economically with the
chemical production of hydrogen. However, thisxpexted to change since the price of fossil
fuels tends to increase whilst electricity genataft®em renewable sources is expected to

become cheaper over time.

1.2.2 Photobiological hydrogen production

Photobiological hydrogen production refers to bgital production of hydrogen
performed by phototropic microorganisms that carreally utilize solar energy.
Photosynthetic microalgae and cyanobacteria sg@iewinto oxygen, protons and electrons
using solar energy collected by their photosysteii®$ ). Theoretically, electrons can be
redirected from PS Il to a hydrogenase enzyme augighe photolysis of water with the
production of hydrogen gas. As a proof of the pplez Benemann and co-workers combined
spinach chloroplast, a clostridial electron carri@olecule (ferredoxin) and a [FeFe]
hydrogenase for the direct photoproduction of hgdro(Benemann et al. 1973). Their system
was shown to evolve hydrogen from water upon ilhetion, but the production of hydrogen
stopped quickly since oxygen generated by PS il seon inactivated the hydrogenase.

Indirect biophotolysis is an attempt to circumvém inborn incompatibility between
oxidative photosynthesis and hydrogen productian.this approach, the oxygen and

hydrogen evolution stages are separated in timewaas demonstrated with the green alga



Chlamydomonas reinhardtii (Melis et al. 2000). In the first stage, microb@lltures are
allowed to perform photosynthesis under aerobiditmms that leads to the accumulation of
starch. Subsequently, the sulfur removal blockdIR$synthesis and cellular metabolism is
switched towards anaerobiosis and hydrogen pramluctnder these circumstances cells
consume carbohydrate storages and generate hydrogerdrawback of the method is the
rather low yield of hydrogen production.

Anoxygenic photosynthetic purple bacteria are ajfmo@mising candidates for
photosynthesis-driven hydrogen production. Theigke photosystem cannot split water, but
has a cyclic electron flow that does not releasectedns. Therefore, external reduced
compounds are required to feed the photosynthefie fixation processes with electrons
(Ehrenreich and Widdel 1994; Griffin et al. 200As their photosynthesis is anoxic,
simultaneous operation of oxygen-sensitive protsunsh as hydrogenases or nitrogenases is
possible during photosynthetic growth. Recentlythia purple sulfur bacteriunihiocapsa
roseopersicina, a [NiFe] hydrogenase was shown to have a lighjeddent hydrogen

evolving capacity (Rakhely et al. 2004).

1.2.3. Biohydrogen production via dark fermentation

Anaerobic heterotrophic microorganisms have varidermentative pathways for
utilization of energy-rich organic materials. Thes&roorganisms largely contribute to the
decomposition process in nature and are able t@bukte numerous substrates such as
sugars, starch, cellulose and proteins. Intragellokidation of sugars and amino acids yields
reduced cofactors that need to be re-generatechdore the continuous operation of the
metabolic system. In the absence of electron accgpsuch as oxygen or nitrate, hydrogen
production is one of the solutions for the disposdl the excess reducing power.
Consequently, the dark hydrogen production of theserobes is tightly linked to the
anaerobic fermentative pathways (Vignais and Cail#§94).

Pure cultures such as fro@hostridia (Yokoi et al. 2001)Caldicellulosiruptor (Kadar
et al. 2003) andEnterobacterium (Ito et al 2004) species as well as consortiuraraerobic
bacteria (Massanet-Nicolau et al. 2008) are fretiu@mployed for the lab-scale production
of hydrogen. Laboratory studies are often carrietlam pure carbohydrate substrates such as
glucose, starch or cellulose although these pdrifebstances are too expensive for large-
scale applications. However, agriculture producamerous energy-rich waste materials
suitable for biohydrogen production such as cefletdch plant residues (Lo et al. 2008),

starch (Yokoi et al. 2001) or fructans (Kyazze le2808), animal manure (Zhu et al. 2007)



and sewage sludge (Massanet-Nicolau et al. 2008¢ieht hydrolysis of the biopolymers
present in the biomass is essential for these psese During dark hydrogen fermentation,
carbon dioxide and organic acids are formed aspenducts in addition to biohydrogen. The
produced organic acids might be suitable feedstdok photo-fermentation using
photoorganothrophic bacteria. A promising combmatof dark hydrogen fermentation and
hydrogen photofermentation was recently descril@aassen and de Vrije 2006).

1.3. Hydrogenases

Nitrogenases and hydrogenases are metalloenzyhnel participate in the hydrogen
metabolism of a given cell. While nitrogenase petu hydrogen as by-product during
nitrogen fixation, hydrogenases j$es) are dedicated metalloenzymes that catalyze th
reversible oxidation of hydrogen §H- 2H" + 2€) (Vignais and Colbeau 2004; Hederrich
2004). Usually, Hase activities in both reaction directions can lké&dedin vitro using
artificial or natural electron carrier moleculesowkver, theiiin vivo function depends on the
actual redox status of the cellsyddes are classified into three major classes baisdtie
metal composition of their active sites (Vignaisl&@olbeau 2004). The [NiFe].Bises harbor
a Ni and a Fe atom, whilst the [FeFejalsles contain two Fe atoms in their active centdrs.
third class comprises archaeal enzymes with andooraining cofactor catalytic core (Lyon
et al. 2004). Therefore, this family is termed tisulfur-cluster-free” phses. Computer
assisted analysis of available sequences and dimesmsional structures disclosed that the

three Hase classes are phylogenetically distinct (Vigeail. 2001).

1.3.1. [NiFe] hydrogenases

[NiFe] hydrogenases were found in many bacterthachaea. The core enzyme is a
globular heterodimer formed by a large) @nd a small {) subunit that have molecular
weights of ~60 kDa and ~30 kDa, respectively. Thstal structures of various [NiFelbse
dimers have greatly extended our knowledge on #&meigc folds and structural a properties
of these enzymes (Volbeda et al. 1995) (Fig. 1 Bimetallic active center is located in the
large subunit, and is coordinated by four conservgsteine residues. X-ray and infrared
spectroscopy have identified the presence of timaganic ligands (2 CNand one CO) that
are connected to the Fe atom in the active sitéh@da et al. 1996; Happe et al. 1997). The
small subunit is equipped with up to three [4Fe-dlakters that allow the electron transfer
between the active site and the surface of the mazyrhese complex enzymes require

10



numerous maturation proteins catalyzing the foldind metallocenter assembly.

NiFe active center

4Fe4S clusters

Figure 1 Three-dimensional structure of the [NiFe] hydrogenpurified fromDesulfovibrio gigas. Green
and blue ribbons represent large and small subrgstsectively. The NiFe active center and 4Fe4Stets

are marked with arrows.

1.3.1.1. Classification of [NiFe] hydrogenases

[NiFe] H.ases can be divided into four groups based on $legjuence, structure and

biochemical properties (Vignais et al. 2001; Vignand Colbeau 2004).

Group 1: Uptake [NiFe] hydrogenases

Membrane-bound uptake,&kes belonging to Group 1 generate reducing e@uitsl
by supplying electrons to the anaerobic respirathrgins, methanogenesis, sulfate or metal
reduction. Usually, a characteristic signal seqaeran be found on the small subunit of the
Group 1 hydrogenases that directs the transpantagiothe fully folded enzymes to the
periplasm by means of the “tat” machinery (Weineale1998). Uptake bhses are linked to a
cytochrome b type subunit that anchors the hydragerdimer to the cell membrane and
transfers the electrons to the quinone pool (Vigread Colbeau 2004). In this way, the
oxidation of hydrogeman be coupled to the formation of a proton gradikat drives ATP

synthesis.

11



Group 2: Cytoplasmic hydrogen sensors and cyanebalktiptake [NiFe] hydrogenases

[NiFe] hydrogenases of Group 2 lack the N-termisanal sequence. Some
representatives, such as fRiaodobacter capsulatus HupUV H,ase (Vignais et al. 2000) and
the Ralstonia eutropha HoxBC Hyase (Kleihues et al. 2000) do not participate iergn
transduction. Instead, they act as a hydrogen sersb regulate the expression of uptake
hydrogenases depending on the presence or absérndg Other members of the group
include cyanobacterial uptake hydrogenases (Hup8tgent inNostoc strains (Axelsson and
Lindblad 2002; Oxelfelt et al. 1998) and Amabaena variabilis (Happe et al. 2000) that are
induced under Nfixing conditions. Their main function is the redation of hydrogen that is

released by the nitrogenase as a by-product afgatr fixation.

Group 3: bidirectional heteromultimeric cytoplasihiFe] hydrogenases

In addition to the standard dimeric core, bidi@mtal [NiFe] hydrogenases have
further subunits that carry binding sites for diffiet soluble cofactors such as cofactor 420,
NAD™ or NADP'. These enzymes are able to oxidize or reduce ¢béictor partners and are
supposed to take part in maintaining the physiclalgredox balance of the cells. The first
four-subunit NAD-depending [NiFe] hydrogenase weddted fromR. eutropha (Schneider
and Schlegel 1976). Related enzymes were identifietyanobacteria (Schmitz et al. 1995;
Appel and Schulz 1996) and in the purple-sulfurtédem T. roseopersicina (Rakhely et al.
2004). Bi-directional cytoplasmicjdses are commonly found also in Archaea (Bryaal.et
1989; Ma et al. 2000; Rakhely et al. 1999).

Group 4: hydrogen-evolving, energy-conserving, meme-associated hydrogenases

H.ases in this group form large, membrane-bound suldtinit complexes. A
conserved core, which consists of two integral nramé proteins and four hydrophilic
proteins, could be identified in all members oftgroup. These enzymes are distantly related
to other [NiFe] Hases whereas their “extra” subunits show remarksdai@ence homology to
the subunits of the NADH:quinone oxidoreductase gem Similarly to their homologous
subunits in complex I, the integral membrane prat@f the membrane-bounda$e complex
may act as proton pumps and may be involved inggnaynservation (Hedderich 2004).

Heterohexameric membrane-bound hydrogenases [edbnging to this group could
be purified from Methanosarcina barkeri (Kurkin et al. 2002) andrhermoanaerobacter

tengcongensis (Soboh et al. 2004). Recently, an operon presumablbling for an Ech
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hydrogenase was identified in the genomeCaldicellulosiruptor saccharolyticus (van de
Werken et al. 2008). Similarly, an operon codingddl4-subunit Fhse complex (Mbh) was
found inPyrococcus furiosus (Silva et al. 2000), and the corresponding proteimplex was
partially purified (Sapra et al. 2000). Based ortipaDNA sequencing and biochemical data,
a similar Hase complex is likely to be presentTinermococcus litoralis as well (Takacs et al.
2008). These hydrogenases are proposed to haumaryrole in the disposal of the excess
reducing power formed in fermenting microorganismAs. operon coding for a protein
complex similar toE. coli formate-hydrogen lyase (FHL) was also identified the
hyperthermophilic archaeof, litoralis. In E. coli, the FHL is connected to the carbohydrate
metabolism via pyruvate/pyruvate-formate lyase. Ewsv, the expression pattern of the
litoralis FHL suggested that this complex is instead linkethe peptide metabolism (Takacs
et al. 2008).

1.3.2. [FeFe] hydrogenases

The catalytic core of [FeFe] hydrogenases is tdrm& H-cluster and consists of a
binuclear [FeFe] center bound to a [4Fe-4S] clugiia bridging cysteine, and is attached to
the protein chain by four cysteine residues (Add®@0). FTIR spectroscopy identified CN
and CO ligands associated to the Fe atoms in tineeasite, similarly to [NiFe] hydrogenases
(Nicolet et al. 2001). [FeFe]Jdses have generally larger activity towards hydnageolution
as compared to [NiFe] 4dses, therefore they are frequently found in amaserfermentative
microorganisms. However, uptake hydrogenases aksst & this family, such as the
periplasmic enzyme found . gigas (Pohorelic et al. 2002). [FeFe] hydrogenases aicuen
in a sense that they could also be found in eultesycsuch as the green algae
C. reinhardtii (Happe and Naber 1993). Despite of their high bgdn evolving activity, the
biotechnological use of [FeFe] hydrogenases isicdiff due to their extreme oxygen

sensitivity.
1.4. Hyperthermophilic hydrogen-producing archaea

1.4.1. Archaea — the third domain of life

Less than 20 years passed since Woese and corwatéined Archaea as the third
major domain of life representing an ancient lifenfi. On one hand, archaea have a
prokaryotic cellular organization similar to bacetOn the other hand, their DNA replication

apparatus is rather eukaryotic like (Gribaldo amdcBier-Armanet 2006). Based on the
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phylogenetic trees constructed with the analysisiblmisomal proteins, the domain Archaea
was split into two major phyla: Euryarchaeota améi@rchaeota (Woese et al. 1990).

1.4.2. The order Thermococcales

Thermococcales is the best-known order within thleylum Euryarchaeota
encompassing three genefaiermococcus, Pyrococcus andPaleococcus. Species that belong
to this order are hyperthermophilic with optimalogth temperatures exceeding °80
Thermococcus and Pyrococcus species are generally of great biotechnologictrast since
they are a gold mine of heat-stable enzymes. Whitsst species of Thermococcales are
unable to grow in the absence of sulfur, this el@ms not absolutely necessary for the
growth ofT. litoralis andP. furiosus. Nonetheless, sulfur does have a stimulatory efiedhe

cell yield of these archaea (Bertoldo and Antraank2006).

1.4.3. Metabolic properties of Thermococcales

Species belonging to Thermococcales order usubley ta ferment peptides, proteins
or sugars producing #1CGQ,, organic acids, alcohols and alanine as end ptedBertoldo
and Antranikian 2006). Several extracellular pregsa(Voorhorst et al. 1996; Voorhorst et al.
1997; Pulido et al. 2006) as well as enzymes ireahin degradation of complex
carbohydrates have been characterized fRrfuriosus and T. litoralis (Brown and Kelly
1993). In addition, ATP-binding cassette (ABC) sparters involved in maltose transport
(Horlacher et al. 1998), and probably in the peptightake (Albers et al. 2004), have been
described inThermococcus andPyrococcus species.

1.4.3.1. Carbohydrate metabolism

Carbohydrate metabolism &f furiosus was extensively studied revealing a modified
version of the Embden-Meyerhof pathway (summarirefiig. 2). One of the fundamental
changes is the presence of unique sugar kinasenesszthat use ADP instead of ATP for
phosphorylation of glucose and fructose-6-phospfiédagen et al. 1994). Another difference
is that the oxidative steps involve unusual tungstentaining enzymes that use ferredoxin as
a redox partner. (Ma et al. 1997; Mukund and Adakf895). In the final step, acetyl-
Coenzyme A (acetyl-CoA) produced from pyruvate asverted into acetate by two acetyl-
CoA synthase isoenzymes. This reaction is accoredany the synthesis of ATP from ADP
via substrate level phosphorylation. Oxidation né anole of glucose yields up to 4 moles of

reduced ferredoxin.
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Figure 2 Carbohydrate metabolism ih furiosus adapted from Kengen et al. 1994. ACS, acyl-Coemzfm
synthetase; GAPOR, glyceraldehyde-3-phosphate meddotase; POR, pyruvate oxidoreductase;

1.4.3.2. Peptide metabolism

The peptide metabolism of the Thermococcalesrstra less well known, although
several key enzymes have been purified and chaizede In addition, whole genome DNA
microarray analysifias revealed genes that might play important relleen P. furiosus is

grown on peptides (Schut et al. 2003). The catabotif amino acids is summarized in Fig. 3.
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Peptides

Proteases l
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2-Fetoglutarate MADPY + NH,*
Transaminases XDH
Glutatmate NADPH
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Aldehydes Alcoholes
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Figure 3 Peptide metabolism d®. furiosus adapted from Adams et al. 2001. Abbreviations: AG&/I-
Coenzyme A synthetase; ADH, alcohol dehydrogena®®, aldehyde ferredoxin oxidoreductase; GDH,
glutamate dehydrogenase; IOR, indolepyruvate fewied oxidoreductase; KGOR, 2-ketoglutarate

oxidoreductase; POR, pyruvate oxidoreductase; VOIkgtoisovalerate ferredoxin oxidoreductase

In the first step, amino acids are deaminated lansminases. The produced
2-ketoacids are oxidized by four different 2-keidderredoxin oxidoreductases (POR, IOR,
VOR, KGOR) to their corresponding CoA derivateglging reduced ferredoxin. Following
the oxidation step, CoA derivates are converted iotganic acids by two acetyl-CoA
synthetase isoenzymes via substrate level phosialtiory coupled with the synthesis of ATP

Besides the oxidation of 2-ketoacids, ketoacid-oseductases also catalyze the
decarboxylation of 2-ketoacids into aldehydes. e reactions were shown to take place
simultaneouslyin vitro and were supposed to be regulated by the avaiiabil oxidized
ferredoxin (Ma et al. 1997). Depending on the redtate of the cells, the aldehydes can be
reduced into alcohols via ADH (Ma and Adams 19989ha@ electrons of NADPH, or they can
be oxidized by AOR (Mukund and Adams 1991) yieldinogganic acids and reduced
ferredoxin. In addition to reduced ferredoxin, NABDBan be also produced in the amino acid

catabolism.
1.4.3.3. Hydrogen metabolism of Thermococcales

Several [NiFe] hydrogenases were described from Ilmeesn of Thermococcales

including P. furiosus, one of the best-studied archaea. Hydrogen mesabalf P. furiosus is
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tightly linked to the fermentation of carbohydrasexl peptides since the reduction of protons
is coupled to the regeneration of co-factors (thoxen, NADPH) produced in the oxidative
steps (Fig. 4.). Two soluble heterotetrameric [NifFgdrogenases (Bryant and Adams 1989;
Ma et al. 2000) and one membrane-bound [NiFe] sulitinit hydrogenase (Mbh) (Sapra et
al. 2000; Silva et al. 2000) have been charactéiiz®. furiosus so far.

Mbh could be partially purified from the membranedawas shown to evolve
hydrogen using reduced ferredoxin as an electranceo The enzyme has an extremely high
hydrogen evolution:uptake ratio (250:1) (Silva &t 2000) and belongs to the group of
hydrogen-evolving hydrogenases (Group 4). Theh operon consists of 14 ORFs with
deduced sequences resembling the Ech hydrogen&dds lmarkeri (Kurkin et al. 2002),

T. tengcongensis (Soboh et al. 2004) and the CO-induced hydrogefrage Rhodospirillum
rubrum (Fox et al. 1996). Based on the sequence similddtythe proton-translocating
NADH:ubiquinone dehydrogenase complex (complekbh was proposed to act as a proton
pump involved in energy conservation (Silva et28l00). Indeed, it was later demonstrated
that the hydrogen evolution of Mbh was directly pledl to the proton gradient formation and
ATP synthesis (Sapra et al. 2003).

The two cytoplasmic hydrogenases (Hyh1l and Hyb@pted fromP. furiosus belong
to the NAD(P)-reducing hydrogenase group (Group 3). Both enzymwasmlyzed the
hydrogen dependent reduction of $ H,S in vitro and were thus nominated as
sulfhydrogenase | and sulfhydrogenase I, respelgtiHowever, DNA microarray studies
revealed that the sulfur reducing activity of thezymes has little if any physiological
relevance. There were only minor biochemical déferes found between the two enzymes.
Hydrogenase Il was less active but was able topadoeth NAD(H) and NADP(H) while
hydrogenase | was active only with NADP(H) (Ma dt d000). The two soluble
hydrogenases might be connected to the ferredoaol through the ferredoxin:NADPH
oxidoreductase (FNOR, Sud) (Ma and Adams 2001). fidee cytoplasmic enzymes are
believed to maintain an intracellular redox balanteNAD(H) and NADP(H) (Silva et al.
2000; van Haaster et al. 2008).

17



Carbohydrates, peptides

H,

Metabolism @

/ Hyhl

NADPH e,

Ferredoxm

e
S HY &

ADP

Figure 4 Hydrogenases and hydrogen metabolisr®.déiriosus. FNOR, ferredoxin:NADPH
oxidoreductase; Hyh |, soluble hydrogenase I, Hyh sbluble hydrogenase II; Mbh,

membrane-hydrogenase;

1.4.4. Thermococcus litoralis DSM 5473

T. litoralis strain DSM 5473 was isolated from narrow underwatdfataras near
Naples in 1985 by Belkin and Jannash (Neuner ét98D). Cells lack flagellation, have a
spherical morphology with a varying width of 0.5g3n and are covered by a protein
envelope.T. litoralis is neutrophilic, growing between pH=4.0 and pH=8&h a pH
optimum around pH=6.0 and an optimal growth temjpeesof 85C.

The archaeon can be maintained on complex substsath as yeast extract, peptone,
tryptone, meat extract, and casein. No growth iseoked solely on carbohydrates.
Nevertheless, maltose has a stimulatory effectedhyeeld in the presence of yeast extract,
peptides or amino acids. Cells can reduéo3H,S, although the presence of sulfur is not
absolutely necessary for growth. Several enzymasivad in the amino acid catabolism were
isolated and characterized framlitoralis (KGOR: Mai and Adams 1996; VOR: Heider et al.
1996; FOR: Dhawan et al. 2000). It is believed thath carbohydrate and peptide
metabolism ofT. litoralis resemble the pathways foundRrfuriosus.

So far, only a cytoplasmic hydrogenase could beedy purified and biochemically
characterized fronT. litoralis (Rékhely et al. 1999), thus our picture about ¥sirbgen
metabolism is incomplete. The isolated heterotetraanhydrogenase corresponds to the

hydrogenase | dP. furiosus. Additionally, part of the gene of the Mbh largéanit has been
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identified suggesting that a similar membrane bolydrogenase complex might be present
also inT. litoralis (Toth unpublished). This was confirmed by indirbichemical evidences
(Takéacs et al. 2008). More recently, an octamemeniorane-bound formate- hydrogen lyase
complex without known counterpart B furiosus was described in the archaeon (Takacs et
al. 2008). The operon coding for the complex wasashto be up-regulated upon growth on
peptides suggesting its involvement in peptide bwism, although its exact position in the
peptide metabolic pathway is not known. The meialdmckground off. litoralis makes it a
promising candidate for biotechnological applicaipsuch as biohydrogen production from

various kinds of organic materials, including waste
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2. Aims of the study

Agriculture and related meat industries are resjida for the mass production of
various protein-rich by-products including featheasimal hair, hoofs, horns and meat meal.
Current methods for the decomposition of the wasti®am are either expensive or
environmentally harsh. The aim of the present studs the development of a novel
biological waste utilization system that combindsrobial degradation of protein-rich animal
waste materials (feathers, pig hair, meat mealp wlite production of a useful product,
biohydrogen. The specific goals were as follows:

1. Construction of a two-stage fermentation system tautilize keratinaceous

wastes for biohydrogen production.

0 Evaluation of chicken feathers, digested Bylicheniformis KK1, as
carbon and energy source for dark hydrogen feratient Testing the
ability of potential known hydrogen producer stsato utilize keratin
hydrolysate for hydrogen evolution.

0 Optimization of the keratin degradation step toduice a fermentation

broth that is ideal for the next hydrogen productstep.

o] Optimization and scaling-up of the hydrogen-prodgdfermentation
step.
0 Testing the two-stage system with additional keraivastes

(i.e. goose feathers, pig hair).
o] Determination of overall conversion yields forfdient keratinaceous
wastes.
2. Adaptation of the established two-stage systenorfa novel substrate, meat
meal
o] Evaluation of meat meal as a nutrient for darkrbgéen fermentation.
0 Scaling-up of the hydrogen production step.
0 Determination of overall conversion yield for meatal.
3. Enhancing the waste degradation step using moldar biology techniques.
o] Cloning the keratinase gene fromB. licheniformis KK1 and
determining its nucleotide sequence.

0 Heterologous expression of keratinas&soherichia coli.
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3.1. Strains used

. Materials and methods

Srain

Genotype

Reference

Bacillus licheniformis KK1

wild type

Patent No.: P0O004865

Escherichia coli

XL-1 Blue MRF’

recAl, gyrA96, (F'lacl9Z) Tc'

Stratagene, Cat. No.: 200230

Escherichia coli

endAl, recAl, hsdR, deo
mcrA, lacZAM15, rpsL(StF)

Rnvitrogen Cat. No.: V45001

TOP10

Caldicellulosiruptor wild type Rainey et al. 1994

saccharolyticus

(DSM 8903)

Thermococcus litoralis wild type Neuner et al. 1990

(DSM 5473)

Pyrococcus furiosus wild type Fiala and Stetter (1986)

(DSM 3638)

3.2. Plasmids used

Plasmid name Genotype Reference

pBS+ ColE1 Amp Stratagene Cat.Nadiscontinued

pPET15b lacl, Amp’, pBR322 ori, His-tag Novagen Cat. No.: 69661-3

pBADgIIIA rmB, Psap, genelll secr.signal, c-mydnvitrogen Cat. No.: V450-01
PMB1 ori, HIS-tag, Amp, araC
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3.3. Media used

CM:

CMM:

CMSY:

LB:

MO:

M640:

SL-10:

Complex medium for T litoralis and P. furiosus
1L contains: 24 g NaCl, 10.6 g MgeBH,O, 4 g NasQ, 15 ¢
CaCbe2 H,0O, 0.7 g KCI, 0.2 g NaHC# 0.1 g KBr, 0.025 g SrCl, 0.03 g
H3BOs;, 0.2 mg resazurin, 195 mg filter-sterilized cyséeHCI (added
separately following heat sterilization of the med), 1 g yeast extract and
5 g Bacto Peptone (Difco Laboratories, USA), pH adgisted to 6.5.

Derivate of CM medium prepared with limited nutti@ontent. (same as CM
except Bacto Peptone is omitted), pH adjusted3o 6.

Minimal medium forT. litoralis andP. furiosus. 1 L contains: 24 g NaCl, 10.6
g MgCL*6H,0, 4 g NaSQ,, 1.5 g CaCGk2 H,O, 0.7 g KCI, 0.2 g NaHC£O0.1

g KBr, 0.025 g SrCl, 0.03 g480s, 0.2 mg resazurin, 195 mg filter-sterilized
cysteine-HCI (added separately following heat btation of the medium) and
0.05 g yeast extract, pH adjusted to 6.5.

Complex medium forEscherichia coli and Bacillus licheniformis KK1.

1 L contains: 10 g tryptone, 5 g yeast extract, aZugdNaCl. pH = 7.0.

Minimal medium forE. coli. 1 L contains: 12.8 g NBIPO, 3 g KH,POy, 1 g
NaCl, 2 ml of pre-sterilized 1 M MgSGsolution and 10Qul of pre-sterilized
1 M CaC} solution added separately, following heat steatian of the
medium.

Complex medium foIrC. saccharolyticus 1 L contains: 0.9 g NiCI, 0.9 g
NaCl, 0.4 g MgCle6H,0, 0.75 g KHPO,, 1.5 g KHPQ,, 2 g peptone, 1 g
yeast extract, 1 ml SL-10 trace element solutiab, iBg FeCG6H,0, 1 g
cellobiose 0.75 g cysteine-HCls8, 0.5 mg resazurin.

Trace element solution. 1 L contains: 10 ml HQAS5 (%, 7.7 M),
15 g FeCGe4H,0O, 70 mg ZnCl, 100 mg MnCl4H,O, 6 mg HBO;,
190 mg CoCGe6H,O, 2 mg CuCGe2H,O, 24 mg NiCj6H,0,
36 mg NaMoOge2 H,O.
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3.4. Chemical composition of meat meal

Meat meal was provided by ATEV JSC (Budapest, Hoygavith a chemical

composition as follows:

Dry material content: 90 %
Protein: 54-57.9 %
Fat: 11-13.5%
Ca: S5-7 %

P: 1.5-25%

3.5. Microbiological and biotechnological procedure S

3.5.1. Degradation of keratinaceous wastes in Erlemeyer flasks

In 500 ml Erlenmeyer-flasks, 200 ml of 0.5 mM pbloate buffer (pH=8.0) was mixed
with either 8 g of intact chicken feathers, or &fgintact pig hair, or 4 g of milled goose
feathers. The suspensions were heat-treated alC14& 20 minutes. After cooling,
1 % (v/v) LB medium was added and the keratinacemeslia were inoculated with
aB. licheniformis KK1 starter culture (inoculation ratio of 1:10Qultures were incubated at
43°C with continuous shaking at 240 rpm. Samples tdkam the keratin degradation were
centrifuged at 2C and 20000 x for 15 minutes. Cell-free fermentation broths wst@red at
-20°C prior to use.

3.5.2. Hydrolysis of chicken feathers in fermenter

Chicken feathers were chopped using a cutting, maulting in feather meal having
an average particle size of roughly 5 mm. Twenghti grams of feather meal suspended in
700 ml of 0.5 mM phosphate buffer (pH= 8.0) wasthezated for 20 minutes at 14Dand
subsequently supplemented with 1 % (v/v) LB medi@ne drop (~ 1Qul) of anti-foam
solution (Sigma-Aldrich, Cat. No.: A-6426) was aladded to avoid foam formation. The
resulting feather degradation medium was tranddwe one-liter glass vessel of a Biostat Q
fermenter (B. Braun Biotech International) and w&silized at 12% for 20 minutes. Liquid
cultures of B. licheniformis KK1 were used to inoculate the fermenter with 400:
inoculation ratio. Fermentation was maintained gishe following parameters:

Temperature: £&; Stirring: 200 rpm; pH kept at 8.0; Air flow: OL3min
Samples were taken from the fermenter after 1224836, 42, 48, 60, 91.5 and 137.5
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hours of incubation. Cell-free fermentation brotraswobtained after a centrifugation
performed at ZC with 20 000 »g for 15 minutes. Fermentation broth samples wenedtat -

20°C prior to usage.

3.5.3. Cultivation of T. litoralis and P. furiosus

Starter cultures of. litoralis were grown overnight on CMM medium whiRefuriosus
starter was propagated on CM broth. Temperatumecobation was 8% for T. litoralis and
92°C for P. furiosus. Both cultures were grown under, NMitmosphere in gas-tight 60 ml
hypovial bottles (Supelco) capped with rubber septieratinaceous media with a final
volume of 20 ml were prepared from CMSY supplemeéntgth 5-20 % (v/v) keratin
hydrolysate, which in turn contained 20-80 mg ajedited feather protein. Inoculation was
performed anaerobically in the workspace of a BectlV anaerobic chamber (Sheldon

Manufacturing Inc) using 1:100 inoculation ratio.

3.5.4. Hydrogen production ofC. saccharolyticus grown on keratin hydrolysate

Nutrient-stripped M640 medium was prepared and theplemented with 10 % (v/v)
of feather hydrolysate. In each gas tight 150 mpdwal bottles (Supelco) 50 ml of the
mixture was added. Inoculation was carried out Wtlsaccharolyticus using a ratio of 1:50.
The hypovials were flushed with sterile for 10 minutes and the cultures were incubated at
70°C. After 48 hours, the optical densities of thetundls as well as the hydrogen

concentrations in the gas phases were determined.

3.5.5. Hydrogen production ofE. coli grown on keratin hydrolysate

M9 minimal medium was completed with 10 % (v/v)feather hydrolysate. In each
gas-tight 60 ml hypovial bottles (Supelco) 20 ml tbe mixture was poured and the
keratinaceous medium was inoculated (ratio of 1y1@€h E. coli K12 starter culture grown
on LB liquid media. Next, the bottles were flusheith sterile N for 10 minutes. Cells were
propagated at 3T for 48 hours. Finally, the hydrogen content of theadspace and the

optical density of the cultures were measured.

3.5.6. Large-scale cultivation of. litoralis

A Biostat CCT5-2 fermenter (B. Braun Biotech Internationaljhwa total volume of
6.9 liter was used for the large-scale propagation litoralis. For hydrogen production from

waste materials, 2.5 liter of CMSY medium was caetgd either with 10 % (v/v) of keratin
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hydrolysate or with 40 % (v/v) of pre-digested meal solution. One drop (~ 10) of anti
foam solution (Sigma-Aldrich, Cat. No.: A-6426) wadded to avoid foaming. Media were
heat sterilizedn situ at 126C for 20 minutes. The headspace of the fermenter flughed
with N, gas at 2.5 L/min for 15 minutes. Subsequently,ni@elium was supplemented with
filter-sterilized cysteine-HCI solution yielding dinal concentration of 0.0195 %.
Fermentation parameters were kept as folladessiperature 85°C; pH=6.5; and stirring at 150
rpm. After the inoculation withT. litoralis (1:100) batchfermentation was performed in a

closed system allowing hydrogen to accumulate.

3.5.7. Gas analysis

Hydrogen content in gas samples was determined) wsther a Hitachi 263-50 or an
Agilent 6890N gas chromatograph equipped with S5Alesieve column and a thermal
conductivity detector (TCD).

3.6. DNA works

3.6.1. Purification of genomic DNA

Bacterial cultures (3-5 ml) were centrifuged innacrocentrifuge (Biofuge pico,
Heraeus) at 15000 g for 2 minutes. Cells resuspended in %60f TE buffer (Tris/HCI 10
mM, EDTA 1 mM, pH= 7.5) were supplemented with |[#0of 10 % SDS and subsequently
treated with proteinase K (final concentration 1@p/ ml) for one hour at 3T. Samples
were incubated at 66 for 10 minutes following the addition of 1pDof 5M NaCl and 8Qul
of CTAB in 0.7M NaCl. Cell components complexedQd®AB were removed via extraction
with equal volume of chloroform/isoamyl alcohol lemed by extraction with phenol-
chloroform. Genomic DNA was precipitated with isopanol, washed with 70 % ethanol and

redissolved in ultra pure water.

3.6.2. Purification of plasmid DNA

Gene Elute™ plasmid miniprep kit (Sigma-AldrichatCNo.: PLN70) was used for the
purification of plasmid DNA from 3-4 ml oE. coli liquid cultures grown in LB medium

supplemented with ampicillin with a final concetitwa of 100ug / ml.
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3.6.3. Restriction digestion and modification of DX

DNA manipulations (restriction enzyme digestions,hogphorylation with
polynucleotide kinase, Klenow-blunting, calf alkedi phosphatase treatment, ligation) were
carried out according to the standard practice (Aaket al. 1996) or to the recommendation
of the manufacturer. DNA restriction and modificati enzymes were purchased from

Fermentas.

3.6.4. Polymerase Chain Reaction

Polymerase chain reactions were performed in a ERRess (Hybaid) thermocycler.
The reaction mixture contained 14Bof template DNA, 1uM of primers, 20QuM of dNTP,
Mg?*, PCR buffer and DNA polymerase enzyme as adviseth® manufacturers. For high
fidelity PCR reactions Pfu DNA polymerase (Fermsntaat. No.: EPO501) was used, while
routine PCR applications were performed with Dymaeyll (Finnzymes, Cat.No.: F-501L).

3.6.5. Agarose gel electrophoresis of DNA

Agarose gel electrophoresis of DNA was performsithgi gels containing 0.7-2 % of
agarose and 0.5 pg/ml EtBr in TAE buffer (4 mM TJacetate, 1 mM EDTA) according to
Current Protocols in Molecular Biology (Ausubelbét1996).

3.6.6. Isolation of DNA fragments from agarose gel

For isolation of DNA fragments from agarose gaNAGel Extraction Kit (Fermentas,
Cat. No.: #K0513) was used according to the mamurfacs recommendations, except that
elution of DNA from the silica powder was performaidan elevated temperature ofG5or
5-10 minutes.

3.6.7. Southern hybridization

Genomic DNA samples dB. licheniformis KK1 digested withEcoRI, Clal, EcoRV,
Smal, Xbal or Xhol (Fermentas) were separated by gel electrophorasd DNA was blotted
to HybondN+ membrane (Amersham-Pharmacia) usindl@gptransfer technique (Ausubel
et al. 1996). Membrane was washed and concomitatilgd at 86C under vacuum.
Hybridization was performed at &8 using a 539 bp DIG-labeled DNA probe. For the
detection of the probe, alkaline-phosphatase catgabto anti-DIG antibody combined with
NBT and X-phosphate was used as recommended byahefacturer (DIG DNA Labeling

26



and Detection kit, Roche, Cat. No:11 093 657 910).

3.6.8. Plasmid constructions
3.6.8.1. Cloning thekerA gene

PCR  primers BLKIN (5 ATGATGAGGAAAAAGAGT 3) and
BLK1R (5' TTATTGAGCGGCAGCTTC 3') were used in hifdelity PCR reaction to obtain
the full-lengthker A gene inB. licheniformis KK1. The isolated PCR product was ligated in a
pPET15b vectorNcol-BamHI digested, T4 polymerase-blunted) to yield pBLK.

3.6.8.2. Assembly of a protein expression construbased on pBAD/glll system

BLK2N (5 CCATGQCTCAACCGGCGAAAAATGT 3) and
BLK2R (5" TTGAGCGGCAGCTTCGACAT 3') primers were asén a high fidelity PCR
reaction to amplify a truncatd@rA gene, which lacks the “pre” region coding for &ibhas-
type signal sequence (recognition sequencééot is underlined for BLK2N). The isolated
fragment was subsequently cloned into $hal site of pBS+ cloning vector and the resulting
plasmid was cleaved withicol-Kpnl. A 1052 bp fragment was obtained and inserted int
Ncol-Kpnl digested pBAD/gllIA (Invitrogen, Cat. No.: V45QtDvector.

3.6.9. Transformation ofE. coli with plasmid DNA

Preparation of chemical competent cells and toansdtion ofE. coli with plasmids
were carried out according to the simple and effitimethod (SEM) (Inoue et al., 1990).
3.6.10. DNA sequencing

Sequencing of DNA was performed using a 3100 GenAnhalyzer (Applied
Biosystems) operating in the DNA Sequencing Lalwoyadf the Biological Research Center
(Hungarian Academy of Sciences). Trace files wexsebcalled using the freeware program
Chromas V1.3 (Technelysium Pty Ltd).
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3.7. Protein works

3.7.1. Determination of protein concentration

Protein concentrations were estimated using therdMLowry method (Yeang et al.
1998) calibrated with serial dilutions of bovingwsa albumin (BSA). Optical absorbances of

samples were determined at 750 mm using a Smart&fcspectrophotometer (BioRad).

3.7.2. Polyacrylamide gel electrophoresis

Polyacrylamide gel casting, electrophoresis andesilstaining were performed
according to the Ausubel et al. 1996. Polyacrylagels containing a 15 % separating part

and a 5 % stacking region were used.

3.7.3. Expression oB licheniformis KK1 keratinase in E. coli

E. coli TOP10 strain transformed with pBLK-BAD plasmid wadtivated at 37C in
100 ml of LB medium containing 100g / ml ampicillin. Arabinose was added to mid-log
phase culture (Of=0.5) giving a final concentration of 0.4 %. Protioic of recombinant
protein was allowed for 3-5 hours. Then, the celeye harvested and periplasmic protein

fraction was prepared.

3.7.4. Preparation ofE. coli periplasmic protein fraction

InducedE. coli cultures were centrifuged at 8000g>for 15 min at 4C. Cells were
resuspended in an appropriate amount of Tris-sag23 % sucrose in 30 mM of Tris-HCI,

pH=8.0) calculated with the formula:

buff =

X ODgpox 0.1 where

1.t
buff . puffer needed for the resuspension of cellslin m
V: culture volume in ml

ODsoo: optical density of the culture
For each ml of cell suspension,ufof 0.5 M EDTA (pH=8.0) was added and the
mixture was incubated at room temperature for 1Qubes with shaking. Subsequently, cells
were centrifuged at 8000 ¢ for 10 min at 4C, and then resuspended in ice-cold 5 mM
MgSOy, solution. Following a 10-min incubation on icee theriplasmic fraction was obtained

as the supernatant after centrifugation at 80§dor 10 min at 4C.

28



3.7.5. Protease activity assay

For the protease activity measurements, N-suc@isdAla-Pro-Phe-pNA (Sigma, Cat.
No.: S7388), a substrate preferentially cleavekénatinase (Evans et al. 2000), was used.
800 ul of reaction mixture for protease activity measoeats (1.25 mM N-succinyl-Ala-Ala-
Pro-Phe-pNA, 125 mM Tris-HCI, pH=8.0) was completath 200l of periplasmic protein
sample and then incubated afG@or 1 hour. Optical density of the mixture wasasered at

405 nm using a BioRad SmartSpec 3000 spectrophteéome
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4. Results

4.1. Decomposition of chicken feathers by  Bacillus licheniformis KK1

B. licheniformis KK1 previously isolated in our lab was shown toda potential in
the degradation of various proteinaceous mateinalsiding keratin (Patent No.: PO004865).

Therefore, this strain was chosen for the keragofrdlyzing step of our two stage system.

4.1.1. Degradation of whole chicken feathers in EBhmeyer flasks

Preliminary keratin degradation experiments wengi@a out in 500 ml Erlenmeyer
flasks with constant shaking, using a culture vauaf 200 ml. Partial disintegration of
feather barbs could already be seen after 16 fedungubation withB. licheniformis KK1. In
the course of time, the amount of macroscopic wesleyl feather residues decreased and the
color of the fermentation broth turned yellowistandplete decomposition of chicken feather
was observed within 84 hours (Fig. 5A).

The soluble protein content of the fermentatiootiomwas monitored and was found to
increase continuously in time (Fig. 5B). Additidyalaccumulation of small-sized peptide
fragments was demonstrated by polyacrylamide getrphoresis (Fig. 5C). All these results
indicate thaB. licheniformis KK1 is able to liberate and digest proteins framcken feathers

thus producing a peptide-rich fermentation broth.
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Figure 5 Degradation of whole chicken featherskylicheniformis KK1 in Erlenmeyer flasksA: Photos

of the feather degradation stagBs.The protein content of the cell-free medium aious time pointsC:
Protein pattern from the fermentation broth vistedi on a silver-stained polyacrylamide gel. Lanes
represent samples taken after 24, 36, 48, 60 ahd@% of incubation witB. licheniformis KK1.

4.1.2. Degradation of milled chicken feathers in pH-controlled fermenter

Hydrogen production experiments required large amsof keratin hydrolysates, and
therefore, scaling-up the keratin degradation stap necessary. Scale-up (3.5 times) studies
and optimizations were performed in a 1000-ml| glasssel of a Biostat Q fermenter with a
culture volume of 700 ml. Intact feathers tendtickstogether when stirred in fermenter often
causing physical damage to the stirrer or the englio overcome this difficulty, chicken
feathers were crushed by a cutting mill producirigagher meal with a roughly 5 mm average
particle size. Particles of this size did not iefige the stirring allowing a better controlled,
larger-scale bioprocessing of the waste materitiiefermenter.

A remarkable change in the color of fermentatioatioicould be seen in parallel with
the disappearance of the feather particles dutiegiérmentation (Fig. 6A). Degradation of
feathers was confirmed by the accumulation of delgpoteins in the fermentation broth in
time (Fig. 6B). After 138 h of treatment wiB licheniformis KK1, about 75 % of the initially
insoluble keratin was solubilized and could be clei@in the fermentation broth.
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feather degradation stagds. Protein content of the fermentation broth meadwat different stages of
feather fermentatiorC: Protein pattern of samples taken from the ferereat various time intervals of

hydrolysis (12-138 h), visualized on a silver-staipolyacrylamide gel.
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A series of samples collected at different stagefermentation were separated on a
polyacrylamide gel revealing the enrichment in drpabtides over time (Fig. 6C). Nearly
complete degradation of chicken feather meal wasmied in the fermenter within 138 hours
of incubation. Additionally, it was demonstratechtttchicken feathers can be stirred and

processed in a fermenter following a physical desiration performed in a cutting mill.

4.2. Hydrogen production using chicken feather hydr olysate

4.2.1. Optimization of CMSY minimal media

T. litoralis seems to have a complex hydrogen metabolism imgua unique
hydrogenase complex which is likely connected ® peptide metabolism. Therefore, this
strain was tested for conversion of feather hydraty to biohydrogen.

To test if feather hydrolysate can be used as dsfeek forT. litoralis, a minimal
medium had to be developed. The archaeon was mtecllon a series of culture media
containing only the salts of the CM complex medismpplemented with various amounts of
yeast extract. Medium completed with 0.05 g/L olsteextract (nominated CMSY) was
found to be ideal for the hydrogen production ekpents, since cells grown solely on this
medium showed barely detectable growth and prodwacedinimal amount of hydrogen.
Conversely, cells displayed outstanding growth amgirogen production on CMSY

completed with an appropriate carbon and energycesosuch as Bacto Peptone (Table 1).

Medium used Hydrogen concentration % (V/V) ODgoo

CM 8.12+ 0.52 0.20% 0.023
CMM 3.47+0.05 0.05% 0.004
CMSY 0.41+0.00 0.03% 0.002
CMSY+ 0.5% P 7.72+ 0.57 0.178t 0.007

Table 1 Hydrogen productions and optical densitiesditoralis cultures after 25 hours of cultivation on
media with varied nutrient contents. CNl: litoralis complex medium; CMM: CM salts + 1g / L yeast
extract; CMSY CM salts + 0.05 g/L yeast extractBRcto Peptone
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4.2.2. Effect of pH on the hydrogen production off. litoralis grown on feather

hydrolysate

CMSY minimal medium was supplemented with fermgota broth produced by
B. licheniformis KK1 from chicken feather in Erlenmeyer flasks. @&ef mixing with the
minimal media, pH of the feather hydrolysate wabegi adjusted to the optimal value of
pH=6.5 or was left unaltered (pH=~8.0). The applmgdrolysate:CMSY volume ratio was
1:9 in all cases. Cumulative hydrogen productiofi.dftoralis cultures as well as changes in
the pH of the culture media were monitored. CMSYimm turned out to have insufficient
buffer capacity to maintain its original pH wheretfeather hydrolysate with unaltered pH
(pH=~8) was added, i.e. the culture media becakaiaé. Cells growing in this environment
displayed smaller hydrogen production than thoseweh pH-adjusted feather hydrolysate
(data not shown). Thus, following this experimethie pH of the fermentation broth was
always altered to the optimal pH=6.5 value befbeehtydrogen production step.

4.2.3. Dependence of the hydrogen production on tHeather degradation time
4.2.3.1 Degradation performed in Erlenmeyer flasks

Bacterial processing of feathers results in a é&ation broth with varying protein
content and a continuously changing peptide contipasiTo identify the optimal feather
degradation time for the subsequent hydrogen ptamustage, CMSY minimal medium was
supplemented with 10 % (v/v) of pH-adjusted (pH¥&&ather hydrolysates, which were
collected at various time points of feather ferraéioh performed in Erlenmeyer flasks.
Cumulative hydrogen production dflitoralis cultures was monitored in time.

Increased hydrogen production could be seen fdr ealture growing on medium that
was supplemented with feather hydrolysate comp#pethe control growing on CMSY
medium without additives (Fig. 7). However, a sfg@int variance in the hydrogen
production ability of the archaeon that dependedthen time of keratin degradation was
observed. The early phase of feather fermentafiérih(and 24 h) yielded a hydrolysate with a
moderate protein content that allowed hydrogen yectdn to start without a lag phase,
however the final hydrogen concentration in thedspace was rather small. This was
probably due to the rapid depletion of the solabili proteins. The mid phase of feather
fermentation (48 h and 60 h) yielded a solutiorhvétlarger protein content that supported
the highest final hydrogen concentration in thedspace (Fig. 7). Cells grown on samples
derived from the late phase of fermentation (84llowed moderate hydrogen production that
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started only after a notable lag phase. To sebisflag phase is the result of an excessive
protein content of the fermentation medium, a $elilation of the 84-hour sample in CMSY
minimal medium was prepared and inoculated Withitoralis. Cultures grown on limited
amounts of the 84-hour hydrolysate showed decreagddogen production compared to
those cultures fed with CMSY supplemented with 1QWw) of 84 hour sample (data not
shown). This data suggests that, besides the chaingé&e protein concentration, time-
dependent variations in the composition of the artation broth are also an important factor

affecting the hydrogen production Gflitoralis.
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Figure 7 Cumulative hydrogen production ©flitoralis grown on feather hydrolysate samples collected at
various time intervals. Degradation of feather vpasformed byB. licheniformis KK1 in Erlenmeyer
flasks.

When hydrolysis is carried out in Erlenmeyer Kiasfeather degradation performed
by B. licheniformis KK1 for up to 60 hours was found to be optimal tbe concomitant
hydrogen production. Shorter degradation time yeéld fermentation broth with low protein
content while longer fermentation time seems taleerthe keratin hydrolysate composition

less suitable for hydrogen production witHitoralis.
4.2.3.2. Degradation carried out in fermenter

To determine the optimal length of keratinolytieatment carried out in the fermenter,
T. litoralis cultures were grown on media supplemented witth&ehydrolysate samples that
represented different stages of feather fermemtatio

Samples of the early fermentation stage (24 hevetown to allow only moderate

hydrogen production preceded by a notable lag p{fage8). Hydrolysis of chicken feathers
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in the fermenter for 42 hours yielded a much maitable feedstuff that supported intensive
hydrogen generation. Besydrogen production results were obtained with dampeated for

60 hours, while significantly longer proteolysimés (92 and 138 h) did not have significant
effect on the hydrogen production capacity of thehaeon. Therefore, a keratin hydrolysis
time of 60 h is recommended in the fermenter. Ngtaiells growing on keratin hydrolysate
prepared in fermenter displayed more intense hyrogroduction than those fed with
hydrolysates from Erlenmeyer flaskdaximum hydrogen concentration in the headspace of
T. litoralis cultures reached 6 % (v/v) already within 48 howbsle a comparable hydrogen
concentration was observed only after about 85dmuthe flask experiments. Along with the
improved hydrogen production, an increased cellsigrcould also be observed for the

cultures grown on feather hydrolysates taken froenfermenter.
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Figure 8: Cumulative hydrogen production oflitoralis grown on feather hydrolysate samples collected at

various time intervals. Degradation of feather wadormed byB. licheniformis KKI in fermenter.

4.2.4. Relative performance of feather meal hydrobate vs. standard substrates

The relative performance of feather hydrolysata asedia supplement was compared
to Bacto Peptone, which is the standard peptidsevtdr substrate for. litoralis in the DSM
623 medium. In this experiment, same amounts dh&adydrolysate or Bacto Peptone were

used to feed. litoralis.

Cells grew better on Bacto Peptone and produceghiguwo times more hydrogen
than on feather hydrolysate (Fig. 9A). Hydrogen caontrations in the headspace after 48
hours of incubation were normalized to the optidahsities of the cultures, allowing the
calculation of a ratio between hydrogen productand cell growth for each substrate.
Hydrogen productions normalized on the optical dgnsf the cultures were found to be
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Hydrogen concentration % ( v/v )

nearly identical for both nutrients, revealing aedt connection between the hydrogen
production capability and the culture’s growth rate

Both the optical density and the produced hydrodeanbled when the amount of
peptone was increased twofold in the medium. Intrasty a higher substrate concentration
did not result in a proportionally higher growthiocreased hydrogen production in the case
of feather hydrolysates indicating significant diffnces in the compositions of the two
nutrients.

The hydrogen productions were normalized on amouwftsnutrient the cells
consumed. The value calculated for cultures growRkeratin hydrolysate was comparable to
the one obtained for cultures growing on peptong.(PB). These data show that
fermentation broth produced from keratin waste mmgtevia bacterial degradation is a

suitable feedstuff fof. litoralis and is comparable with the gold standard BactadPep
B
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Figure 9 Relative performance of feather meal hydrolysateHydrogen production of. litoralis on 42

and 84 mg of feather hydrolysate compared to astigrown on the same amounts of Bacto Peptone.
B: Hydrogen production of: litoralis on feather hydrolysate (marked with F) or BactptBee (marked
with P) normalized on the cell growth after 38 oof incubationC: Ratio between produced hydrogen

and consumed protein calculated for cultures growmarious substrates after 38 hours of incubation.
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4.2.5. Hydrogen production of various microbes onefather hydrolysate

Besides the hyperthermophilic archaedn, litoralis, other potential hydrogen-
producing microbes were tested for hydrogen pradoain feather hydrolysate. The Gram-
negative  mesophilic Escherichia coli K12, the Gram-positive thermophilic
Caldicelulosiruptor saccharolyticus and the hyperthermophili®yrococcus furiosus were
grown in their appropriate minimal media suppleredntvith 10 % (v/v) of fermentation
broth. After 48 hours of incubation optical densifythe cultures and hydrogen concentration
in the headspace were determin€d.saccharolyticus and E. coli did not show significant
growth on feather hydrolysate and displayed a gddé hydrogen production.

Out of the three microbes tested, oRlyuriosus was able to utilize the keratinaceous
nutrient source for hydrogen production. Cells gnam feather hydrolysate produced nearly
the same amount of hydrogen thatlitoralis did in the previous experiments (Fig. 10).
Remarkably, however, a twofold increase in addgudqree did not result in doubled hydrogen
production ofP. furiosus. Along with this, cells displayed an inferior griinwncompared td.

litoraliswhen increased amount of Bacto Peptone was added.
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Figure 10 Hydrogen production oP. furiosus on identical amounts of feather hydrolysate (mar&ed)
and peptides (marked as P).

These findings suggest a limited growth / hydrogeoduction potential of. furiosus
on peptides. Based on the differences in hydrogeduygtion capabilities on peptone and the
optimal growth temperatures, litoraliswas selected as a hydrogen producer for the sgale-u

hydrogen-producing fermentations.
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4.2.6. Scale-up studies on the hydrogen productionf T. litoralis on feather
hydrolysate

Scale-up hydrogen-producing fermentations on &dtlydrolysate were performed in
a 6.9 L fermenter with a culture volume of 2.5 Lntaning 10 % (v/v) of chicken feather
hydrolysate (derived from fermenter). Optical dgnand protein content of the fermentation
broth as well as hydrogen concentration of the figack were monitored in time.

Intensive cell growth (Fig. 11A) was observed dgrithe first 24 h, and was

accompanied by a significant consumption of prad&iom the fermentation broth (Fig. 11B).
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Figurell Scale-up studies on the hydrogen-producing feratiemt carried out with. litoralis on feather

hydrolysate A: Time function of the optical density af litoralis culture grown on feather fermentation
broth in fermenterB: Consumption of nutrients from the fermentationtbrby the archaeon during the
fermentation.C: Time dependence of the hydrogen concentratiahénheadspace of the fermenter. The

two curves represent two independent sets of axpets.

To maintain the pH of the culture, a substantialoant of alkali was required,
indicating intense metabolic activity of the ceifs the first 20 h. Rapid accumulation of
hydrogen could be detected in the headspace. Withim, the final concentration of hydrogen
reached 10 % (v/v) (Fig. 11C), which is nearly 50m6re than was obtained for cultures
growing in hypovial bottles on the same medium.atidition, the optical density of the
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cultures cultivated in fermenter exceeded the wtietermined earlier for cultures grown in
hypovials.
In conclusion, a 125 x scale-up of the hydrogerdpetion step with an improved

hydrogen production and growth rate could be addev

4.3. Adaptation of the two-stage hydrogen productio n system to other

proteinaceous substrates

4.3.1. Hydrogen production on hydrolysates producedrom pig hair and goose
feathers

To test if the two-stage system can be operatéld karatinaceous wastes other than
chicken feathers, goose feather mail and intact pigir were digested with
B. licheniformis KK1 for 48 hours in Erlenmeyer flask and the réagl fermentation broths
were evaluated as nutrient sources Toritoralis. The archaeon displayed more intense
hydrogen production on both keratin hydrolysatestdid on CMSY minimal medium (Fig.
12A). The ratio between produced; ldnd consumed nutrients were calculated for both
keratinaceous substrates (Fig. 12B) and were foeanaatch the values calculated for chicken

feather in previous experiments.
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Figure 12 Hydrogen production df. litoralis on various keratinaceous medéa. Hydrogen production of
cells grown on pig hair fermentation broth (PHH)poose feather hydrolysate (GFH) compared to astur
grown on identical amounts of Bacto Peptone B?)Ratio between produced hydrogen and consumed

protein calculated for cultures grown on variousakieaceous substrates after 52 hours of incuhation
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4.3.2. Hydrogen production ofT. litoralis on raw meat powder

Due to the current EU regulations, meat meal catweofurther used for feeding
farmed animals. However, industrial processing rotginaceous animal waste materials still
produces large amounts of meat meal that are mainigerated due to the lack of a more
economical method.

Meat meal has nearly 40 % animal-digestible proteintent and was considered as a
potentially easy-to-utilize substrate for hydrogamoduction withT. litoralis. To test if the
archaeon can digest meat meal with its own extidaelenzyme apparatus, cells were grown
on CMSY minimal medium supplemented with variousoant of raw meat meal.
Surprisingly, T. litoralis failed to utilize meat meal for growth and hydrogeroduction.
Moreover, a complete inhibition of hydrogen prodorctwas seen in the presence of 5 g/l

meat material. (Table 2)

Culture medium Hydrogen concentration (% W\, production compared to CMSY
CMSY 0.4 +0.02

CMSY + 0.25 g/L MM 0.035 £ 0.07 no significant clggn

CMSY + 0.5 g/L MM 0,38 £0.03 no significant change

CMSY + 1 g/L MM 0.4 +0.003 no significant change

CMSY + 5 g/L MM 00 complete inhibition

Table 2 Hydrogen production of. litoralis on raw meat meal after 40 hours of incubation dASY

medium supplemented with varied amount of raw mesdl (MM).

4.3.3 Effect of bacterial pretreatment of meat powdr on the hydrogen production
of T. litoralis

Pure microbial cultures of soil bacteri@aillus licheniformis KK1, Bacillus
megaterium, Pseudomonas koreensis, Rhodococcus erythropolis) and fat / oil degrader
isolates (L1, L2, L3, L4) as well as mixed consorivere used to treat meat meal. The
fermentation outlets were tested for hydrogen pcodo with T. litoralis. Meat meal
hydrolysate obtained from the treatment of 3 % nmeaal withB. licheniformis KK1 was
found to give the best fermentation broth for tle@maomitant hydrogen production with
litoralis.

Hyperthermophilic cultures grown on CMSY suppleneeintvith 10-50 % (v/v) meat
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meal hydrolysates produced 6-14 times more hydrdiggm those grown on CMSY (Fig. 13).
When the meat meal hydrolysate producedblycheniformis KK1 was used in the 10-40 %
(v/v) range, the final hydrogen concentration ie beadspace was proportional to the amount
of substrate added.
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Figure 13 Hydrogen production of. litoralis on pre-digested meat meal. Meat meal hydrolysafdiyi
was added in 10-50 % (v/v) to complement CMSY mediu

4.3.4. Scale-up studies on the hydrogen productioof T. litoralis on meat meal
hydrolysate

The meat meal hydrolysate giving the best hydrogeoduction results with
T. litoralis in the small-scale experiments (40 % v/v) wascsetefor the scale-up studies in a
6.9 L fermenter with 2.5 L of culture volume.

Cells growing in the fermenter displayed outstagdnydrogen evolving capabilities
with a final hydrogen concentration in the headspaaching 25 % within 92 hours (Fig.
14A). Cultures grown on meat meal hydrolysate ia thrmenter displayed a prolonged
hydrogen production compared to cells grown onhieabydrolysate in previous experiments.
Along with the accumulation of hydrogen in the hg@ate, a significant decrease in the
protein content of the fermentation broth coulddeeected (Fig. 14BJI. litoralis was shown
to consume roughly half of the nutrients added.

The two-stage system adapted to process meatymeéddd 37 ml hydrogen per g of
waste material initially treated, which is very soto the value obtained for chicken feather

waste.
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Figure 14 Scale-up studies on the hydrogen-producing feratiemt carried out withT. litoralis on meat
meal hydrolysaté\: Cumulative hydrogen production @f litoralis. B: Changes in the protein content of
the fermentation broth during hydrogen fermentati@orves represent the averages of two independent
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Figure 15 Overall hydrogen production yields of the two-gtdgrmentation system operated with various
waste materials. The amount of hydrogen evolvethénhydrogen production stage was divided by the
mass of waste materials treated in the degradattage. PHH: pig hair hydrolysate; FH feather
hydrolysate; MMH: meat meal hydrolysate; P: peptdAgdrogen-producing fermentations were carried

out either in hypo-vial bottles or in a high tengdere fermenter.

4.3.5. Yields of the two-stage waste utilization sfem

Overall hydrogen production yields of the two-gta&ystem were calculated for the
different types of waste materials used. The voloim®ydrogen produced in the second stage
was normalized on the mass of waste material llyittaeated in the first step. Chicken
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feather and meat meal gave the best results itwitbestage waste utilization system, while
pig hair could be used only with moderated yieldig(15). Yields on both substrates could
be further increased when the hydrogen-producingdatations were carried out in a high

temperature fermenter.

4.4. Cloning and heterologous expression of the ker  atinase from
B. licheniformis KK1

Use of concentrated enzyme solution instead of @ell in the feather/meat meal
fermentation might improve the performance of thegrddation process. For this, a
heterologous/homologous system expressing the fgoamt keratinase enzyme had to be

developed.

4.4.1. Sequence analysis of the keratinadeA) gene

Primers designed on the consensus sequence ohkBamitlus keratinase genes were
used in high fidelity polymerase chain reactiomtaplify an 1140 bp fragment containing the
keratinase gene &. licheniformis KK1.

Nucleotide sequence of the cloned fragment wasrmeted, revealing one open
reading frame with a corresponding protein sequaicg79 amino acids. BLASTP (Basic
Local Alignment Tool for Proteins) analysis show@8-99 % sequence identity towards
known Bacillus keratinases over the entire length of the dedpecettin sequence. All three
characteristic polypeptide regions (pre-, pro- amture) could be mapped exactly as it was
previously found for the keratinase Bécillus licheniformis PWD-1 strain (Lin et al. 1995).
Southern hybridization experiments confirmed tihat amplified gene is present in one copy

in theB. licheniformis KK1 genome (data not shown).

4.4.2. Heterologous expression of KerA

For protein overexpression studies a truncdtedA gene was cloned into the
pBAD/gIIIA vector, in which the expression of therge of interest was under the control of
the arabinose promoter. The original bacillus-tgmal sequence (i.e. the pre region) was
replaced with a plasmid-borne plll signal sequettceedirect the expressed fusion protein

into the periplasm dE. coli.
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Figure 16 Heterologous expression of tige licheniformis keratinase irE. coli. A: Periplasmic protein
fractions of uninduced (PP-) and induced (PB+goli transformed with pBLK-BAD analyzed on a silver-
stained 12 % polyacrylamide gé: Protease activity oE. coli periplasmic samples against N-succinyl-
Ala-Ala-Pro-Phe-pNA. Activities of induced (ind) énnon induced (non indE. coli TOP10 strain
transformed with pBLK-BAD plasmid were compared.ll€éacking the keratinase plasmid and 0.25 ng
subtilisin were used as negative and positive obmespectively. Proteinase activity is expressed a
nanomoles of pNA released per hour.

An additional protein band with an estimated molacweight of ~30 kDa could be
detected in the periplasmic fraction after the otaun of E. coli containing the expression
cassette (Fig. 16A). It coincided with an increapedplasmic activity against N-succinyl-
Ala-Ala-Pro-Phe-pNA, a chromogenic substrate tisat ipreferred substrate for keratinase
(Evans et al. 2000) (Fig. 16B).

It has to be noted, that the enzyme activity aggiA-conjugated peptide substrate
in the induced periplasmic sample is comparablén whie activity of Carlsberg subtilisin
within the pg/ml concentration range. This indisateat the amount of active keratinase is
very low. Indeed, a substantial portion of the exgressed keratinase was found aggregated
into insoluble inclusion bodies and was detectabléhe cell debris fraction resulting in a

very limited keratinase yield.
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5. Discussion

Agriculture and food industries produce enormouwsngties of protein-rich by-
products whose environmentally sound decomposigoa great challenge. Degradation of
feathers and animal hair wastes are especiallicdliffto carry out at industrial scale, since
they are resistant against a wide variety of pfsichemical and enzymatic decomposition
agents due to the molecular structure of their rsanctural protein, keratin (Jones and Pope
1984; Lynch et al. 1986). Several physical and dbahtechniques were developed for the
breakdown of these materials, and potential us¢éhefhydrolysates in the production of
fertilizers, glues, and feed additives has beengeized (Onifade et al. 1998; Friedrich and
Antranikian 1996). However, most of the methodsteid@sare energy demanding and
environmentally harsh. Microbial degradation of der was demonstrated with several
bacteria possessing keratinase enzymes (Lin £982; Friedrich and Antranikian 1996; Nam
et al. 2002; Onifade et al. 1998; Riffel et al. 2DMiological fermentation systems based on
innate keratin degradation abilities of microorgamé, being more cost efficient and
environmentally friendly, have the potential tolese physical and chemical treatments.

We constructed a two-stage fermentation systempeepsor of keratinaceous animal
wastes combined with biohydrogen production. Inftret step, keratin was degraded By
licheniformis KK1, yielding a peptide-rich fermentation brothathcould be utilized for
hydrogen production in the second stage. The dagoad of keratinaceous biowaste was
demonstrated in detail for chicken feathers. Thecgss was optimized to provide a
fermentation broth that is best suited for the potighin of hydrogen in the next fermentation
step. In addition to chicken feathers, degradatibpig hair and goose feathers were also
carried out and the fermentation broths were usedudrient source for the hydrogen-
producing archaeon, T. litoralis. Hence, the twagstsystem appears to work with all keratin-
containing animal waste tested so far

The hydrogen evolution step was tested with theshtiyermophilic archaeg litoralis
(Neuner et al. 1990) and furiosus (Fiala and Stetter 1986), the Gram-positive baater
C. saccharolyticus (Rainey et al. 1994), and the coli K12 strains. Each strain is able to
evolve hydrogen during fermentative growth (Bryantd Adams 1989; Joyner et al. 1977,
Kadar et al. 2003; Rakhely et al. 1999). Substhatizounts of hydrogen from keratinolytic
peptides could be obtained only with the archaesmg@arison of the two archaeal microbes
revealed that their normalized hydrogen evolvingacities (hydrogen produced/substrate

consumed) were similar, bt litoralis performed better when the concentration of peptide
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substrates was raised. NotablyJitoralis was recently demonstrated to possess a membrane
bound formate hydrogenlyase complex that is upleggd in cells growing on peptidic media
(Takéacs et al. 2008). This complex converts formtatbydrogen and carbon dioxide and is
believed to be tightly coupled with the peptidarientation pathway if. litoralis. Lack of a
similar complex irP. furiosus might be the factor limiting the hydrogen produntishen cells

are grown in media containing peptides at higherceatrations.

T. litoralis was able to grow and produce significant amouhtsydrogen on keratin
hydrolysates. Roughly half the quantity of hydrogenld be produced from the fermentation
broth compared to identical amount of Bacto Peptanegh-quality standard protein source
generally used at lab scale as a nutrient for cermpledia. The results clearly demonstrated
that keratinaceous waste stream was a good soudrcmganic material for hydrogen
production that can replace the expensive BacttoRep

Both the keratin degradation and the biohydrogemyetion step were scaled up and
performed in fermenters. Generally, for both stefhge performance was significantly
improved. Parameters monitored through the hydrgeducing fermentation step (optical
density of the culture, protein content in the medi hydrogen accumulation in the
headspace, consumption of alkali for maintaining pbinfirmed intensive metabolism and
superior hydrogen production of the archaeon initwdependent experiments.

The vyields of hydrogen produced from carbohydraiies generally compared to the
theoretical maximum that is estimated based orstigar fermentation pathways. However,
for fermentation systems converting proteinaceausstsates to hydrogen such comparisons
cannot be easily carried out given the complexitypathways involved in the peptide
metabolism. Thus, a simplified calculation was iearrout dividing the volume of hydrogen
produced by the amounts of waste material initigiipplied to the degradation step. Best
conversion of chicken feathers to hydrogen wasioétiwhen both the degradation step and
the hydrogen evolution were carried out in fermemtiéowing the production of 36 ml of
hydrogen per gram of chicken feathers. Based orctineent performance of the two-stage
system, utilization of all the nearly 30,000 torigeather waste produced in Hungary in 2006
(source: Hungarian Central Statistical Office) cbtiieoretically yield 12,6 GJ of energy, the
equivalent to 371 000 fof natural gas.

In addition to keratinaceous wastes, roughly 40,@hs of meat meal unsuitable for
human consumption is annually produced in Hungsoyrce: Matra Power Plant JSC). This
type of protein-rich material was widely used asma feed stuff until 2002, when EU
prohibited the utilization of animal wastes for degg farmed animals. Since then, meat meal
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is mainly combusted in cement kilns or thermal poplants. However, ignition of meat meal

does not seem to be the optimal solution as iss®a@ated with the release of air pollutants
such as dioxin (Cheung et al. 2007), various nérogxides and sulfur-dioxide (Cummins et
al. 2006).

The two-stage fermentation system initially budt the utilization of keratinaceous
materials was adapted to process meat meal, aslt@mative substrate for hydrogen
production. Many species of Thermococcales order karown to possess extracellular
protease enzymes (Voorhorst et al. 1996; Voorhetsal. 1997; Pulido et al. 2006) and
elaborate peptide uptake mechanisms (Albers e2Gf)4). Surprisingly,T. litoralis alone
failed to produce hydrogen on raw meat meal. Insté@e material even had an inhibitory
effect on the growth. However, proteolytic treattnehmeat meal withB. licheniformis KK1
yielded a hydrolysate that was well-suited for logsm production step with litoralis. The
archaeon fed with pre-treated meat meal displaydaydrogen production performance
similar to the previously grown on keratinaceoulsstates. Best conversion of meat meal to
hydrogen was achieved when the hydrogen produetamperformed in fermenter, when 1 g
meat meal yielded 37 ml of,H

Yield calculations on the two-stage hydrogen-pobolg system operated with
keratinaceous substrates revealed that the ovpmformance highly depends on the
efficiency of the keratin degradation step. Usa ebncentrated keratinase solution instead of
whole cell culture can be beneficial by allowinggRr processing time, tighter control and
might contribute to better hydrogen production ggelAs a first step towards a stock of
purified B. licheniformis KK1 keratinase, th&erA gene coding for the enzyme was cloned
and its nucleotide sequence was determined. Thecdddorotein sequence was identified as
a serine protease with high degree of identity 498%) towards the knowmBacillus
subtilisins and keratinases, including the wellidknoenzyme ofB. licheniformis PWD-1
keratin degrader strain. A heterologous expressystem was constructed to overexpress the
keratinase extracellularly. Presence of active tkeage enzyme could be detected in the
periplasmic fraction oE. coli transformed with pBKL-BAD plasmid carrying the egpsion
cassette. However, the amount of active keratieaggme in the periplasm was far below of
our expectations since the majority of the overegped protein aggregated and formed
insoluble inclusion bodies. The tested protein egpion system could not yield enough active
keratinase to support a cell-free application thurther optimization is therefore needed to
obtain sufficient amounts of active keratinase.

The gas mixture produced from pre-digested wasatemals with T. litoralis is
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generally not pure enough for energy productioruigl cells. It contains up to 18 % (v/v)
carbon dioxide which had to be removed prior to. Uiséight co-operation with the Research
Institute of Chemical and Process Engineering at&isity of Pannonia, a gas separation
procedure was developed for the purification ofrbgeén produced by. litoralis. Using the
combination of a porous polyethylene hollow-fibeembrane and a non-porous polyether-
sulphone-polyimide composite membrane, hydrogerdymed in our system could be
concentrated three times (Bélafi-Bako et al. 2006).

The economy of the waste treatment system iscdlffio estimate at this point since the
process needs further technological developmentveder, data presented here demonstrates
the proof of the principle, that the decompositioh meat meal as well as a range of

keratinaceous wastes can be linked to biohydrogestugtion.

49



6. Acknowledgements

| wish to express my sincere thanks to

My supervisors

ProfessorKornél L. Kovacs andDr. Gabor Rakhely

All the Ph.D. students, diploma workers and collessggespecially
Dr. Andras Téth, Dr. Katalin Perei, Zoltan Bagi andZséfia Herbel,
Dr. Maria Takacs, Dr. Laszl6 Galgécziand

Dr. Rui Miguel Mamede Branca

| am grateful for myparents and mybrother for their unconditional support and

encouragement.

| wish to say thank you for my wif@oglarka for her understanding that writing the Ph.D.

thesis was a tense period of life.

| appreciate the financial support of EY Framework Programme projects (QLK5-199-
01267, QLK3-200-01528, QLK3-2001-01676, ICA1-CT-ROr0026) and domestic sources
(FKFP, OM, KFHAT, NKFP)

50



7. References

Adams MW (1990) The structure and mechanism of-ipdrogenases. Biochim Biophys Acta
1020:115-145

Albers SV, Koning SM, Konings WN, Driessen AJ (2D0dsights into ABC transport in archaea. J
Bioenerg Biomembr 36:5-15

Appel, J, Schulz, R (1996) Sequence analysis apanon of a NAD(P)-reducing nickel hydrogenases
from the cyanobacteriu®ynechocystis sp. PCC 6803 gives additional evidence for dicecipling of
the enzyme to NAD(P)H-dehydrogenase (complex BcBim Biophys Acta 1298:141-147

Axelsson R, Lindblad P (2002) Transcriptional regioin of Nostoc hydrogenases: effects of oxygen,
hydrogen, and nickel. Appl Environ Microbiol 68:4447

Ausubel, FM, Brent R, Kingston RE, Moore DD, Seignds, and Smith JA (1996) Current protocols
in molecular biology. Wiley, New York

Bélafi-Bakd K, Bucsu D, Pientkab Z, Balint B, Herlzs, Kovacs KL,Wesslingd M (2006) Integration
of biohydrogen fermentation and gas separation gas&s to recover and enrich hydrogen Int J
Hydrogen Energy 31:1490-1495

Benemann J (1996) Hydrogen biotechnology: progaassprospects. Nat Biotechnol 14:1101-1103

Bertoldo C, Antranikian G (2006) The order Thernmades. In: Dworkin M, Falkow S, Rosenberg E,
Schleifer K, Stackebrandt E ed. The ProkaryotesEsiitlon. Springer-Verlag, Berlin, vol. 3 pp. 69-81

Bockle B, Galunsky B, Muller R (1995) Characteriaatof a keratinolytic serine proteinase from
Sreptomyces pactum DSM 40530. Appl Environ Microbiol 61:3705-3710

Brown SH, Kelly RM (1993) Characterization of Amigitic Enzymes, Having Both alpha-1,4 and
alpha-1,6 Hydrolytic Activity, from the ThermopladlArchaeaPyrococcus furiosus and Thermococcus
litoralis. Appl Environ Microbiol 59:2614-2621

Bryant FO, Adams MW (1989) Characterization of lgdnase from the hyperthermophilic
archaebacteriuniyrococcus furiosus. J Biol Chem 264:5070-5079

Cai CG, Lou BG, Zheng XD (2008) Keratinase produti@nd keratin degradation by a mutant strain
of Bacillus subtilis. J Zhejiang Univ Sci B 9:60-67

Cao L, Tan H, Liu Y, Xue X, Zhou S (2008) Charatation of a new keratinolytidrichoderma
atroviride strain F6 that completely degrades native chidkather. Lett Appl Microbiol 46:389-94

51



Cheung WH, Lee VK, McKay G (2007) Minimizing dioxamissions from integrated MSW thermal
treatment. Environ Sci Technol 41:2001-2007

Claassen PAM, van Lier JB, Contreras AML, van N&&8/J, Sijtsma L, Stams AJM, de Vries SS,
Weusthuis RA (1999) Utilisation of biomass for teapply of energy carriers. Appl Microbiol
Biotechnol 52:741-755

Claassen PAM and de Vrije T (2006) Non-thermal pmidn of pure hydrogen from biomass:
HYVOLUTION. Int J Hydrogen Energy 31:1416

Cummins EJ, McDonnell KP, Ward SM (2006) Dispersimadelling and measurement of emissions
from the co-combustion of meat and bone meal wightgn a fluidised bed. Bioresour Technol.
97:903-913

Dhawan IK, Roy R, Koehler BP, Mukund S, Adams M\whidson MK (2000) Spectroscopic studies
of the tungsten-containing formaldehyde ferredorixidoreductase from the hyperthermophilic
archaeomhermococcus litoralis. J Biol Inorg Chem 5:313-327

Ehrenreich A, Widdel F (1994) Anaerobic oxidatidnferrous iron by purple bacteria, a new type of
phototrophic metabolism. Appl Environ Microbiol @817-4526

Evans KL, Crowder J, Miller ES (2000) Subtilising Bacillus spp. hydrolyze keratin and allow
growth on feathers. Can J Microbiol 46:1004-1011

Fiala G, Stetter KO (1986)yrococcus furiosus sp. nov. represents a novel genus of marine
heterotrophic archaebacteria growing optimallyG@C. Arch Microbiol 145: 56-61.

Fox JD, He Y, Shelver D, Roberts GP, Ludden PW §l%haracterization of the region encoding the
CO-induced hydrogenase Rifiodospirillum rubrum. J Bacteriol 178:6200-6208

Fraser RD, MacRae TP, Parry DA, Suzuki E (198&rmediate filaments in alpha-keratins. Proc Natl
Acad Sci U S A83:1179-1183

Fraser RD, Parry DA (2008) Molecular packing in tbather keratin filament. J Struct Biol 162:1-13.

Friedrich AB, Antranikian G (1996) Keratin degradat by Fervidobacterium pennavorans, a novel
thermophilic anaerobic species of the order Theogeles. Appl Environ Microbiol 62:2875-2882

Ghosh A, Chakrabarti K, Chattopadhyay D (2008) Rdgtion of raw feather by a novel high
molecular weight extracellular protease from neistylatedBacillus cereus DCUW. J Ind Microbiol
Biotechnol 35:825-834

52



Gribaldo S, Brochier-Armanet C (2006) The origimavolution of Archaea: a state of the art. Philos
Trans R Soc Lond B Biol Sci 361:1007-1022

Griffin BM, Schott J, Schink B (2007) Nitrite, arleetron donor for anoxygenic photosynthesis.
Science 316:1870

van Haaster DJ, Silva PJ, Hagedoorn PL, JongejanHayen WR (2008) Reinvestigation of the
steady-state kinetics and physiological functiontted soluble NiFe-hydrogenase | Bfrococcus
furiosus. J Bacteriol 190:1584-1587

Hancsék J (2004) Modern fuels for combustion ancejggines University of Veszprém, Veszprém,
Hungary [book in Hungarian]

Happe T, Naber JD (1993) Isolation, characteripatamd N-terminal amino acid sequence of
hydrogenase from the green algalamydomonas reinhardtii. Eur J Biochem 214:475-81

Happe RP, Roseboom W, Pierik AJ, Albracht SP, Bakjik (1997) Biological activation of hydrogen.
Nature 385:126

Happe T, Schitz K, Bohme H (2000) Transcriptionald anutational analysis of the uptake
hydrogenase of the filamentous cyanobacteriinabaena variabilis ATCC 29413. J Bacteriol
182:1624-1631

Hedderich R (2004) Energy-converting [NiFe] hydnoggses from archaea and extremophiles:
ancestors of complex I. J Bioenerg Biomembr 36:55-7

Heider J, Mai X, Adams MW (1996) Characterizatidr2eketoisovalerate ferredoxin oxidoreductase,
a new and reversible coenzyme A-dependent enzymelvad in peptide fermentation by
hyperthermophilic archaea. J Bacteriol 178:780-787

Horlacher R, Xavier KB, Santos H, DiRuggiero J, gmsnn M, Boos W (1998) Archaeal binding
protein-dependent ABC transporter: molecular anachémical analysis of the trehalose/maltose
transport system of the hyperthermophilic archagwnmococcus litoralis. J Bacteriol 180:680-689

Inoue H, Nojima H, Okayama H (1990) High efficientmansformation ofEscherichia coli with
plasmids. Gene 96:23-28

Ito T, Nakashimada Y, Kakizono T, Nishio N. (200#jgh-yield production of hydrogen by
Enterobacter aerogenes mutants with decreased alpha-acetolactate syntwséty. J Biosci Bioeng
97: 227-232

53



Jones LN, Pope FM (1985) Isolation of intermedidtanent assemblies from human hair follicles J
Cell Biol 101:1569-1577

Joyner AE, Winter WT, Godbout DM (1977) Studiessmme characteristics of hydrogen production
by cell-free extracts of rumen anaerobic bact€an J Microbiol 23:346-353

Kadar Z, De Vrije T, Budde MA, Szengyel Z, Réczey ®laassen PA(2003) Hydrogen production
from paper sludge hydrolysate. Appl Biochem Biotewdt108:557-566

Kengen SW, de Bok FA, van Loo ND, Dijkema C, Stakds de Vos WM (1994) Evidence for the
operation of a novel Embden-Meyerhof pathway thablves ADP-dependent kinases during sugar
fermentation byPyrococcus furiosus. J Biol Chem 269:17537-17541

Kim SS, Agblevor FA (2007) Pyrolysis characteristignd kinetics of chicken litter. Waste Manag
27135-140

Kim WK, Patterson PH (2000) Nutritional value ofzgme- or sodium hydroxide-treated feathers
from dead hens. Poult Sci 79:528-34

Kleihues L, Lenz O, Bernhard M, Buhrke T, Friedr8§2000) The H(2) sensor B&lstonia eutropha
is a member of the subclass of regulatory [NiFerbgenases. J Bacteriol 182:2716-2724

Kunert J (1989) Biochemical mechanism of keratigrddation by the actinomycefreptomyces
fradiae and the funguiicrosporum gypseum: A comparison. J Basic Microbiol 9:597-604

Kurkin S, Meuer J, Koch J, Hedderich R, Albracht &®02) The membrane-bound [NiFe]-
hydrogenase (Ech) froiMethanosarcina barkeri: unusual properties of the iron-sulphur clusters. J
Biochem 269:6101-6111

Kyazze G, Dinsdale R, Hawkes FR, Guwy AJ, Premi€r Bonnison IS (2008) Direct fermentation of
fodder maize, chicory fructans and perennial rygegta hydrogen using mixed microflora. Bioresour
Technol doi:10.1016/j.biortech.2008.04.047

Lin XA, Lee CG, Casale ES, Shih JCH (1992) Purifmra and characterization of a keratinase from a
feather-degradingacillus licheniformis Strain. Appl Environ Microbiol 58: 3271-3275

Lin X, Kelemen DW, Miller ES, Shih JC (1995) Nuctiele sequence and expression of kerA, the
gene encoding a keratinolytic proteaseBatillus licheniformis PWD-1. Appl Environ Microbiol
61:1469-1474

Lo YC, Bai MD, Chen WM, Chang JS (2008) Cellulosigdrogen production with a sequencing
bacterial hydrolysis and dark fermentation strat&jgresour Technol 99:8299-8303

54



Lynch MH, O'Guin WM, Hardy C, Mak L, Sun TT (198&gidic and basic hair/nail ("hard") keratins:
their colocalization in upper cortical and cuticlgls of the human hair follicle and their relatbip
to "soft" keratins. J Cell Biol 103:2593-2606

Lyon EJ, Shima S, Buurman G, Chowdhuri S, BatschAyesteinbach K, Thauer RK (2004) UV-
A/blue-light inactivation of the 'metal-free' hydmenase (Hmd) from methanogenic archaea. Eur J
Biochem 271:195-204

Ma K, Adams MW (1999) An unusual oxygen-sensitiiegn- and zinc-containing alcohol
dehydrogenase from the hyperthermophilic archdgoococcus furiosus. J Bacteriol 181:1163-1170

Ma K, Adams MW (2001) Ferredoxin:NADP oxidoreduetasom Pyrococcus furiosus. Methods
Enzymol. 334:40-45

Ma K, Hutchins A, Sung SJ, Adams MW (1997) Pyruvéteredoxin oxidoreductase from the
hyperthermophilic archaeonPyrococcus furiosus, functions as a CoA-dependent pyruvate
decarboxylase. Proc Natl Acad Sci U S A 94:96082961

Ma K, Weiss R, Adams MW (2000) Characterizatiorhgéirogenase Il from the hyperthermophilic
archaeonPyrococcus furiosus and assessment of its role in sulfur reductioBadteriol 182:1864-
1871

Mai X, Adams MW (1996) Characterization of a foutyipe of 2-keto acid-oxidizing enzyme from a
hyperthermophilic archaeon: 2-ketoglutarate ferr@doxidoreductase frorihermococcus litoralis. J
Bacteriol 178:5890-5896

Massanet-Nicolau J, Dinsdale R, Guwy A (2008) Hgero production from sewage sludge using
mixed microflora inoculum: Effect of pH and enzyioapretreatment. Bioresour Technol 99:6325-
6331

Melis A, Zhang L, Forestier M, Ghirardi ML, Seibévt (2000) Sustained photobiological hydrogen
gas production upon reversible inactivation of axygevolution in the green algzhlamydomonas
reinhardtii. Plant Physiol 122:127-136

Mukund S, Adams MW (1991) The novel tungsten-iratits protein of the hyperthermophilic
archaebacteriumPyrococcus furiosus, is an aldehyde ferredoxin oxidoreductase. Evidefur its
participation in a unique glycolytic pathway. J B&hem 266:14208-14216

Mukund S, Adams MW (1995) Glyceraldehyde-3-phosphiatrredoxin oxidoreductase, a novel
tungsten-containing enzyme with a potential glytiolyrole in the hyperthermophilic archaeon
Pyrococcus furiosus. J Biol Chem 270:8389-8392

55



Nam GW, Lee DW, Lee HS, Lee NJ, Kim BC, Choe EA,afigy JK, Suhartono MT, Pyun YR (2002)
Native-feather degradation blyervidobacterium islandicum AW-1, a newly isolated keratinase-
producing thermophilic anaerobe. Arch Microbiol 1538-547

NHA(2008) National Hydrogen Association FrequentlyAsked Questions [onling]
http://www.hydrogenassociation.org/general/fagstasprmuchproduced [accessed 29 June 2008]

Neuner A, Jannasch HW, Belkin S, Stetter KO (198&®mococcus litoralis sp. nov.: A new species
of extremely thermophilic marine archaebacteri@hAicrobiol 153: 205-207.

Neurath (1989) The diversity of proteolytic enzymés Beynon, RJ, Bond, JS (Eds.), Proteolytic
Enzymes. A Practical Approach. IRL Press, Oxfomglgnd, ISBN: 0-19-963059-3

Nicolet Y, de Lacey AL, Vernéde X, Fernandez VM, tttakian EC, Fontecilla-Camps JC (2001)
Crystallographic and FTIR spectroscopic evidencehafnhges in Fe coordination upon reduction of
the active site of the Fe-only hydrogenase frBmsulfovibrio desulfuricans J Am Chem Soc
123:1596-1601

Onifade AA, Al-Sane NA, Al-Musallam AA, Al-Zarban $1998) A review: potentials for
biotechnological applications of keratin-degradimigroorganisms and their enzymes for nutritional
improvement of feathers and other keratins astibaisfeed resources. Bioresour Technol 66:1-11

Oxelfelt F, Tamagnini P, Lindblad P (1998) Hydroggnake inNostoc sp. strain PCC 73102. Cloning
and characterization ofraipSL homologue. Arch Microbiol 169:267-274

Pohorelic BK, Voordouw JK, Lojou E, Dolla A, Hardér Voordouw G (2002) Effects of deletion of
genes encoding Fe-only hydrogenaseDabulfovibrio vulgaris Hildenborough on hydrogen and
lactate metabolism. 184:679-686

Power SD, Adams RM, Wells JA (1986) Secretion amab@roteolytic maturation of subtilisin. Proc
Natl Acad Sci U S A 83:3096-3100

Pulido M, Saito K, Tanaka S, Koga Y, Morikawa M,kdao K, Kanaya S (2006) Ca2+-dependent
maturation of subtilisin from a hyperthermophilicclaaeon, Thermococcus kodakaraensis: the
propeptide is a potent inhibitor of the mature dionfaut is not required for its folding. Appl Enviro
Microbiol 72:4154-4162

Rainey FA, Donnison AM, Janssen PH, Saul D, RodigBergquist PL, Daniel RM, Stackebrandt E,
Morgan HW (1994) Description o€aldicellulosiruptor saccharolyticus gen. nov., sp. nov: an
obligately anaerobic, extremely thermophilic, clllytic bacterium FEMS Microbiol Lett 120:263-
266

56



Rékhely G, Zhou ZH, Adams MW, Kovacs KL (1999) Hiemical and molecular characterization of
the [NiFe] hydrogenase from the hyperthermophitithaeon,Thermococcus litoralis. Eur J Biochem
266:1158-1165

Rékhely G, Kovacs AT, Maréti G, Fodor BD, Csanadi lGitinovics D, Kovacs KL (2004)
Cyanobacterial-type, heteropentameric, NAD+-redyiciFe hydrogenase in the purple sulfur
photosynthetic bacteriuithiocapsa roseopersicina. Appl Environ Microbiol 70:722-728

Rao MB, Tanksale AM, Ghatge MS, Deshpande VV (1998)ecular and Biotechnological Aspects
of Microbial Proteases. Microbiol Mol Biol Rev 625635

Regulation (EC) No 1774/2002 Of The European Pasdia And Of The Council (2002) Laying
down health rules concerning animal by-products intended for human consumption. OJEC L
273/1-95

Riffel A, Lucas F, Heeb P, Brandelli A (2003) Chatmization of a new keratinolytic bacterium that
completely degrades native feather keratin. Arcbrbtiiol 179:258-265

Sapra R, Bagramyan K, Adams MW (2003) A simple gneonserving system: proton reduction
coupled to proton translocation. Proc Natl Acadl$& A 100:7545-7550

Sapra R, Verhagen MF, Adams MW (2000) Purificatiovd characterization of a membrane-bound
hydrogenase from the hyperthermophilic archa@gmococcus furiosus. J Bacteriol 182:3423-3428

Schmitz O, Boison G, Hilscher R, Hundeshagen B, n@ém W, Lottspeich F, Bothe H (1995)
Molecular biological analysis of a bidirectional diggenase from cyanobacteria. Eur J Biochem
233:266-276

Silva PJ, van den Ban EC, Wassink H, Haaker H, a&tr@ B, Robb FT, Hagen WR (2000) Enzymes
of hydrogen metabolism iRyrococcus furiosus. Eur J Biochem 267:6541-6551

Schneider K, Schlegel HG (1976) Purification andpgarties of soluble hydrogenase fréiaaligenes
eutrophus H16. Biochim Biophys Acta 452:66-80

Schut GJ, Brehm SD, Datta S, Adams MW (2003) Wigaleeme DNA microarray analysis of a
hyperthermophile and an archaed®yrococcus furiosus grown on carbohydrates or peptides. J
Bacteriol 185:3935-3947

Shinde UP, Liu JJ, Inouye M (1997) Protein memohyotigh altered folding mediated by
intramolecular chaperones. Nature 389:520-522

Soboh B, Linder D, Hedderich R (2004) A multisuliunembrane-bound [NiFe] hydrogenase and an

57



NADH-dependent Fe-only hydrogenase in the fermgntibacterium Thermoanaerobacter
tengcongensis. Microbiology 150:2451-2463

Steinert PM (1990) The two-chain coiled-coil moliecwf native epidermal keratin intermediate
filaments is a type I-type Il heterodimer. J Bidi€in 265:8766-8774.

Szél B, Gal J (1980) Animal waste and animal bydpod processing. Mégazdasagi Kiado,
Budapest, Hungary [book in Hungarian]

Takacs M, Toth A, Bogos B, Varga A, Rakhely G, Kow&L (2008) Formate hydrogenlyase in the
hyperthermophilic archaeomhermococcus litoralis. BMC Microbiol 8:88

Takami H, Nakamura S, Aono R, Horikoshi K (1992)gbsation of human hair by a thermostable
alkaline protease from alkaliphilBacillus sp. No-AH-101. Biosci Biotechnol Biochem 56:166 626

Takami H, Nogi Y, Horikoshi K (1999) Reidentificati of the keratinase-producing facultatively
alkaliphilic Bacillus sp AH-101 a$Bacillus halodurans. Extremophiles 3:293-296

Vignais PM, Colbeau A (2004) Molecular biology ofcnobial hydrogenases. Curr Issues Mol Biol
6:159-188

Vignais PM, Billoud B, Meyer J (2001) Classificatioand phylogeny of hydrogenases. FEMS
Microbiol Rev 25:455-501

Vignais PM, Dimon B, Zorin NA, Tomiyama M, ColbeAu2000) Characterization of the hydrogen-
deuterium exchange activities of the energy-tracisdu HupSL hydrogenase and H(2)-signaling
HupUV hydrogenase iRhodobacter capsulatus. J Bacteriol 182:5997-6004

Volbeda A, Charon MH, Piras C, Hatchikian EC, Fidy Fontecilla-Camps JC (1995) Crystal
structure of the nickel-iron hydrogenase froesulfovibrio gigas. Nature 373:556-557

Volbeda A, Garcin E, Piras C, de Lacey AL, Fernand®, Hatchikian EC, Frey M, Fontecilla-
Camps JC (1996) Structure of the [NiFe] hydrogenastve site: Evidence for biologically
uncommon Fe ligands. J Am Chem Soc 118:12989-12996

Voorhorst WG, Eggen RI, Geerling AC, Platteeuw @z8n RJ, Vos WM (1996) Isolation and
characterization of the hyperthermostable serinetepse, pyrolysin, and its gene from the
hyperthermophilic archaed®yrococcus furiosus. J Biol Chem 271:20426-20431

Voorhorst WG, Warner A, de Vos WM, Siezen RJ (1988mology modelling of two subtilisin-like
proteases from the hyperthermophilic archgacoccus furiosus and Thermococcus stetteri. Protein
Eng 10:905-914

58



Weiner JH, Bilous PT, Shaw GM, Lubitz SP, FrosThpmas GH, Cole JA, Turner RJ (1998) A novel
and ubiquitous system for membrane targeting amdesen of cofactor-containing proteins. Cell
93:93-101

Wells JA, Ferrari E, Henner DJ, Estell DA, Chen E¥83) Cloning, sequencing, and secretion of
Bacillus amyloliquefaciens subtilisin inBacillus subtilis. Nucleic Acids Res 11:7911-7925

van de Werken HJ, Verhaart MR, VanFossen AL, WiljiK, Lewis DL, Nichols JD, Goorissen HP,
Mongodin EF, Nelson KE, van Niel EW, Stams AJ, WRIE, de Vos WM, van der Oost J, Kelly RM,
Kengen SW (2008) Hydrogenomics of the extremelyrntioghilic bacteriumCaldicellulosiruptor
saccharolyticus. Appl Environ Microbiol 74:6720-6729

Williams CM, Lee CG, Garlich JD, Shih JCH (1991)aation of a bacterial feather fermentation
product, feather-lysate, as a feed protein. Pal?$.:85-94

Williams CM, Richter CS, Mackenzie JM, Shih JCH 909 Isolation, identification, and
characterization of a feather-degrading bacteriyopl Environ Microbiol 56:1509-1515

Woese CR, Kandler O, Wheelis ML (1990) Towards s system of organisms: proposal for the
domains Archaea, Bacteria, and Eucarya. Proc Natti/Sci U S A 87:4576-4579

Yeang HY, Yusof F, Abdullah L (1998) Protein puc#tion for the Lowry assay: acid precipitation of
proteins in the presence of sodium dodecyl sulatiother biological detergents. Anal Biochem 265:
381-384.

Yokoi H, Saitsu A, Uchida H, Hirose J, Hayashi 8kdsaki Y (2001) Microbial hydrogen production
from sweet potato starch residue. J Biosci Bioeh§®63

Yu RJ, Harmon SR, Blank F (1969) Hair digestion feather keratin by culture filtrates of
Sreptomyces fradiae. Can J Microbiol 21585-586

Yu RJ, Ragot J, Blank F (1972) Keratinases: hydiislpf keratinous substrates by three enzymes of
Trichophyton mentagrophytes. Experientia 28:1512-3

Zhu J, Wu X, Miller C, Yu F, Chen P, Ruan R (208idhydrogen production through fermentation
using liquid swine manure as substrate. J EnvimiH8alth B 42:393-401

59



8. Osszefoglalas (Summary in Hungarian)

Eredményeim a kovetk&zpontokban foglalhatoak 6ssze:

. Kifejlesztettem egy minimal tapoldatot (CMSY) ésyegnérési modszert annak
eldontésére, hogy kulonféle szerves anyagok alkdiatéak-e hipertermofil

hidrogéntermel mikroorganizmusok tapanyagaként.

. Bacillus licheniformis KK1 térzs felhasznélasaval, Erlenmeyer-lombikbah &a alatt
sikeriilt egész csirketollat lebontathnom. Igazoltdragy hidrolizis sordn a tapoldatban
kisméreti peptidek halmozddnak fel. Megallapitottam a hiérgrmelés szempontjabol

legkedvedbb keratin bontéasi iitartamot.

. Tobb hidrogéntermél mikroorganizmus HKscherichia coli, Caldicelulosiruptor
saccharolyticus, Thermococcus litoralis é€s Pyrococcus furiosus) 0Osszehasonlitasat
kovetben megallapitottam, hogy d. litoralis a legalkalmasabb jel6lt a keratin

hidrolizatumon tortéé hidrogéntermelésre.

. Megallapitottam, hogy a csirketoll kevertetésesfartaciojahoz a szubszratobadtesen
6rolni kell. Megvaldsitottam a keratin bonto 1épéSs-8zeres léptékndvelését szabalyozott,
fermentoros kortilmények kozott. Bizonyitottam, hagyermentacid 138. érajara a toll
dara elbomlik, mik6zben kismétepeptidekben gazdag tapoldat keletkezik.

. Bizonyitottam, hogy a toll bontasabdl kapott tapbléd koltséges Bacto Peptone-hoz
hasonléan hasznéalhatolitoralis tApanyagforrasaként.

. Egy magas émérséklei fermentorban megvalositottam a keratin hidrolizéin végzett
hidrogéntermelés 125-szorés |éptékndvelését. A obihmtermdl  fermentaciot
fermentorban elvégezve az addigi legmagasabb hédrdgncentraciét és hidrogén
kihozatalt tapasztaltam.

. A kétlépéses fermentacios eljarast sertgsszs husliszt hasznositasara adaptaltam.
Megmutattam, hogy a fermentacios eljaras révén egadllati eredét hulladékbdl
hidrogéngaz termeltettiet
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8. lzolaltam aB. licheniformis KK1 keratinazat kodoldkerA gént, majd meghataroztam

annak nukleotidsorrendjét.
9. A keratindzE. coli-ban tortéd tultermeltetéséhez létrehoztam egy fehérje tukérm

konstrukciot. A pBLK-BAD vektorral transzformalt, ndukalt E. coli sejtek

periplazmajaban aktiv keratinaz jelenlétét mutatkam

61



9. Summary

My results are summarized in the following points:

1.

| have developed a minimal medium (CMSY) and metihagly for the evaluation of
numerous organic materials as nutrient sourceshigrerthermophilic hydrogen-

producing microorganisms.

Decomposition of chicken feather was performed nteriineyer flasks using the

Bacillus licheniformis KK1 strain, and | have proven that near compleigraidation

of feather occurs within 84 hours of incubationamapanied by an accumulation of
small-sized peptides in the fermentation brothravehdetermined the degradation time

optimal for the concomitant hydrogen-producing fentation.

| have evaluated several potential hydrogen-praoduaonicroorganismsHscherichia
coli, Caldicdlulosiruptor saccharolyticus T. litoralis and Pyrococcus furiosus) and
demonstratedT. litoralis to be the best candidate for the hydrogen-producin

fermentation on keratin hydrolysate.

I have disclosed that milling is required for cleokfeather fermentation carried out
with stirring. | have achieved a 3.5-times scaleefithe keratin fermentation under
well-controlled conditions. Monitoring the keratitegradation process in fermenter |
have shown that the feather meal disappeared wiiB#hhours of incubation and, in

parallel, peptides were accumulated in the fermemtdroth.

| have proven that feather hydrolysate is a wallesu nutrient for T. litoralis

comparable to the expensive commercial peptidistsate, Bacto Peptone.

| have carried out a 125 times scale-up of the dryein production step on feather
hydrolysate using a high temperature fermenteasvetrshown that the highest
hydrogen concentration and the best overall conuergeld on feather hydrolysate
can be achieved when the hydrogen fermentationisiegoried out in fermenter.
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7.

| have adapted the two-stage fermentation systanthi® utilization of additional
substrates including pig hair and meat meal. | hpraven that it is possible to
combine the decomposition of numerous animal wastterials with the production

of biohydrogen.

| have isolated th&erA gene coding for the keratinaseBn licheniformis KK1 and

determined its nucleotide sequence
| have created a protein overexpression constarcthe production of the keratinase

in E. coli. | have detected the presence of active keratimaee induced periplasmic

fraction ofE. coli cells transformed with pBLK-BAD.
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