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ABSTRACT

Pawel Mateusz Mordaka
Reductions using Clostridium sporogenes

Clostridium sporogenewas previously shown to be an extraordinary source for
unusual reductaseslt can catalyze reduction of wida range of substrates such as
nitroalkenes, enoates and nitro compods, and can be used generatechiral products.

In preliminary studiesthe ClosTron genknockout system for Clostridiavas used
to inactivate thefldZ gene assumed to encode the enzyme responsiblerdéduction of
cinnamic acid in the reductive bran of Lphenylalanine fermentatiorvia the Stickland
reaction.

Biotransformations with thefldZ mutant showed thatC. sporogenepossesses
Ydzt GALX S Syl evylFdaAaAo | Oi-AFRi-dxsBsHutedNBiRalkérks/ 3 Sy 2
with different yields and eantioselectivities. The fldZ reductase was found to be
responsible for reduction of cinnamic aci@)}1-nitro-2-phenylpropene, (E}2-nitro-1-
LIK Sy & f LINR LiSostgrend. yARvever, the mutant could still redu¢E)2-nitro-1-

LIK Sy & f LIN®trod§/sére Jnd icinnamic acid confirming the presence of other C=C
double bond reductases i@. sporogenes

Theanalysisof the C. sporogenegenomesequenceallowed identification of two
hypotheticalgenes encodingroteinswith homology toflavin-containing C=Catible bond
reductases, fldZ -2noate reductase and OYike reductase, which were subsequently
cloned, overexpresseth E. coliunder anaerobic conditionand tested for reduction of
unsaturated compoundsThe activity tests showed that fldZ possesses r@moma substrate
range and can reduce only aromatic enoates such as cinnamic ggicbomaric acid. FldZ
also reduced(E}1-nitro-2-phenylpropene andE})2-nitro-1-phenylpropene with excellent
and poor enantioselectivitie§>99% and 16%¥espectively. Onthe other hand, the O¥kke
reductase did not show activity towards unsaturated substrates in the activity assays and
the substrate range of this reductase is unknown.

Growth experiments comparing wild tyg& sporogeneand the mutant in complex
and mirimal media showed that the fldZ reductase in not involved in tpiénylalanine
fermentation. Further analysis othe C. sporogenegenome resulted in identification of a
novel reductase that might be involved in reduction of cinnarlegA to 3-
phenylproponyCoA in the Stickland reaction.

Biocatalytic reduction of aromatic nitro compounds to amines can be used as
alternative to chemereductive routes in preparation of pharmaceutical and agrochemical
products. Protein extracts ofC. sporogenesvere found to reduce aromatic nitro
compoundswith different yields depending on the substrate structure and electron donor
used in the reaction. The genome @f sporogenesvas screened and that allowed
identification of six genes encoding hypothetical nitroreduetgsvhich were subsequently
overexpressed inE. coli However, biotransformations using the recombinant
nitroreductases did not show amine product formation.

A novel Nylon 6 biosynthesis pathwasas designed starting from biorenewable
feedstocks. The crugi step in this pathwayreductive cleavage of pipecolic acid te 6
aminocaproic acid was proposed to be catalysedChysporogene®-proline reductase.
Thus, the activity of this enzyme was tested towards and Dpipecolic acid.
Biotransformations showedhat pipecolic acid was not accepted as a substrate. In the
future, the idea of using froline reductase for Nylon biosynthesis may be exploited by
improving the reductase activity using protein engineering techniques.
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1. Introduction

Whole microorganisms and isolated enzymes can be used as biocatalysts for
modifications of chemical compounds providing major advantages over chemical catalysis.
Biocatalysts are usualbfficient, environmentally acceptable and show chenregic and
enantioselectivity. As they catalyse a broad spectrum of chemical reactions, they are an
attractive alternative to traditional chemical synthesis in the pharmaceutical, chemical and
textile industries (Faber, 2011). Nowadays, there is a great need for discovery of new
enzymes showing unique properties.

The majority of Clostridia are benign and possess a variety of biocatalytic abilities,
which could be exploited for the biosynthesis of cheafs in a process alternative to
traditional industrial routesCertain membersf Clostridia C. acetobutylicunC. beijerinkji
C. thermocellunand C. phytofermentdsare employed to produce biofuels such as butanol
and ethanol from biomass derived sulaes Kuehneet al, 2011). Also, attempts have
been made to use Clostridia as an effective system for delivery otantier agents, as
clostridial spores can selectively germinate in the hypoxic regions of solid tumours (Minton,
2003). However, Clostlia achieved significant notoriety and bad publicity for the members
which causeseverediseases in humans and animal®tarospasminand botulin, toxins
produced byC. tetaniand C. botulinunrespectivelyare among the most dangerous known
and have beereven considered as a potential bioweapon that could be used in terrorist
attacks Farraret al, 2000; Wein and Liy 2005).C. difficileis responsible for antibiotic
induced diarrhoea and is the main nosocomial pathogen responsible for hundreds of deaths
in hospitals Eggertson2004). C. perfringenss the third most commorcausative agent for
enteritis necroticans food poisoningnd causes infections, necrosis and gas gangrene
(Warrelet al., 2003).

At present, 114 genome sequencesGibstridiumspp. lave been deposited in the
Genbank. Therefore, unique clostridial enzymes or whole metabolic pathways can be
identified, cloned and expressed in npathogenic heterologous hosts, which candasesily
and inexpensivehgrown in a laboratory or an industrigdlant. This strategy, which is
alternative to classical biotechnology methods, overcomes the disadvantages of using
Clostridia, as working with anaerobic bacteria introduces additional challenges when
compare to the usage of standard laboratory straing bk colior yeasts. Cultivation of
oxygen sensitive strains requires dedicated workstations for maintaining anoxic
environment. Moreover, handling of pathogenic bacteria is associated with a certain risk

and requires additional safety measures. Theref@enetically engineered(; botulinum
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with mutated geneencoding the toxinBradshawet al., 2010)or natural nonpathogenic
strains (such a€. difficilelackinggenes encodingtoxin Aandtoxin B are usedFKluitet al,
1991). An alternative is to us@n-pathogenic analogous species, suctCasporogenesor
predicting growth modelsof C. botulinumin the food industry. For efficient growth
Clostridia require also complex media containing rare trace elements and vitamins €tovitt
al., 1987). Finallyhe genetic methods to manipulate Clostridia are limited and in clear need
of development. Recently, new tools were developed sucstaisdardized modular system
for ClostridiumE coli shuttle plasmids(Heapet al., 2009), the ClosTron gene knock out
sydem for production of stable genomic mutants (Heap al., 2010) and a system for
integration of DNA into bacterial chromosomes without a courstelection marke(Heap

et al, 2012). These methods were shown to be easily available andeffagient and can
significantly improve thenolecular biologyechniques fordostridia.

C. sporogeness an anaerobic bacterium obtaining energy for growth fram
unusual fermentation of amino acids called the Stickland reaction, in which one molecule of
amino acid ats as electron donor and another acts as electron acceptor (Stickland, 1934).
C. sporogenesan use a variety of amino acids as growth substrates (Barker, 1980). That
makes it an excellent source of unique proteins, especially responsible for catalydinxg re
reactions.

Whole cells and crude protein extracts ©f sporogenewere successfully used to
reduce activated alkenes such as enoates and nitrooleBdkbléret al, 1980; Fryszkowska
et al, 2008, amides (Dipeolwet al, 2005), imines (Monticello @h Costilow, 1981),
aromatic and aliphatic nitro compounds (Angermaier and Simon, 1983a; Angermaier and
Simon, 1983b; Dipeolu, 2008; Dipeelual.,, 2010) and proline (Stickland, 1935; Logital.,
1986).

Hydrogenation of C=C double bonds in activaté@ s is highly desirable as it can
introduce up to two new asymmetric carbons in the produCt.sporogenewas found to
NB R dzO-SI y"R>-tisubstituted nitroolefins with different yields and enantiomeric
excesses depending on the substrate structumyggkowskaet al., 2008). In this thesis the
hypothesis that nitroolefins can be reduced by a clostridiahBate reductase involved in
the L-phenylalanine fermentation was tested by generation of genomic knock out mutants.
Preliminary studies using thé sporogene$ldZ enoate reductase mutant showed that this
enzyme may be involved in reduction (E)1-nitro-2-phenylpropene with an excellent
enantioselectivity (Mordaka, 2010). Attempts to purify the reductase responsible for

reduction of (E}2-nitro-1-phenylpropene showed tha€C. sporogenesnay possess more
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than one C=C double bond reductase (Karl Fisher, personal communication). Therefore, the
scope for reduction of unsaturated nitroolefins and enoates by @esporogenefidZ
enoate reductase mutanvas further tested. The physiological role of fldZ in fermentation

of amino acids byC. sporogenesvas also discussed. The fldZ reductase was identified,
overexpressed in a heterologous host and characterized. Moreover, the analysis ©f the
sporogeneggenome revealed the presence of novel enzymes that can be responsible for
reduction of C=C double bonds in activated alkenes and &€a#lcompounds.

Amines are used as building blocks for preparation of agrochemical and
pharmaceutical productsBfeuer, 2004). Therefore,C. sporogenesvas also tested as
biocatalysts for reduction of aromatic nitro compounds to aminelsich was reported for
the first time by Dipeolu (2008). The reaction was further optimized by using protein
extracts and different electronahors. The analysis of theé. sporogenegenome allowed
identification of six hypothetical nitroreductases, which were subsequently overexpressed
and tested in biotransformations.

Finally, a novel Nylon 6 biosynthesis pathway starting frdysine was pdsilated.

The crucial step in the pathway, conversion gdihecolic acid into @minocaproic acid,

was proposed to be carried out by proline racemase angrdline reductase, enzymes
involved in reduction of proline in amino acid fermentation Gy sporogees Thus, the

substrate range of froline reductase was tested.

Overall, the purpose of this project was to uSe sporogeneas a source of novel
enzymes showing unique properties such as substrate range and enantioselectivity that can

be used in industally relevant biotransformations.
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2. Literature review
2.1.Biotransformations in organic chemistry

Biotransformation is a process where an organic compound is chemically altered by
biological systems (called biocatalysts) such as whole tganor isolated enzymes. The
difference between biotransformation and biosynthesis is that the former process
describes the natural capability of biological systems to change xenobiotic compitatds
are not normally producear expected to be present ithe system. It relies on the fact that
some enzymes can accept broad substrate ranges and show catalytic activities to analogues
of the natural substrates or intermediates of the catalyzed reaction (Leuenberger, 1984).

Biocatalysis has a long traditioroin the first experiences with manufacturing food
and alcoholic drinks in ancient Mesopotamia, China and Japan. Nowadays,
biotransformations are mainly used in food manufacturing, pharmaceutical, fine chemical,
textile and starch industries (BornscheuedaBuchholz, 2005). Biocatalysts are also used in
bioremediation processes, as microbes are characterized by catabolic diversity allowing
them to transform or accumulate a huge range of compounds (Diaz, 2008).

Biocatalysis has many advantages over chahdatalysis (Faber, 2011). Enzymes
are usually very efficient and accelerate the rate of reactions by a factor’af® Thus,
they can be employed in much lower concentrations than chemical catalysts. Biocatalysts
are environmentally acceptable andobiegradable, in contrast to heavy metals used in
chemical catalysis. They usually act under mild conditions, neutral pH and low temperature.
Enzymes are compatible with each other and several biocatalytic reactions can be carried
out as a reaction cascade the same time. That simplifies the reaction process, allows
unstable intermediateso be avoidedand shifts the reaction towards the products when
single reactions are characterized &y unfavourable equilibrium. Enzymes can catalyze a
broad spectrum breactions and are not restricted to their natural roles, accepting also
non-natural substrates. However, the biggest advantage of using enzymes comes from their
selectivities. Biocatalysts show chemoselectivity (act on a single type of functional group i
the substrate), regioselectivity (distinguish identical functional groups situated in different
positions in the substrate) and enantioselectivity (prochiral substrates may be converted
into chiral products or enzymes may convert only one enantiomen@ttubstrate).

However, using biocatalysts for catalysing chemical reactions is connected with
certain limitations (Faber, 2011). Enzymes are characterized by narrow operation
parameters and elevated temperatures, extreme pH or high salt concentratiagsimhibit

their activity. They display the highest catalytic activity in water. Biotransformations in
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organic solvents or biphasic systems are still possible, but the reactions are usually less
efficient. Moreover, enzymes require their natural cofactsugh as NAD(P)H or ATP, which
are usually unstable and expensive. However, cofactors in redox reactions can be
regenerated by using a second redox reaction to allow them tenter the reaction cycle.
Finally, enzymes arsubject to inhibition phenomenayhich require optimization of the
reaction toavoidsubstrate and productinhibition.

Biotransformations can be carried out by whole cells or isolated enzymes (Faber,
2011). Using whole microbial cells as biocatalysts eliminates a need to recyclerofact
inexpensive equivalents such as carbohydrates can be used to drive the reaction.
Moreover, large quantities of the biocatalyst can be produced from cheap carbon sources,
however this requires expensive equipment. Whole cell biotransformations gore i
products in the reactions. On the other hand, isolated enzymes are characterized by higher
activities and a higher tolerance to organic solvents. They can be used in simple apparatus,
but using the cofactor recycling system is necessary.

All of these featuresmake biocatalysis an attractive tool in modern synthetic
chemistry and causes a rapidly increasing need for discovery of new or more efficient

biocatalysts.

2.2.Biocatalytic reductions in chiral synthesis

New types of enzymes are needed forrremtly inaccessible biotransformations.
Oxidoreductases were successfully used for profitable biosynthesis of both chiral and
achiral compounds. About 25% of proteidelivered from sequencedeposited in the
databasesare responsible for catalysing redogactions. A variety of substrates accepted
by these enzymes makes them an excellent tool for synthesis purpdsal and
Bommarius 2011). Different strategies leading to formation of chiral products were applied
to the industrially relevant biotransfomations(Hall and Bommarius, 2011

Biocatalytic reductions can be used for deracemization of racemic mixiiees
stereoinversion or dynamic reductive kinetic resolution (Hall and Bommarius, 2011).
Stereoinversion employs a sequence of enantioselectivedation combined with
asymmetric reduction. &acemization ofrac-2-decanol using stereoinversion approach
was accomplished by a combined oxidation/reduction sequence ugomhilised cells of
Rhodococcspp for both steps.Racemic 2decanol was transfmed to §-2-decanol with
excellent enantiomeric excesef 92% and vyieldof 82% in the combined onpot
oxidation/reduction sequence(Voss et al, 2007) On the other hand, the laohol

dehydrogenase isozyrt) (SSADH0) from Sulfolobus solfataricuswas used fordynamic
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reductive kinetic resolution of-arylpropanal substratesTreatment of the substrates with
the enzymein the presence of NADIdd to efficientkinetic resolutionwith ee. exceeding
90% Importantly, the SSADHO enzyme could be convenigpntrecycled by exploiting the
differential solubility of the organic substrate/produand used in several reaction cycles
without decrease of ee Ffiestet al.,, 2010).

Chiral compounds can also be obtained by stereospecific biocatalytic reductions of
prochiral compounds containing carbonyl groups or activated C=C double bonds according

to Fig. 2.1. (Faber, 2011).

OH
)-I\ )\ R1/\ R,
Reductase
" R, H
Ryl G EWG Ryl SalEWG
Cofactor H, Cofactor
Rs U H H Ry
prochiral - chiral
substrate Recycling system products

Fig. 2.1Reductions of carbonyl groups or C=C double bonds in chiral synthesis (Faber, 2011).

Alcohol dehydrogenases (ADHs) were usedfantioselective reductioof various
ketones to produce enantiopure secondary alcohdecausethese reductasecatalyzed
reactions are dependent orNAD(P)H an effective method for regeneration of the
consumed cofactorsvas developed by using recyclingstkems comprising oflucose/
glucose dehydrogenass, glucoses-phosphate/glucosé-phosphate dehydrogenasesor
alcohol/alcohol dehydrogenasessldberget al., 2008). The reduction proceeds through
hydride attack on either thei or re- face of the subsate, while the enzyme transfetbe
hydride of the nicotinamide cofactoH@lland Bommarius 2011). The enantioselectivity of
the reaction depends on the size of substituents on the carbonyl group. The selectivity of
ADHs was successfully changed by giroengineeringThe mutation of Cy895 to alanine
in Thermoanaerobacter ethanolicggcondary alcohol dehydrogenase (SADH) was found to
cause a significant shift of enantioselectivity towstke (S)}configuration in the reduction
of some ethynylketonesto the corresponding chiral propargyl alcohols. Furthermore,
C295A SADttas characterized witinuch higher activity towardsbutyl and some alpha
branched ketones tharthe wild-type SADH(Heisset al, 2001). On the other hand,

mutation W110A changed theubstrate range of the enzyme, whinbw usegS}1-phenyt
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2-propanol, (S}4-phenyl2-butanol and the corresponding ketones as substratésetic
parameters on these substrates are in the same range as tho#ieeofild type enzyme
substrate2-butanol, making W1104an excellent catalys#Z{egelmanrFjeldet al, 2007).
Aldehyde reductase fronsporobolomyces salmonicolatas successfully used for
reduction of ethyl 4,4 4rifluoroacetoacetate to (R)ethyl 4,4,4trifluoro-3-hydroxy

butanoate, a building bbick for pharmaceuticals such antidepressantBefloxatone(Fig.
2.2.).

¢
[

2 Befloxatone
(@]
F

H

e

F CO,Et

F CO,Et
—_— >
i dehyde W
F
F reductase
F

Fig. 2.2 Reduction ofethyl 4,4, 4trifluoroacetoacetateto (R)}ethyl 4,4,4trifluoro-3-
hydroxybutanoateby the aldehyde reductase fro@®porobolomyes salmonicolousing
glucose dehydrogenase cofactor regeneration.

The reaction was carried out in a water/butyl acetate biphasic system &simgliwhole

cells expressing the aldehyde reductase and glucose dehydrogenase for NADH recycling.
The biotranformation resulted in 50% yield and 100% enantiomeric excess of the product
(Shawet al., 2003).

The reduction of two carbonyl groups 8f5-dioxo-6-(benzyloxy)hexanoic acid ethyl
esterby diketoreductase was carried out with whole cells and cell ext@fciginetobacter
calcoaceticuggrown on glycerolReaction yield of72% and optical purity of 99% were
obtained when the reaction was carried oatth glucose dehydrogenasmfactor recycling
system Patelet al,, 1993).

The second type of biocatalytieaction leading to chiral productsytirogenation
of C=C double bonds in activated alkerisshighly desirable as it can introduce up to two
new asymmetric carbons in the produdthe first C=C double bond reductase, Old Yellow
Enzyme (OYE1), was isolaBdNE Y 0 NB ¢ S NE Sacchaoinyces Yast@rianasd
Ottt SR wesSttz2g Syl evySQ RdzS (2 &Sttz2g O2f 2dzNJ
(Warburg and Christian, 1982Enzymes belonging to the Oféilily were found to
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catalyze the reduction of arious compounds such as nitro esters, nitro aromatics or
I OG A @ I-unsatrratéd Tompounds (Hall alBbmmarius 2011). The reaction proceeds
through a Michaetype addition of [H] onto C=C double bond, following a pipgng
mechanism where hydride frorthe flavin attacks the ;Catom and a proton from the
solvent is added onto the:@tom (Fig. 2.3.Stuermeret al,, 2007; Toogooet al., 2010).

reduced

ketone OYE FMN,,

C6

Ry

NH,

e ML NADPH

Oxidative Reductive
half half
reaction reaction
R, 0o T Hs o
o) R, N
NH | = | NH,
(0] N N N
unsaturated . ) )
R; ketone OYE FMN, NADP

Fig. 2.3Reaction catalyzed by OYE enzymes (taken from Toagjaaid 2010).

The OYHamily reductases|py diverse physiological roles. The general role of OYEs
is the detoxification of electrophilic compounds such as acrolein reduction by OYE2 from
Saccharomyces cerevisi@@ogoocdet al., 2010). Other roles are dependent on the species.
Reductases from phts such a®©ryza sativeand Solanum lycopersicumere found to be
involved in biosynthesis of a plant hormone, jasmonic acid. OYEAsmergillus fumigatus
is responsible for biosynthesis of ergot alkaloid. The enzyme ff@moarcus evansii
catalyses redction in the aerobic metabolism of anthranilate, whereas reductase from
Trypanosomacrud a Ay @2f OSSR Ay LINRAGI 8tfal,30AY CHh aey

Reduction of activated C=C double bonds by OYE is an attractive tool in biocatalysis,
as the enzmes can accept a wide range of activating groups (ketone, carboxylic acid,
carboxylic ester, lactone, imide, nitrile, nitro, aldehyde and ynone) and the reaction often
provides good enantiomeric excess of the product (HallBoghmarius 2011).

Nitroalkeres are important intermediates in organic synthesis as they can be easily
converted to corresponding amines, aldehydes, carboxylic acids or denitrated compounds
(Toogood et al, 2008). Highly enantioselective reduction of C=C double bond in

nitroalkenes wa shown for a wide range of enzymes such as YqjM Bawillus subtilis
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OPR1 and OPR3 frofmabidopsis thalianaOYE2 and OYES3 fr@accharomyces cerevisiae
OYE1l fromSaccharomyces pastorianudNCR fromZymomonasmobilis PETNR from
Enterobacter cloacgaeNEM reductase fronE. colior XenA fromPseudomonas putida
(Toogoockt al., 2010).

Several OYEs were found to be stereocomplementd3-Oxophytodienoate
reductase isoenzymes OPR1 and OPR3 8olanum lycopersicumere found topossess a
broad substra S & LJISOG NHzY F2NJ GKS | aa&nsafuBatedi®ndls, 6 A 2 NS
enones, dicarboxylic acids nitro compounds and N-substituted maleimides.
Stereocomplementary behavior of both isoenzymes was observed in the reduction of a
nitroalkene that led to thedrmation of opposite stereocisomers in high enantiomeric excess
(Fig. 2.4; Halt al,, 2007)

OPR3 OPRI1
- —

NO, = NO, : NO,

Fig. 24. Enzyme based stereocontrol with OPR1 and OPR3 reductasest(@&al2007).

Members of the OYEs were recently appliedhe synthesis of an-racemic ary
substituted h-methyldihydrocinnamaldehyde derivativassed as olfactory principles in
perfumes (R}Enantiomers were obtained using the YgjM andok®phytodienoic acid
reductase isoenzyme OPR1 frd lycopersicunwith e.e. 53% On the other handS}
aldehydes wereproduced up to 97% ee. using isoenzyme OPRS3, nicotinamide 2
cyclohexenel-one reductase NCR frodymomonas mobiliand yeast OYE isoenzyme8 1
(Stueckleret al., 2010a) Another example of applied reduction using OYEasisnmetric
bioreduction of methyl zhydroxymethylacrylate and it®©-allyl, O-benzyl andO-TBDMS
derivatives toform (R-enantiomer ofmethyl 3hydroxy2-methylpropionate The reactions
were characterized by highes of the products (Stuecklet al., 2010b).

A separate class of C=C daulidlond reductases are-@noate reductases from
anaerobic bacteria such @ostridiumspp. (Simoret al., 1985; Fryszkowskeat al., 2008).
¢KSe OF Gl t &1 SdishuBtiRizOaidanhgdgs, ychic ketahés, methyl ketones and
aromatic nitroalkenes in astereoselective manner and were applied to synthesis of
optically pure compounds (Simat al,, 1985; Fryszkowslet al, 2008; Fryszkowsket al.,

2010). 2Enoate reductases were proposed to be involved in the unique metabolic
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pathways, in whiclClostridum spp. can obtain carbon and energy for growth (Blikleal.,
1980).

The restrictions and limitations of using reductases as biocatalysts in synthetic
chemistry come from their specificity and enantioselectivity. Nowadays, enzymes with new
properties ca be created using protein engineering methods. Alternatively, new enzymatic
activities can be obtained by identification of new proteins by metagenomic approaches or

traditional screening of microbes from environmental samples.

2.3.The Sticklandeactionin Clostridiumspp.

A large number of reductases used in biocataliisige beenidentified in strict or
facultative anaerobic organisms. Anaerobic microorganisms in the absence of oxygen must
use alternative electron acceptors to maintain metabolism. €fae, they developed a
variety of unique metabolic pathways leading to reduction of naturally occurring
compounds.

Clostridium sporogeneis a Gram positive obligate anaeroldodosporeforming
bacterium. It belongs to the clostridial cluster | (convegstsline to Saminovaleric acid),
subgroup B (utilizes arginine, phenylalanine, serine, tyrosine, tryptophan, methionine and
glycine and produces -2minobutyric acid and -aminobutyric acid; Mead, 1971)C.
sporogeness a proteolytic organism unable to gvaexcept in media containing proteins or
amino acids. However, carbohydrates are fermented too, but they are not sufficient to
maintain growth (Stickland, 1934)C. sporogenesan obtain energy from coupled
deamination of pairs of amino acids (acting asnhalo and acceptor of hydrogen
respectively) in the Stickland reaction. In the presenc€.afporogenesells, certain amino
acids reduced methylene blue, brilliant cresylblue and benzylviologen, thus acting as
hydrogen donors. On the other hand, some amiacids could reoxidize reduced
phenosafranine benzylviologen andmethyl viologen acting as electron acceptors.

Reactionscanoccur between any electron donor and electron accepocording
to scheme presented in Fig. 2.5he electron donor amino acid oxidized to a volatile
carboxylic acid one carbon atom shorter than the original amino ddtids,D-alanineis
converted to acetate, carbon dioxide and ammanlde electron acceptor amino adl
reduced to a volatile carboxylic acid the same lengthtlae original amino acid. For
example, glycinas converted to acetateand ammonia, whereas-froline is reductively

cleaved to Baminovaleric acid (Nisman, 1954).
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Fig. 25. Examples of couple deamination of alanine/dglye and alanine/proline in the Stickland
reaction byC. sporogeneStickland, 1935a; Stickland, 1935b).

A list of compounds tested for being electron donors and acceptors in the Stickland

Zlhnn

o o
+ 2 +2H0
\.)kOH H‘\OH A
NH,

Ha

reaction is presented in Table 2.1.

(o}

3)J\ +3NH, + CO,
OH
o
0 o) o}
+ 2 +2H,0 — + +NH, + CO,
v OH
E N OH OH  HO NH,

Table 2.1 List of compoundsested for donating and accepting electrongdlostridiumspp.

Substrate Electron donor Electron acceptor
h-aminovaleric acid +@3
i -alanine C @ C@
D-alanine + @3 Cw
L-alanine Ca
D-arginine Cw Cay *@a
L-asparagine @) Cm
L-aspartic acid tw Caw
L-cysteine * @2 C@ *@
D-glucose @) Cm
D-glutamic acid + Cw
glyceric aldehyde +@3) RC)
glycine &) taa
glycolic acid Cp eX)
L-histidine * @3 Caa
L-hydroxyproline Cw * 14
L-isoleucine * @) C (46)
lactic acid @)
L-leucine + (136 ORAG)
D-lysine Capt@ Caa
L-methionine t )
D,l-ornithine CxtEs * (246
L-phenylalanine +(13) Curto
D-proline R
L-proline S taa
pyruvic acid R
D,l-serine * a3 Caa
taurine C o)
threonine ©)
L-tryptophan +13) * ()
L-tyrosine +1.3) Cayt@
D-valine +13) )

1. Stickland (1934); 2. Woods (1936); 3. Nisman (1954); 4. Barker (198%gab (1971); 6. Elsden
and Hilton (1978); 7. Badet al.(1982).
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Proteins responsible for reduction of proline and glycine in proteof@tastridium
sticklandiihave beeridentified and characterized. Both enzymes contain selenium and are
processed psttranslationally to form a catalytic active pyruvoyl groy@arcia and
Stadtman 1992;Bednarsket al,, 2001).

Some amino acids can act as both electron donors and electron acceptors in the
Stickland reaction (Fig. 2.6.)-Phenylalanine was found tbe fermented to ammonia,
carbon dioxide, phenylacetic acid anebBenylpropionic acid (Elsden and Hilton, (1978).
The metabolic pathway in whicB. sporogenesxidizes and reducesgdhenylalanine was
proposed by Buhleet al. (1980). In the first step, wbh is common for both oxidative and
reductive branchesan amino group is transferred fromphenylalanine to xoglutarate
resulting inthe formation of phenylpyruvic acid. Then, in the oxidative branch phenypyruvic
acid is converted to phenlacet@loA,which is subsequently used to form phenylacetate.
This reaction is coupled to ATP conservati@the substrate level phosphorylation. In the
reductive branch of the pathway, phenylpyruvic acid is reduce@dphenyllactate, which
is converted to CoAativative and subsequently reduced (&)}cinnamic acid. In the last
step of the pathway, cinnamic acid is reduced tpH&nylpropionic acid by the enoate
reductase (Buhleet al., 1980; Dickeret al, 2000).

*Hg N EI
s)n
NADH +H* NAD*

L-phenylalanine Phenylpyruvate (RJ)-Phenyllactate (E) Cinnamate
2 Ferredoxin,, + CoASH NADH + H*

NADH + H* + NH,* NAD* + H,0

2 Ferredoxin 4+ CO, NAD*
CoAS ? \]h ?
ADP + P ATP + CoASH
Phenylacetyl-CoA Phenylacetate 3-Phenylpropionate

Sum: 3 Phenylalanine + 2 H0 — 3 NH," + CO, + Phenylacetate + 2 phenylpropionate”

Fig. 26. Fermentation of L-phenylalanineby C. sporogenegtaken from Dickertet al, 2000).
Enzymesi. aromatic amino acid aminotransferag&C 2.6.1.572. phenyllactate dehydrogenase
(EC 1.1.3); 3. phenyllactate dehydratased4. cinnamate reductase (EC 1.3.1.3B), glutamate
dehydrogenaseHC 1.4.1.2)Glu, glutamate; 20G, 2oxoglutarate;6. phenylpyruvate:ferredoxin 2
oxidoreductasgCoAacetylating) (EC 1.2:J; 7. phosphatephenylacetyltransferase (EC 2.3)land
phenylacetate kinase (EC 2.7)2.
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The phenyllactate dehydrogenase (fidig¢sponsible for reduction of phenylpyruvic
acid to (R)yphenyllactic acidwas successfully purified and identified @ sporogenes
(Dickertet al., 2000). The enzyme was found to consist of two subunits (38 kDa and 42 kDa)
and accepted electrons from NAD

The henyllactatedehydratase which catalyses the reversible sylehydration of
(R)yphenyllactate to (E}cinnamate was purified from Clostridium sporogenegrown
anaerobically on4phenylalaning(Dickertet al, 2000).Thedehydration proceedd in two
steps, a CoAransfer from cinnamoyCoA to phenyllactatéollowed by the dehydration of
phenyllactyfCoA The purification yielded in aenzyme complexconsisting of three
subunits, fldA (46 kDa), fldB (43 kDa) and fldC (40 kDa).

FIdA was found to pagss activity ofinnamoyiCoA:phenyllactate Cetansferase
which was not sensitive to oxygen (Dickettal., 2000).The Nterminus offldA (39 amino
acids)showed homology to CaiB (39% sequence identjtyyhich isinvolved in carnitine
metabolism in E. coli Both enzymes are Cdransferases exhiditg high substrate
specificityandthey donot form enzyme CoAster intermediates.

The FIABC complex was found to be responsible for phenyllactate dehydratase
activity and the reaction was inhibited in thegsence of oxygen. The dehydratase contains
[4FeA4S] cluster (Dickeret al, 2000). Both subunits of phenyllactoA dehydratase
(FIdBC) show significant sequence similarities to both subunitshyidéxyglutaryiCoA
dehydratase (HgdABJrom Acidaminococus fermentans Phenyllactate dehydratase
required initiation by ATP, Mg&and a reducing agent such as dithioniféne initiation was
mediated by an extremely oxygesensitive initiator protein (Fldlwhich wagresent in the
celHree extract(Dickertet al, 2002) Fldl wasdentified, overexpressedpurified from E.
coliand characterized as a homodimeric protein containing one-f#ecluster. Oxidized
Fldl showed significant ATPase activity, whiclwas suggestedto be essential for
unidirectional dectron transfer.Fldl showed significant homology to taemponent A of 2
hydroxyglutarlilCoA dehydratase fromA. fermentans which could replace Fldl in the
activation offldBCphenyllactate dehydratase.

All four genesencoding proteins weradentified and shown to be clustered in the
order fldAIBC, whichh®wed over 95% sequence identity of nucleotide and protein levels
with a gene cluster detected in the genome of the closely rela@éaktridium botulinum
Hall strain Aand with aclusterencodinghadABCproteinsin the genome ofClostridium
difficile (Dickertet al., 2002).
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The last step of the pathway, reduction @)cinnamic acid to $henylpropionic
acid, was proposed to be catalysed by theribate reductase (Bihlest al, 1980). The
reaction s coupled to ATP formation (Bader and Simon, 1983). ATP formation was observed
in C. sporogenewhole cells incubated with cinnamic acid under atmosphere of hydrogen.
ATP generation was strongly inhibited in the presencep-trifluoromethoxy carbonyl
cyarde phenyl hydrazoné~CCP), which is known to uncouple proton transfer. Moreover,
ATP formation was only observed with intact, freshly harvested cells (Bader and Simon,
1983). When protein extract were used, cinnamic acid was reduced at the expense of
NALH, however ATP formation was not restored, which suggested that ATP was generated
viaelectron transfer phosphorylation.

It was also shown that. sporogeneseduces kryptophan, Ltyrosine and Heucine
to indole-3-propanoic acid, Jp-hydroxyphenyl)prpanoic acid and -inethylvaleric
respectively Jelletet al,, 1980; Barker, 1981). On the other handdline and tisoleucine
were oxidized to isobutyric acid andn2ethylbutyric acid, but not reduced (Barker, 1981).
The capability of whole cells to fornTR during the hydrogenation of enoates derived from
amino acids acting as electron acceptors and donors was compared with the substrate
specificity of the enoate reductase. Only substrates of the enoate reductase increased the
generation of ATP showing ththe enoate reductase may determine the substrate range
of the Stickland reaction (Bader and Simon, 1983).

The variety of compounds that are accepted in the Stickland reaction makes
proteolytic Clostridia an excellent source of unusual oxidoreductaseshway be used in

industrial biotransformations.

2.4. Clostridial 2enoate reductases

Clostridial 2enoate reductases are extremely useful in chiral synthesis as they

catalyse the stereospecific hydrogenation of activated C=C double bonds (Fig. 2.7.).

6] O (o]

Rs / +NADH +H* —»
Ry

~
~
&
H

R2

Fig. 27. Stereospecific hydrogenation of enoates bgribate reductase.
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The activity of the enoate reductase activity in Clostridia was first described by
Simon and cavorkers in 1974Clostridium kluyverg I & F2dzy R (2 NBRdzO0S y
unsaturated carboxylic acids with hydrogen gas used as the electron donor (Table 2.2.). The
procedure enabled to obtain on a preparative scale a wide variety of chiral compounds
(Simoret al,, 1974).

Table 2.2List of 2enoates hydrogenated bg. kluyver{from Simonet al., 1974).

R, COOH

Acid >=< Relative rate

R R, of reduction

R]_ RZ R3
tiglic CH CH H 1.0
angelic acid CH H CH 0.2
acrylic acid H H H 3.2
methacrylic acid CH H H 2.0
dimethylacrylic acid H CH CH 0.2
E-2-pentenoic acid H GHs H 1.0
E2-hexenoic acid H n-GH, H 0.9
sorbic acid H n-GHs H 1.0
ethyl hydrogen fumarate H GHsO.C H 0.6
E-3-furfurylacrylic acid H U\/ H 1.0
(0]
E3-(2-thienylacrylic acid H ] H 13
S
cinnamic acid H GHs H 0.9
Eh -methylcinnamic acid CH GHs H 0.7
— h_ : .
icpi)dchlor(} methoxycinnamic OCH CHCI H 08
- h- i i

icpi)dbromo methoxycinnamic OCH CHBr H 08
1-cyclohexanecarboxylic acid -(CH)s- H 0.1

2-Enoate reductases were found in various saccharolytic antbpirgic Clostridia
such asC. kluyveriand C. tyrobutyricum, C. sporogeneS€, thermoaceticumand in
Peptostreptococcus anaerobi(iBischeret al., 1979; Badeet al,, 1980; Giesett al, 1981,
Rohdichet al.,, 2001).

Structural properties of enoate redtase were determined for enzymes fro@
kluyveriand C. tyrobutyricum(Tischeret al,, 1979; Kuneaet al, 1985). The enzyme has a
molecular weight of 940,000 + 20,000 Da and wodecamer (tetramer ofrimers) of a
single type of 73,00& 2,000Da subuit. The purified enzymes showed the presence of
FMN, FAD and iron and acid labile sulphur.
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The reduction of C=C double bonds proceeds through a Bi Bi ping pong mechanism
and is not reversible (Buhler and Simon, 1982). The reaction is extremely oxyg#ivae
and relatively stable against hydrogen peroxide. Experiments using different types of
inhibitors showed that three binding domains are present in the reductase. The first
domain is responsible for binding of NADH and can be blocked with dicouorammbrin.

The second domain binds enoates and can be blocked with fumarate, whereas the third
one is an electron transfer subunit that can bind reduced methylviologen (Buhler and
Simon, 1982).

Although the substrate specificity of reductases from saoaliytic C. tyrobutyricum
and C. Kkluyveriis broad, the stereospecificity of reaction remains very high. Enoate
reductases from proteolytic strains such @s sporogeneshow much narrower substrate
range and accept only aromatic enoates such as cinnaniic(B¢ihleret al, 1980). The
enoate reductases accept electrons from NADH and reduced methyl viologen showing that
they are able to accept both electron pairs as well as single electrons (Simon, 1991). They
are able to deliver electron pairs and singleatfons to NAD viologens, dichlorophenol
indophenol, hexacyano ferratél and oxygen.

Regarding the substrate range, some general rules have been found to apply (Simon
et al, 1985). Rcannot be too large and,Ran be a phenyl ring~{g. 2.7.)Halagens are
acceptedon theh-OF ND 2y X o6dzi | NB NB R dzOdositignSIt Rand A YA Y I
are different and E/Z isomers are used as substrates, different enantiomers are produced if
the i -carbon becomes chiral. Therefore, pure isomers of substrahould be used when
enantiopure product is needed. The C=C double bond can also be a part of a ring as shown
for reduction of cyclohexené-carboxylate.

Enoate reductase fror. tyrobutyricumand C. kluyverivere also found to catalyze
NB R dzO i Alz2uyisatidated @ldEhydes and alcohols (Simon, 1991). However, these
reactions are not enantioselective as the enoate reductase causes the racemization of the
products.

The physiological role of-@noate reductases is reduction of enoates at the
expense oNADH generated from oxidation of amino acids or carbohydrates. An additional
function may be conservation of energy, as ATP formation is coupled to the reduction of
cinnamic acid byC. sporogenesThe physiological role of enoate reductase in sacchacolyti
Clostridia is not known (Buhlet al., 1980; Bader and Simon, 1983).

The genes encoding enoate reductases were identifiec.irtyrobutyricumand

Moorella thermoaceticgRohdichet al., 2001).Sequence comparisoshowed that enoate
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reductases are sinat to the OAd Yellow Enzyme from yeass and to a family of
flavoproteins comprisig 2,4dienoylcoenzyme A reduase fromE. coli The recombinant
enoate reductase fromM. thermoaceticawas overexpressed iife. coligrown under
anaerobic conditions. The pin produced was soluble and active and showed enzymatic
activity towards(Eymethylbutenoate using NADH as the electron donor. The expression of
the enoate reductase fror@. tyrobutyricumresulted in insoluble and inactive product.

Due to the broad sudtrate range and high stereoselectivity of the reaction, enoate
reductases were successfully used for preparation of chiral carboxylates (®imaily
1985). High yields and good enantiomeric excess of the products were achieved when
whole cells of Clositlia were used as biocatalysts with hydrogen gas as the electron donor.
The efficiency of the biotransformations was improved by using catalytic concentrations of
methylviologen, which was reduced by endogenous clostridial hydrogenase at the expense
of hydrogen gas and served as electron donor in the biotransformations of enoates (Simon
et al, 1985). Reduced methylviologen could also be recycled by using electrochemical cells
together with enoate reductases immobilized on cellulose filters or modified orarb
electrodes (Thanos and Simon, 1987).

Although the enoate reductase froi@. sporogenebas never been purified and
identified, it was successfully applied to industrially relevant biotransformations. Crude
protein extracts ofC. sporogenesontaining tle enoate reductase were used for highly
enantioselective reduction of C=C double bonds i& I Yy R -disubstitutednitroalkenes
(Fig. 2.8.; Fryszkowskaal., 2008).

R2

iso-octane : phosphate buffer pH 7.0
R /\/ NO, 40% v/v, Hy, 30°C R’ /\‘/ NO;

R2 R2

Clostridium sporogenes

Fig.28.9y I yiA2aSt SOGABS NBRdAzOIA2YR -@sthstituied R2dzof S
nitroalkenes by celfree extracts ofC. sporogene@aken from Fryszkowslket al., 2008).

Aryl derivativesof i Zdisubstituted nitroalkenes such g&)}1-nitro-2-phenylpropene were
reducedin 3586% yield withmore than 97% eefor (R}enantiomers In contrast,n |
disubstituted nitroalkens such as(E)}2-nitro-1-phenylpropene were poor substrats,

yielding(S}enantiomer productsn low yield (1620%), and the egarying from30to 70%

dependng on NADH concentration.
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2-Enoate reductases from anaerabi bacteria such asC. sporogenes
Acetobacterium woodiiand Ruminococcus productusiere successfully used for the

synthesis of chiral-amino acidgFig. 2.9.; Fryszkowskaal, 2010).

CN CN
) . C. sporogenes i
cN glyoxalic acid \ COK R. productus Co:R
K;CO3 A. woodii
- _—
MeQH
X X X (5)3, R=K
. & S +
1 2,32-75% (S)-4, R=H <JH
a: X=H
b: X=F
c: X=Cl
d: X=0OMe Me3SICHoN,
NH3*Cl
NH CN
COOH ° CO,Me
6N HCI NiCl,, NaBH,
MeOH
cl Cl X

(S)-7.82% (S)-8, 70% (S)-5a, 82%, 97% e.e., 2d
Baclofen >99% e.e. (S)-5b, 80%, 99% e.e., 2d
(S)-5¢, 83%, 95% e.e., 3d
(>99% e.e. after one crystalization
(5)-5d, 77% yield, >99% e.e., 5d

Fig. 29 Chemoenzymatic asymmetric synthesis edryl-' -amino aédsusing enoate reductases from
anaerobic bacterigtaken from Fryszkowslket al., 2010).

A new asymmetric methodology was proposed for preparation -afmino butyric acid
(GABA) derivatives, which can be used to treat a range of central nervous syseased.
The key step in the new method was the use of crude extracts containing the enoate
reductase for asymmetric synthesis (&) -aryH -cyanopropanoic acid. The usefulness of
the new approach was demonstrated by synthesis of (@kenantiomer of balofen with
99% ee and 43% overall yield (Fryszkovesla., 2010).

The enoate reductases fro@lostridiumspp. were found to be an extremely useful
tool in the synthetic chemistry. However, they cannot be fully exploited in the industrial
biotransformatons without making them more accessible to chemists. Thus, enoate
reductases should be expressed in heterologous hosts suth edifor easier processing.
Development of new efficient methods for recombinant protein expression under

anaerobic condition is needed.

2.5. Nitroreductases

New routes for synthesis of achiral as well as chiral amines are increasingly in
demand, as these compounds are widely used as building blocks for preparation of

pharmaceuticals and agrochemical products (Roldén al, 2008; Dipeolu, 2008).
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Biocatalytic routes for amine synthesis are often based on activities of hydrolases and
transaminases (Koszelewsial., 2010).The most frequently usethethod for generation

of chiral aminess the kinetic resolution afacemic mateials by enantioselective hydrolysis
Another approach employs transaminases for asymmetric amination of ketones or kinetic
resolution starting from racemic amines. Using chemical catalysts, chiral and achiral amines
are synthesized by a direct reductiofm amides, azides, imines or nitro compounds with
metal catalysts (Claydeet al, 2000), whichare associated with high toxicity. Therefore,
new biocatalytic methods are needed for generation of amines and reductive biosynthesis
of amines usingitroreductaseswould create an attractive alternative to existing methods.

Only a few natural nitroaromatic compounds are present in nature such as
chloramphenicol, nitropyoluteorin, oxypyrrolnitrin and phidolopin (Roldénal,, 2008).
Most nitro compounds are xmwbiotic chemicals and are released to the environment as a
consequence of industrial processes. Thus, nitroreductases are involved in the
bioremediation process of soil, water and air. Another aspect of using nitroreductases is the
anticancer therapy, invhich the predrug is enzymatically reduced to the highly cytotoxic
hydroxylamine derivative to sensitize the tumour cells (Minton, 2003; Radtlah, 2008).

Nitroreductases are NAD@gpendent flavoenzymes catalysing reduction of nitro
groups in a vaety of polynitrated aromatic compounds (Roldénal.,, 2008). The reduction
of nitro group can be carried out through oner two-electron mechanism (Fig. 2.9.). The
bacterial nitroreductases type | are oxygesensitive enzymes catalysing the sequential
reduction of nitro groups through the addition of electron pairs to generate nitroso,
hydroxylamino and amino products. They have been found in a variety of organisms
including bacteria, archea aralkaryote They are homodimers of molecular weight about
50-60 kDa and consisting of B0 kDa subunits. The reaction proceeds through a Bi Bi ping
pong mechanism. Nitroreductases are strongly inhibited by dicouman,
hydroxymercuribenzoatep-iodosobenzoic acid, sodium azide and“Gons (Knouchiand
Ohnish, 1983; Roldaet al.,, 2008).

Most bacteria contain several types of type | nitroreductases showing different
specificities towards nitro substrates and accepting different electron doéGre(chiand
Ohnishj 1983). Two groups of nitroreductases arstitiguished depending on homology to
nitroreductases NfsA and NfsB frofn coli Nitroreductases group A show homology to
NfsA nitroreductase and are usually NAB#ipendent, whereas nitroreductases group B

are similar to NfsB and accept electrons from MADMain substrates for type |
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nitroreductases are nitrofurazon@-nitrobenzoate, nitrofuran and other nitro compounds
as well as quinones (Roldénal., 2008).

In contrast, bacterial nitroreductases type |l catalyze the reduction of nitro group by
the adlition of one electron, forming a nitro anion radical, which is subsequently oxidised

by molecular oxygen in futile cycle (Fig. 2.10.).

XN

N o

— &
b

N
2

N
2e
-

Fig. 210. Reduction of nitro compounds by oxygeansitive and
insensitive nitroreductase@aken from Roldamt al., 2008).

Nitro compounds can also be denitrated by OYE family reductases. PETN reductase
from Enterobacter cloacaeNemA reductase fronk. coliand xenobiotic reductases from
Pseudomonas putidavere found to reduce the nitro groups of polynitroaromatic
compounds such as pentaerythritol tetranitrate, glycerol trinitrate and trinitrotoluene
(Roldan et al., 2008

Most nitroreductases do not catalyze the complete reduction of nitro group to
amines and hydroxylamine products are formed (Roleiaal., 2008) There are few reports
of successful biocatalytic reduction of aromatic nitro compounds to amines. Whole cells of

Peptostreptococcus productud-l grown in a fructoséimited chemostat with caffeate
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were used to reducdE}2-nitro-1-phenybropene and(E}2-nitro-1-phenylbutene in a twe

liquid phase reaction systeffig. 2.11.Korbekandet al., 2008)

1a: Ri=Me
1b: R,=Et

O/I\f “@Tf

NH,
R
3 1 O/\(

Fig. 211 Proposed reaction scheme for nitroalkene reduction usihgproductus
(taken fromKorbekandet al., 2008).

The aminoalkanewere formed in47% and 7.5% yieddespectively, by reduction of both
the aliphatic nitro group and th€=C doublebond. Directreduction of nitroalkans was
also demonstrated using synthetiacemic nitrophenylpropane as a substratghich was
reduced toamine derivatie in 45% yield.

The biocatalytic activity of nitroreductase fro®almonella typhimuriunfNRSal)
was investigated for the reductioof nitroalkenes anditroaromatics(Yantoet al., 2010)

The recombinant proteinvas purified to homogeneitand NRSal showe broad substrate
acceptance for various nitro compounds such asitibcyclohexne and aliphatic
nitroalkenesas well as nitrobenzeneNitrobenzene was reduced to form nitrosobenzene
first and phenylhydroxylamine next. Azoxybenzene was the side productvas formed

by spontaneous condensation of intermediates. However, the yield for amine product,
aniline, was very poor (6%).

Aromatic nitro compoundsvere also successfully reduced 8y sporogenesThe
NADHdependent reduction ofthe nitro group ofp-nitrobenzoatewas catalysedising
protein crude extracts Two different enzymatic activities were found to reduce aromatic
nitro groups.At first the nitro radical aniorwas formed as a result dfansfer of one
electron Subsequently, the intermediate comypod was hydrogenated further, but
extremely slowlyAngermaier and Simon, 198BINtrobenzenewas alsaeduced to aniline
using whole cellsvith yields of 8% in aqueous ethanol (4% v/v) and 45% in a biphasic
heptane/aqueous systen{Dipeolu, 2008) The re&tion was improved by using water

miscible ionic liquids as theo-solvent. [EMim][EtSO4)jwas toxic toC. sporogenesnd
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decreased thgrowth rate by 58%, but allowed reduction of nitrobenzene witigher yield
up to 79% (Dipeolu et al., 2009).

C. sporogeeswas alsofound toreduce aliphatic nitro compound&eduction of 2
nitroethanol was catalyzedy protein extracts in the presence of hydrogen, however the
reaction rate was muclower than for reduction of aromatic nitro compounds (Angermaier

and Simon1983a)

2.6. Reduction of proline b¢lostridiumspp.

Biocatalysis in not limited to preparation of fine chemicals oRbssifuel shortage
and environmental issues make a great need for engineered pathways in production of bulk
chemicals as well. Bigsthesis of xenobiotic compounds that are not naturally synthesized
in living organismss extremely challenging. Therefore, identification of new enzymes with
previously unknown activities is highly demanded. Proteolytic Clostridia possess a unique
reductase responsible for the cleavage of proline ring to forrantinovaleric acid. This
enzymatic activity may possibly be exploited for biosynthesis of bifunctional compounds
that are used in the polymer industry.

L-Proline and #4-hydroxyproline were found tmxidise leuco dyes such as benzyl
viologen and neutral red, when suspension ©f sporogenesvere used as biocatalyst
(Stickland, 1934). Thus, these two amino acids were proposed to act as hydrogen acceptors
in the chemical reaction by whiclE. sporogenesbtains energy for growth in media
containing proteins or amino acids. This hypothesis was confirmed by the observation that
L-proline could accept electrons from amino acids such-atbine, Bvaline and teucine,
which acted as electron donors in theaction (Stickland, 1934The product of {proline
reduction was Eaminovaleric acid and the reaction took place by a simple ring opening
without deamination(Stickland, 1935a). The reduction of proline was found to be coupled
to a vectorial transmembi@e proton translocation allowing for ATP synthedeselectron
transfer phosphorylation (Lovitit al., 1986).

Another proteolytic strainClostridium sticklandifpreviouslyClostridiumHF) was
found to reduce proline at the expense oftnithine (Stadtnan, 1954). Both-Land D
proline were accepted as substrates and converted iri@rbnovaleric acid when crude
exctracts and partially purified enzyme fractions were used (Stadtman, 1956). The
biotransformation depended on the presence of dithiols, magmasions and reduced
nicotinamide adenine dinucleotidn the reaction mixture. The proline reduction system

was found to comprise two components, a proline racemase andpaoline reductase
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(Stadtmanand Elliotf 1957). The racemase component rapidly gerted either optical
isomer of proline to the racemic mixture, but exhibited no reductase activity. The latter
component catalyzed the reduction offoline to S5aminovaleric acid and had no activity
on L-proline. The reduction was coupled tioe oxidaton of 1,3dimercaptopropanol, which
could notbe replaced bynolecular hydrogerr NADH.

The C. sticklandiiD-proline reductase was purified to homogeneiteto and
Stadtman, 197§ Initial experiments showed the enzyme was a memb#amend protein
and was released by treatment with detergents. The molecular weight was determined to
be approximately 300 kDa containing 10 subunits of about 31 eto &nd Stadtman,
1976). However, further studies showed that the reductase was a soluble protein located in
the cytoplasm. It waa decamerhavinga molecular mass of about 870 kBansisting of 23,

26 and 45 kDa subunits (Kabisthal,, 1999). The specific activity of the 870 kDa reductase
was 100 times higher than the activity of previously purified 300 kDtejr, showing that

the 23, 26 and 45 kDa subunits were essential components of actprelide reductase.

The 26 kDa polypeptide contained selenocysteine, which correlated with the presence of
seleniumin the enzyme, determined bynductively coupled pkma mass spectrometry
(Kabisctlet al., 1999).

The reductase accepted NADH as electron donor, but not NASRtD &nd
Stadtman, 1976 The electrons from NADH to the reductase were transferred by two
proteins involving FADontaining NADH dehydrogenase aad250 kDa iroftontaining
protein (Schwartzand Miiller, 1979). However, dithiothreitol and other dithiols could also
be used as artificiabdudng agents in the reaction§étoand Stadtman, 1976

Studies of the mechanism of-oline reductase actioshowed that a carbonyl
group of pyruvate was required for the catalytic activity (Hodgind Abeles1969. The
pyruvate was found to be located on a polypeptide connected with terdinus of the
reductaseviaan ester bond (Seto, 1978; Seto, 1980k Thrbonyl group formed an adduct
with the nitrogen of the substrate anducleophilicc G ( | O1 -carlibn af pr&inewas
carried out by an electrodonating selenol anion of selenocysteine (Fig. 2.12.). That
resulted in the ring cleavage after hydrolytic release of the product from the pyruvate
adduct (Hodginsind Abeles1969. Subsequetly the selenide/sulphide group was reduced
by the electron donor (Kabisdt al., 1999).
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Fig. 212. Proposed reaction mechanism offidoline reductasdtaken fromKabisch et al., 1999)

The genes encoding-foline reductase subunits were identifigd C. sticklandii
(Kabischet al.,, 1999). TheordAgene encoded a proprotein consisting of 630 amino acids
that was posttranslationallycleaved to form 23 and 45 kDa subunits. The product of the
prdB gene encoding 242 amino acids had 26 kDa and containddsA codon for
selenocysteine.

The proline reductase was also identified in the proteolytic nosocomial pathogen
Clostridium difficile(Jacksonet al., 2006). GenegrdA and prdB predicted to encode
subunits of the enzyme were located within thpeed operon and showed organization
similar to that found inC. sticklandii Located downstream was an open reading frame
predicted to encode the proline racemaserdh. The product ofprdR gene located
upstream ofprdAwas found to activate transcription of the pioé reductase system genes
in the presence of proline and negatively regulated the expression of genes encoding
glycine reductaseBouillautet al,, 2013).

The purified reductase utilized-froline as a substrate, but in the presence of L
proline no formaiton of Saminovaleric acid was observed (Jacksbal., 2006). It was also

shown that Eand D4-hydroxyproline could replace proline as the electron acceptor in the
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fermentation and the presence of these amino acids induced the expressiorpudliDe
reductase. However, they were not utilized as substrates by the purified proline reductase.
In contrast to previous reports, the proline reductase frdn difficiledid not require
divalent cations such as Kfgand remained active in the presence of chelgtagents. That
suggested that. difficileproline reductase may reduce proline by a different mechanism
than the enzyme fronC. sticklandifJacksoret al., 2006).

The enzymatic activities described in this literature review show that anaerobic
bacteria,such asC. sporogenegossess unusual metabolic pathways and unique enzymes
that may be used as biocatalysts for industrially relevant reactions. Therefore, further
characterization of reductases responsible for hydrogenation of C=C double bonds,
aromaticnitro reduction and proline reduction is highly desirable and may possibly make a

great contribution in the field of biocatalysis.
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3. Objectives ofinvestigation

The main aim of this study was to te&St sporogeneas a whole cell bizatalyst and
source of enzymes for industrially relevant reductions of C=C double bonds, aromatic nitro
groups and novel intermediates in Nylon production.

Biocatalytic reduction of nitroalkenes is a promising reaction in chiral synthesis, as it
gives upto two new asymmetric carbons in the structure and the product can be easily
converted into corresponding amines, aldehydes, carboxylic acids or denitrated compounds
(Fryszkowsket al,, 2008).C. sporogenewas found to hydrogenate the C=C double bonds
inh = y K {disubstituted nitroalkenes, but purification of enzyme catalysing this type of
reduction was unsuccessful (Fryszkowsiaal, 2008). Preliminary studies on the.
sporogenedfldZ enoate reductase knock out mutant showed that this enzyme bwy
involved in reduction of(E}1-nitro-2-phenylpropene and(E}2-nitro-1-phenylpropene
(Mordaka, 2010). However, additional biotransformations and attempts to purify the
nitroalkene reductase suggested th@&t sporogenemay possess more than one enzyme

reducing C=C double bonds. Thus, the aims of this part of the project were:

1 Genetic analysis of the fldZ mutant (testing the strain stability, determination of
number of intron integration sites in the genome);

1 Testing wild typeC. sporogeneand the fldZmutant for reduction of unsaturated
carboxylic acids, nitroalkenes and nitro compounds;

9 Identification of genes encoding C=C double bond reductases. isporogenes
DSM795 by analysis of the genome sequences available Behbank

1 Overexpression o€. sporogenesC=C double bond reductases in a heterologous

host, purification and characterization of the enzymes.

The fldZ mutant showed unexpected physiological behaviour when grown in media
supplemented with carbohydrates and amino acids. Therefore, @ slgective of the

project was:

1 Determination of physiological function of the fldZ enoate reductaseCin

sporogenes

Whole cells ofZ. sporogenewsere also found to reduce aromatic and aliphatic nitro

groups to aminesAngermaie and Simon 1983a; Angenaier and Simon, 1983b; Dipeolu,
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2008; Dipeoltet al, 2009). However, the enzymes responsible have not been purified and

identified. The aims of the second part of the project were:

I Testing protein extracts of wild typ€. sporogenegor nitroreductase activity,
optimization of reaction conditions in respect to electron donors;

9 Identification of genes encoding hypothetical nitroreductasesCin sporogenes
DSM795 by analysis of genomic sequences;

1 Overexpression of nitroreductases in a heterologous host t@sting their activity

towards a library of aromatic nitro compounds.

Traditional metabolic pathways are engineered to develop microorganisms for
efficient productionof chemicals, fuels and materidl®m renewable feedstocks. Currently
Nylon 6 is syritesised bying-opening polymerizatiowf caprolactam, which is produced at
industrial scale starting from fossil fuels. Thus, identification of new methods for
sustainable synthesis of Nylon 6 is highly demanddw dims of thethird part of the

projectwere:

1 Analysis of metabolic pathway databases, screening for new routes leading to

production of Nylon 6 monomers;
1 Development of a method for detection of&minocaproic acid,;

9 TestingC. sporogeneB-proline reductase activity towards pipecolic acid.
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4. Materials and methods
4.1. Materials
4.1.1. Reagents

Acids, bases and saltscetic acidKishej, ammonium chloridgSigmaAldrich), ammonium

molybdate (BDH) ammonium persulphatéFishej, ammonium sulphatgSigmaAldrich),
boric acid (Signa-Aldrich), calcium chloride (SigmaAldrich), dipotassium hydrogen
orthophosphate(Fishe}, hydrochloric acid (Sigmaldrich),imidazole(SigmaAldrich), iron
sulphate heptahydrate (Rectapuf, magnesium chloride(BDH), magnesium sulphate
(Fishe), magnesiin sulphate heptahydrate (SigmaAldrich), manganese sulphate
tetrahydrate (Anala), potassium hydroxide(Fishe}, potassium phosphate monobasic
(SigmaAldrich), sodium dodecyl sulphate(Fishe}, sodium fumarate (SigmaAldrich,
sodium hydrogen carbonatéSgmaAldrich), sodium hydroxid€Fishe}, sodium phosphate
dibasic dodecahydrat€SigmaAldrich), sodium selenite pentahydrate (Acrodjris base
(Melford);

Amino acids D-alanine (SigmaAldrich), glycine (Fisher SigmaAldrich), L-alanine (Sigma
Aldrich), L-arginine (SigmaAldrich), L-cysteine (SigmaAldrich), L-cysteine HCI(Sigma
Aldrich, L-histidine (SigmaAldrich, L-isoleucine (SigmaAldrich), L-leucine (SigmaAldrich),
L-methionine (SigmaAldrich), L-phenylalanine (SigmaAldrich), L-tryptophan (Signa-
Aldrich), L-tyrosine (SigmaAldrich, L-valine(SigmaAldrich);

Antibiotics carbenicillin (SigmaAldrich, chloramphenicol(SigmaAldrich, erythromycin
(SigmaAldrich), kanamycin sulphatéNovagen;

Biotransformation substratesinnamic acid (Aldri9, DL-pipecolic acidSigmaAldrich), D-

pipecolic acidTokyo Chemical Indusipl-pipecolic acidTokyo Chemical IndusfyNADH
(SigmaAldrich), NADPHSigmaAldrich);

Derivatization _agents o-phthalaldehyde (SigmaAldrich, trimethylsilyldiazomethane
(SigmaAldrich);

Electrophoresis reagenésd nolecularweight size markex 1kb DNA Ladder (New England
Biolabs); 1kb Plus LaddefInvitrogen),I ONZE f I Y-hdthfilendbBdrr@amidgSigma

Aldrich, Agarose (Fisherhromophenol blug(SigmaAldrich), EBIlue stain(SigmaAldrich),

Instant Blue Stair(Novexir), Loading Dye Buffeéx (Fermentay Mini-t wh ¢ 9! bt ¢D- u
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Precast Gels (BioRad) b X b X tetameitifylethylenediamine (SigmaAldrich),
PageRulé'Prestained Protein LaddéFermenta, Spectra Proteihadder (Fermentas

Enzymes Antarctic Phosphatas¢New England BiolabsBenzonase® Nucleag8igma
Aldrich), Bgll FD(Fermenta$, cytochrone c (SigmaAldrich, EcdRl FD(Fermenta$, High
Activity Bovine Thrombin(Novagern, Hindll FD (Fermentay Jump$art REDTaq DNA
Polymerase(SigmaAldrich), KOD PolymeraséNovagen, Ndd FD (Fermenta$ Notl FD
(Fermenta}, Proteinase K solutiolfQIAGEIN RNase AQIAGEIN T4 ligase(Fermenta$,
Xbd FD(Fermenta$,

GasesCQ (BOC)H, (BOC)Heultra-high purity(BOC)N, (BOC)

Kits BugBuster® Protein Extraction Reagdhiovagel, Chelex 100(SigmaAldrich),

I £ 2y SW9¢un t/ wFerhehtaly doyhaleteMifEDTAee protease inhibitor
(Roche, dNTP mix(Rochd, Dynabeads® HiEag Isolation(Invitrogen) Fail$ ¥ Sun t / w
System(Epicentrg, HisBind Purification KifNovagen, Ni-NTA Spin KiQIAGEIN Pierce

Protein Refolding Ki(Fishej, Plasmid Midi Ki{QIAGEIN QIAprep Spin Miniprep Kit
(QIAGEN QIAquick Gel Extraction KRIAGEIN QIAquick PCR Purificatidit (QIAGEIN

CNF YATF2NY! AR . | O0 &biddntay, ¢ NI YyATF2NXIF GAZ2Y YA

Media componentsagar (Melford), casamino acid¢SigmaAldrich), cooked meat medium

(Lab M Limited, D-glucose(Fishe}, glycerol(Fluka,SigmaAldrich), LB granulated medium
(Melford), peptone (Foremedium,Melford), resazurin(Aldrich), tryptone (Foremedium,

Melford), yeast extrac{Melford);

Reducing agents 2- -mercaptoethanol (SigmaAldrichH, dithiothreitol (SigmaAldrich),

glutathione (SigmaAldrich), sdium thioglycollate (Flulka), tris(hydroxypropyl)phosphine

(Novagen)

Solvents and detergentfEMIm][EtSO4{SigmaAldrich, 3,4-dinitrotoluene (SigmaAldrich),

butan-2-ol (SigmaAldrich, ethanol absolute (Fishe), iso-octane (SigmaAldrich,
phenol:chloroform:isoamyl alcohoSgmaAldrich), propan2-ol (SigmaAldrich), tert-
butylbenzene (Acros)ert-butylmetylether (SigmaAldrich, Triton X100 (SigmaAldrich),
Tween®20 (SigmaAldrich);

Vitamins and cofactors biotin (SigmaAldrich), cyanocobalamin(SigmaAldrich), FAD
(SigmaAldrich, FMN(SigmaAldrich), folic acid(SigmaAldrich), lipoic acid(SigmaAldrich),
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nicotinic acid (SigmaAldrich), p-aminobenzoic acid(SigmaAldrich), pantothenic acid
(SigmaAldrich, pyridoxyamine HCI(SigmaAldrich, riboflavin HCI (SigmaAldrich),
thiamine HC(SigmaAldrich).

4.1.2. Substrates and products for biotransformations

Substrates and racemic products for phenylnitropropene biotransformatigiysl{
nitro-2-phenylpropene and [B)-1-phenyl2-nitropropeng were synthesised by Dr. A.
Fryskowska (Manchester Interdisciplinary Biocentre, University of Manchester) according
to methods described in Fryszkowska al, 2008. Other substrates and products of
biotransformations were purchased from Sigikrich with the highest purity grades

avaihble.
4.1.3. Bacterial strains

Clostridium sporogene®SM795 andEscherichia colDSM5911 (K2, W3110)
cultures were obtained from DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH).E. coli JM107 strain was obtained from Fermentak. cal
BL21(DE3)pLysS competent cells were obtained from MércporogeneSCIMB10696E.
coliTOP10 andt. coliCA434 were obtained from the Clostridia Research Group, Centre for
Biomolecular Sciences, University of Nottingham.

Clostridium sporogenegenonic knockout mutant fldZ:CermB) was prepared
using the Clostron technique (see Appendix 8.1.) by Dr. Benjamin Blount and Prof. Nigel
Minton (Clostridia Research Group, Centre for Biomolecular Sciences, University of

Nottingham).

4.1.4. Oligonucleotidesand synthetic genes

Synthetic oligonucleotides (Tab. 4.1) were synthesised by Eurofins Genetic Service.

Tab. 4.1List of synthetic oligonucleotides.
Name Sequence

CLOSPO_02780f 5' - GAATTAGAGCTTCCATTAGGTCTACAGAC
CLOSPO_02780r 5' - AGATTGCGGTGGTACTATTADITATAC 3'
EBSUni 5 6 CGAAATTAGAAACTTGCGTTCAGTAMAG

ENR F1 5' - GACAGAAAGAGTCCATGCATATEG

ENR R1 5' - TCCATTCCTGCAACACCGCCAEC

ErmRAMF 5' - ACGCGTTATATTGATAAAAATAATAATAGTGGE
ErmRAMR 5' - ACGCGTGCGACTCATAGAATTATTTCCTER®G
pJET1.2 Forward 5 6 CGACTACTATAGGGAGAGCGB®

pJET1.2 Reverse 5 6 AAGAACATCGATTTTCCATGGER®G

PMO001 5 6 AACCATGGCTATGAAGGATAATAAGGTACTTTATGAT 6
PMO002 5 6 AAGCGGCCGCAATATTTTA@GTACTTCATAT3 &
PMO003 5' - GGATGTACTACAAGTGCTATTEAC

PM004 5' - CCTACAATAGATGGTATACTTACTCTAEC
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PMOGG 5' - CTATTATTACAGCAGGAAGAABG

PMO008 5' - AGTGCTGGATTTAGYCTFAC

PMO011 5' - GAAAGTTCAACATTAAATCAAAYTATGC

PM012 5' - CAACCTCTGTTTCTCTTATTCE

PMO015 5' - ATCGTCATGATGTTTTTCAGAACAACATGA'
PM016 5' - AAAGCGGCCGCCTTTAAAAGTGATG3'

PMO017 5' - AAACATATGAAAGABATACAAAGTGCTGTATGA'
PM018 5' - AAAGCGGCCGCAATATTCEICTACTTCATAGGCTGAC
PM019 5' - AAAGCGGCCGCTCAAATATTCGCTACTTCATAGGAAG 3'
PM020 5' - CGTACATATGAAAAGTTTRIGATAAAACCTGG'
PM021 5' - AGTGCGGCCGCCATATTAAATATGCA

PM022 5' - AAAGCGGCCGCTCACATATTAARGCAS'

PM023 5' - TAGATACTATAATACAAATAAGTGCGTACTTGBAA
PM024 5' - GGACTTATTATACAACTGATGGTAAACTT

PM025 5' - CTAGTATATCATGTTTACTTGACAAAAGT

PM026 5' - TTCAGCTGCTCTTACAATCATTFGA

PM027 5' - CTACTAAAAAGTGCATACTTCTTTTTEBG

PM028 5' - AATGATTATARAAAACAGTEGGAAATATE!

PM029 5' - TTATGTTAGATTTATTAAAACAAAGAAGARG
PMO030 5' - CTAAGTATATACCGAGTATAATTGGBA

PM031 5' - AGAACACACATACTAATGAAAAAGGAGTG

PM032 5' - CATAATGGAAGTATCATTCTATTACATGGAGT
PMO033 5' - GGGAATTATAAATGAATGCTATATTAARG

PM034 5' - CTTGACTAATATACTOATATCTGATES

PMO035 5' - TCATTGAACAAATTATATGTTAGTTAGAGEA
PMO036 5' - CGTAATTTCCTTATCTTATGTAAGTTATTACATIIT
Sall -R1 5 6 ATTACTGTGACTGGTTTGCACCACCCTCIICEG

T7 promoter 5' - TAATACGACTCACTATAGGS

T7 terminator 5' - GCTAGTTATTGCTCAGCGG

Synthetic gaes were synthesised by Eurofins Genetic SenficZ gene) and

Biomatik USA, LLCENTRICSNTR3ITSNTRACsNTRECSsNTR&NdCsNTR@enes).

4.2. Methods
4.2.1. Maintenance media
4.2.1.1. Maintenance oE. coliJM107, K12 and BL21(DE3)pLysS

The LB medim was composed of tryptone (10 g/L), yeast extract (5 g/L), NaCl (10
g/L) and agar (20 g/L) in final volume 200 mL in 0.5 L Duran bottles. The medium was
autoclaved (12L Classic Media Portable Autoclave, Prestige Medical) and left in the water
bath to cod down to 50°C (GLS Aqua Plus, Grant). The medium for BL21(DE3)pLysS strain
was supplemented with glucose (1% final concentration, filter sterilized using a syringe
filter, pore size 0.2 um, Sartorius) and chloramphenicol (lZ2 25 mg/mL solution in

ethanol). Agar plates were poured when the medium was still warm and fluid.
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4.2.1.2. Maintenance o€. sporogene®BSM795

The medium was composed of cooked meat medium (5 g/L)P®H5 g/L), E
cysteine HCI (0.5 g/L), resazurin (0.2 mL of 1% w/v stock sqlai@hagar (20 g/L) with
final volume 200 mL in 0.5 L narrow neck Pyrex bottles. The solution was sparged with
oxygenfree N, for at least 1 h. The suba seals cap was held in place with copper wire and
the medium was sterilized by autoclaving using a depkautoclave. The medium was left
to cool down to 5660°C and agar plates were poured in the anaerobic cabinet (MARKS
Anaerobic Workstation or MACS, Don Whitley Scientific Limited) when the medium was still

warm and fluid.
4.2.1.3. Maintenance o€. sporgenes fldZClermB

The TYG medium was composed of tryptone (30 g/L), yeast extract (20 g/L), sodium
thioglycollate (1 g/L), resazurin (0.1 mL of 1% wi/v stock solution) and agar (20 g/L) with
final volume 100 mL in a 0.5 L narrow neck Pyrex bottle. Theéi@olwas sparged with
oxygenfree N, for at least 1 h. The suba seals cap was held in place with copper wire and
the medium was sterilized by autoclaving using a desk top autoclave. The medium was left
to cool down to 50°C. In the anaerobic cabinet, ergthycin was dissolved in ethanol,
sterilized by filtration and added to final concentration 2¢g/mL. Agar plates were poured

when the medium was still warm and fluid.

4.2.2. Growth media (culture media)
4.2.2.1. LB medium

LB medium was composed of LBrgrated medium (25 g) with final volume of 1 L
in Duran bottle and sterilized by autoclaving. For BL21(DE3)pLysS strain, medium was
composed of LB granulated medium (25 g) in 0.95 L gddibhe medium was sterilized, let
to cool down to the room temperate and supplemented with 20%-@ucose solution (50

mL, filter sterilized).
4.2.2.2. TB medium (terrific broth medium)

Terrific broth was composed of tryptone (12 g), yeast extract (24 g) and glycerol (4
mL) with final volume 900 mL in 1 L Duran bottlee Thedium was autoclaved, cooled
down to room temperature and supplemented with phosphate buffer/glucose solution

(100 mL, filter sterilized, containing glucose, 100 g/LPK 23.1 g/L; KHPQ, 125.4 g/L).
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4.2.2.3. Nouguchi medium

Nouguchi medium (Nougtcet al, 1997) was composed of LB granulated medium
(25 g) with final volume of 900 mL in Duran bottle and sterilized by autoclaving. After
cooling down, the medium was supplemented with glucose/magnesium/nitrate solution

(100 mL, filter sterilized, coaining glucose, 1g/L; Mge@HO0, 2.465 g/L; NaN{5.1 g/L).
4.2.2.4. M9 mineral medium

M9 mineral medium was composed of ) (0.8 g), NaCl (0.5 g),.NRQ-12HO
(15.08 g) and KIRQ, (3 g) with the final volume of 910 mL in 1 L Duran bottle. The medium
was autoclaved, cooled down to room temperature and supplemented with trace element
solution (50 mL, filter sterilized; containing MgSbO, 4 g/L; Cagl2 g/L; thiamine HCI,
22.4 mg/L; FegbHO, 0.2 g/L; ZnSOHO, 36 mg/L; CuckHO, 24 mg/L; MnS;-4H0,
31.6 mg/L; CogbHO, 36 mg/L) and glucose/carbonate solution (40 mL, filter sterilized,
containing glucose, 112.5 g/L; NaH{CZ50 g/L).

4.2.2.5. GF medium

GF medium (Spencet al, 1973) was composed of ¥, (5.44 g), kHPQ (10.5
9), (NH),SQ (1 g), MgS®7HO (0.05 g), MNnS@HO (5 mg), FeSTHO (0.125 mg), CaCl
(0.5 mg) with the final volume of 900 mL in 1 L Duran bottle. The medium was autoclaved,
cooled down and supplemented with glycerol (15 mL, 80% solution, autoclaved) and
fumarate/amino acid solution (85 mL, containing sodium fumarate, 75.26 g/L; casamino
acids, 5.88 g/L).

4.2.2.6. Sodiunformate medium

Sodium formate medium (Ingledew and Poole, 1984) was composed of LB
granulated medium (25 g) with final volume of 900 mL in Duvattle and sterilized by
autoclaving. After cooling down, the medium was supplemented with glucose/fumarate
solution (100 mL, filter sterilized, containing glucose, 200 g/L; NgH@Og/L; sodium
formate, 34 g/L).

4.2.2.7. Preparation o€. sporogenegrowth medium (Giesekt al., 1981)

The solution (1 L) was composed of basal medium (900 mL; containing peptone, 20
g/L; yeast extract, 5 g/L; 1 mL resazurin 1% wi/v stock solution), trace element solution (10
mL; MgGl6HO0, 3.3 g/L; Cag2HO, 4 g/L; MnSE5H0, 0.04 g/L; (NPkM0,0O,4-4H0, 1
g/L; FeSQ-7 HO, 2.93 g/L), salt solution (20 mL; ,RR, 34 g/L; KHPQ, 131 g/L;
NaSe@5H0, 0.02 g/L), vitamin solution (10 mp:aminobenzoic acid, 0.08 g/L; biotin,
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0.004 g/L; riboflavin, 0.02 g/L), reducingeat solution (10 mL; sodium thioglycollate, 30
g/L) and energy source-flnenylalanine, final concentration 12.1 mM orglicose, final
concentration 27 mM). All solutions were degassed by sparging witbr 0-60 min. Basal
medium, reducing agent solioin and energy source solution were prepared freshly every
time. Salt solution and trace element solution were stored in a fridge (+4°C) whereas
vitamin solution was kept a20°C. Basal medium, trace element solution, salt solution and
reducing agent solion were sterilized by autoclaving in bottles sealed with the suba seals
caps held in place with copper wire. Vitamin solution and energy source solution were
sterilized by filtration using a syringe filter in the anaerobic work station. All solutiors wer
mixed together in the anaerobic work station. Medium was -prduced by overnight

incubation in the anaerobic cabinet.
4.2.2.8. Preparation o€. sporogeneminimal medium (Lovittet al., 1987)

The solution (1 L) was composed of basal medium (contaikisgQ, 2 g/L;
K:HPQ, 2 g/L; MgGI6H0, 0.2 g/L; (NPLSQ, 5.0 g/L), 10% NaHg @25 mL, added after
sterilization); 0.01% w/v resazurin, general vitamin solution (1 mL; biotin, 2 g/L; folic acid, 2
g/L; pyridoxyamine HCI, 10 g/L; thiamine HCI, 5 gligflavin HCI, 5 g/L; nicotinic acid, 5
g/L; pantothenic acid, 5 g/L; cyanocobalamin, 1 gfAminobenzoic acid, 5 g/L; lipoic acid,

5 g/L), amino acid solution (100 mL; glicyne, 30 mM; valine, 20 mM; isoleucine, 20 mM,;
arginine, 20 mM; leucine, 10 mM;istidine, 10 mM; methionine, 10 mM; phenylalanine,

10 mM; tryptophan, 10 mM; tyrosine, 1.25 mM) trace element solution (10 mL;
nitrilotriacetic acid, 12.8 g/L; £8Q-7HO0, 0.1 g/L; MnG4HO, 0.1 g/L; Co&PHO, 0.17

g/L; CaGI2H0, 0.1 g/L; Zngl0.1 g/L; CuGl0.01 g/L; kBQ, 0.01 g/L; NaMog2H0, 0.01

g/L; NaCl, 1 g/L; NaSe@®.017 g/L; NiS&BHO, 0.026 g/L; Naw2H0O, 0.1 g/L) and
reducing reagent (cysteine, 5%, from 5 to 10 mL as judged by the discolouration of
resazurin). All soluticnwere degassed by sparging withfdr at least 1 h. Basal medium,
reducing agent solution and amino acid solution were prepared freshly every time. Trace
element solution was stored in a fridge (+4°C) whereas vitamin solution was frozen at
-20°C. Basahedium and trace element solution were sterilized by autoclaving in bottles
sealed with the suba seals caps held in place with copper wire. Other solutions were
sterilized by filtration using a syringe filter in the anaerobic work station. All solutiors we
mixed together in the anaerobic work station. The medium wasrpdeiced by overnight

incubation in the anaerobic cabinet.
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4.2.2.9. TYG medium

The TYG medium was composed of tryptone (30 g/L), yeast extract (20 g/L) and
resazurin (0.2 mL of 1% w/v stosklution) with final volume 200 mL in a 0.5 L Duran
bottle. The medium was sterilized by autoclaving using a desk top autoclave and
immediately transferred to the anaerobic cabinet. The medium was left to cool down and
be reduced in the cabinet overnighithen the medium was dispensed to sterile 20 or 50 mL
polypropylene sample tubes (Falcon). For cultivatiof€oBporogeneknock out mutants,
erythromycin was dissolved in ethanol, sterilized by filtration and added to the medium to

the final concentratia 2.5>g/mL.
4.2.3. Preparation of large scafe. sporogenesultures

In the anaerobic work station (Mark 3 or MACS, Don Whitley Scientific Limited),
agar medium in Petri dishes was inoculated withsporogenetaken from a single colony
of the working culturegrowing on a plate using an inoculation plastic loop anduiured
every week.

Precultures were grown in universal bottles containing about 20 mL of growing
medium and inoculated from the single bacteria colony grown in a Petri dish. The culture
was inwbated in an anaerobic work station with shaking (200 rpm,-B@SOrbital Shaking
Platform, Grant Bio) at 30°C overnight. Then the-qukure (20 mL) was used to inoculate
the main culture (500 mL). The culture was cultivated until it reached the desivase of
growth based on the OD measurements (UVmini 1240, Shimadzu). Then cells were
harvested under anaerobic conditions and used for whole cell biotransformations or

preparation of protein crude extracts.

4.2.4. Growth ofC. sporogenem 96-well plates

Growth rates and biomass production of triplica@® sporogenesultures were
measured in 9@vell plates. The inoculum was prepared in the Lovitt medium (10 mL) in a
glass universal bottle (27 mL) supplemented with the desired electron donors (27 mM D
glucose, D or L-alanine) and acceptors (45 mM glycineprbline, L-phenylalanine, L
tryptophan, Lvaline, Leucine or Lisoleucine). The medium was inoculated with a single
colony ofC. sporogenefom an agar plate using an inoculation loop. The-gulure was
incubated at 30°C overnight with shaking at 200 rpm. The stationary phasaiiwee (500
>L) was used to inoculate fresh Lovitt medium (10 mL). The main culture was incubated at
30°C for 1 h with shaking (200 rpm). After the adaptation phase, the aliquots of the culture

(240>L) were added to wells of a sterile flat bottom-@&ll plate (Cormig). The cultures
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were sealed with the Breathe Easy film (R.B. Radley and Co.) and transferred into a
Nephelostar plate reader (BMG Labtech Ltd.). Anaerobic conditions were maintained by
LI I OAy3 GKS LI FGS NBFRSNI Ay I tfogen dhnodghoutlk 3 u
the experiment. The cultures were incubated at 30°C for 48 h with orbital shaking (shaking
width 4 mm). The light scattering in the wells was measured every 20 min (2 s per well,
period delay 0.5 s). The gain was set at 40, with the lasam focus at 2.5 mm. The optical
densities of the cultures at 660 nm were calculated using calibration curves prepared using
conventional OD measurements (UVmini 1240, Shimadzu). Optimization of the

NEPHELOstar settings and the calibration curve is piedén Appendix 8.2.
4.2.5. Harvesting of. sporogenes

In the anaerobic cabinet the cell culture was transferred into centrifuge pots (Bottle
Assembly, Polypropylene, Beckman Coulter, 500 mL) and sealed. The bottle was taken out
of the cabinet and centiged at 4500 x g for 10 minutes using a high performance
centrifuge (Avanti J2&P, LITE® JE¥0.500 fixed angle rotor, Beckman Coulter). After
centrifugation the pots were transferred into the anaerobic cabinet, where the supernatant
was discarded anthe cells were resuspended in degassed phosphate buffer (50 mM, pH 7)
to give an OD of 200 (87 mg of emeight/mL; calibration curve presented in Appendix
8.3.). The centrifugation and washing procedures were repeated two more times to remove
the residualmedium before the cells were used for biotransformations or preparation of

protein crude extracts.

4.2.6. Preparation ofC. sporogenemembranefree protein extracts

Harvested and washed cells weregespended anaerobically in degassed 100 mM
phosphate liffer pH 7.0 containing dithiothreitol (0.1 g/L), flavin adenine dinucleotide (10
>M) and protease inhibitor (cOmpleteMiniEDTrAe protease inhibitor cocktail tablets,

F OO2NRAY 3 (G2 GKS LINRPRdIZOSNRA AY & dwdighGdie v & 0
2.0 mL of buffer. Cells were lysed by passage a cell disruptor (Constant Systems Ltd.) at
pressure of 40,000 psi. The protein extract (abotf BiL) was collected under a flow of
nitrogen gas in a 30 mL universal bottle. The bottle was immediai@hgferred into an ice
bath, sealed using a suba seal cap and the headspace of the bottle was flushed with
nitrogen for at least 15 minutes. The bottle was transferred to the anaerobic workstation
where the extract was poured into 50 mL polypropylene seoevcap centrifuge bottles
(polypropylene, Beckman Coulter). The extracts were centrifuged at 75000 x g for 30 min at
4°C (Avanti J2&P, JA5.50 fixed angle rotor, Beckman Coulter) and thigh speed
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supernatantwas separated from the cell debris and ohsble protein fraction using a
pipette. The quality of the extracts was determined by enzyme assays, biotransformations
and SD®AGE.

4.2.7. Protein quantification

The DC Protein Assay (Btad) was used to determine protein concentration in the
samplest KS g2NJ Ay3 wSI3ISyd ! Q bpl)andReagentR@ABIR 2T w
Protein extracts were diluted 10 and 50 times. A sample E0Q0vas pipetted into a 15 mL
GSaid (dzo So wdHwald&iged and the sanple was vortexed. Then Reagdnt B
mL) was added into each tube and vortexed immediately. After incubation (15 min)
absorbance at 750 nm was read using a spectrophotometer (Agilent 8458s)/\Protein
concentration was calculated based on the freshly prepared calibration curve ofebovin

serum albumin protein standard (Appendix 8.4.).
4.2.8. Assays and analytical methods
4.2.8.1 Assay and analytical method for phenylnitroalkene reduction

The biotransformation was performed in 30 mL screw top vials with SiRIGFE
caps. Each assay coimtad substrate (1.7 mM final concentration) in anaeroli@octane
(4.8 mL) mixed with anaerobic 50 mM potassium phosphate buffer (7.2 mL) cont@&ning
sporogenegells (final OD 1.0) or protein crude extract (1 mL, 20 mg)emdbutylbenzene
(25>L) & an internal standard. Whole cell reactions were started by injection of hydrogen
gas using a gas manifold (2 min). To the reactions with protein crude extracts, NADH or
NADPH (1pmoles) was added. Reactions were shaken in the anaerobic cabinet atrR00 rp
at 30°C for 72 h. Samples of the organic phase, which separated readily, were analyzed
using HPLC (Agilent). The samples X¥ILb were auteinjected to a Chiralcel OJ column
(diameter 4.6 mm x 250 mm) and compounds were separated with hexane/isopropyl
alcohol (9:1) and detected using UV spectrophotometer (by wavelength 254 nm). Retention
times of the internal standard, substratesmd products were compared to the retention

times of analytical standards.
4.2.8.2. Assay and analytical method for cinnamic acid reduction

The biotransformation was performed in 30 mL screw top vials with SiRIGFE
caps. Each assay contained sub&tr§2 mM final concentration) in anaerobic 50 mM
potassium phosphate buffer (5 mL) containiGy sporogenesells (OD 1.0) or protein

extract (1 mL, 20 mgkor biotransformations using protein extracts the reaction contained
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also NADH or NADPH (3 mM fir@ncentration). When whole cells were used the
reactionswasstarted by injection of hydrogen gas using the gas manifold (2 min). Reactions
were shaken in the anaerobic cabinet at 200 rpm at 30°C for 72 h. After incubation, samples
(2 mL) were centrifuge@3000 rpm, 1 min, Eppendorf MiniSpin). The supernatants were
transferred into fresh 15 mL centrifuge tubes (Falcon), acidified with 5 M HCI (0.2 mL) and
extracted with diethyl ether (2.5 mL) containing an internal standéd-putylbenzene, 5

>L). After centrifugation (4000 rpm, 15 min, Eppendorf 5810) the ethereal phase was dried
by passing through a 1 mL pipette tip containing anhydrous Mg%® 0.5 mL of dried
sample methanol (0.1 mL) was added, followed by a few drops (approx:LB0of
(trimethylsilyl)diazomethane solution (2.0 M in diethyl ether), until the mixture had a
persistent yellow colour. Acetic acid (3B) was added to quench the reaction after 30 min.
Samples were analysed using -MS (Agilent) on HPBIS column (Agilent). The
temperature program was as follows: carrier gas: dttuae helium; injector and detector
temperature at 300°C; split ratio 100:1; start at 45°C, hold 5 min, then 20°C/min to 300°C,
hold 10 min. Retention times of the internal standard, substrates and pmtsdwere

compared to the retention times of analytical standards (Appendix 8.5).

4.2.8.3. Assay and analytical method for nitrobenzene reduction

The biotransformation of nitrobenzene was performed in 30 mL screw top vials
with siliconPTFE caps. Each assaptained substrate (2 mM final concentration) in 4%
[EMIm][EtSQ diluted in 50 mM potassium phosphate buffer containfbgsporogenesells
(OD 1.0) or protein extract (20 mg). Reactions were started by injection of hydrogen gas
using the gas manifol@(min). Reactions were shaken in the anaerobic cabinet at 200 rpm
at 30°C for 72 h. Samples were analyzed usinlGCAgilent) on HRBIS column (method

as above).

4.2.8.4. Assay and analytical method for aromatic nitro reduction

The biotransformation wagperformed in 2 mL polypropylene microcentrifuge
tubes. Each assay contained the substrate (3 mM final concentration) in 0.6 mL of
anaerobic heptane, 1.2 mL anaerobic 50 mM potassium phosphate buffer pH 7.0 containing
protein crude extract (0.1 mL, 2 mg)daNAD(P)H (2 mM). Reactions were shaken in the
anaerobic cabinet at 200 rpm at 30°C for 24 h. Then limonene>(15121.7 mM in
heptane) and 3,4liaminotoluene (60-L; 60 mM in 50 mM potassium phosphate buffer pH

7.0) were added as internal standards. The samples were vortexed for 30 s and centrifuged
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at 13000 for 5 min. The heptane and aqueous fractions were agthlysparately by GRS

using HPBVIS column (method as above).
4.2.8.5. Assay and analytical method for proline reduction (Kabisthl., 1999)

The biotransformation was performed in a polypropylene microcentrifuge tube (2
mL). The reaction mixture (0.5l contained potassium phosphate buffer (100 mM pH
8.0), MgGl(10 mM), dithioerythritol or NADH (20 mM), proline or pipecolic acid (10 mM),
and enzyme. The reaction was incubated at 30°C with shaking (200 rpm) and terminated
after 22 h by addition of 5% GIQ (0.3 mL). To remove precipitation, the reaction was
centrifuged at 13000 rpm for 5 min and the supernatanti(§of was transferred into 96
well plate and the fluorescence solution was added (5 see below)The fluorescence
was determined at 47@Gm using excitation at 340 nm (FLUOstar OPTIMA, BMG Labtech).
The fluorescence solution was prepared by adding-githalaldehyde solution (1 ml; 80
mg/mL in ethanol) and-Enercaptoethanol (0.2 mL) to 0.4 M HBKuffer (100 mL, pH 9.7,
adjusted with KOH)The product concentration was determined by comparison of the
fluorescence with the calibration curves prepared forarGinovaleric acid and -6

aminocaproic acid (see Results 7.3.2.).
4.2.8.6. Spectrophotometric cinnamic acid reduction assay

Cinnamic acideduction activity ofC. sporogeneand E. colicrude extracts was
determined using a spectrophotometric assay. The reaction was set up in anaerobic
conditions in gasight quartz cuvettes (HellmAnalytics) containing protein extract (20),

10 mM cinnamic acid dissolved in water (209 pH adjusted to 7.02.5mM NADH(50>L)

and 50 mM potassium buffer pH 7.0 (8380). The reduction of the substrate was observed

by measuring the decrease in absorbance at 340 nm due to consumptionfl NFhe
reaction was continued for 5 min reading the absorbance every 2 s. Enzyme activity was

calculated using the initial rate of decrease and the extinction coefficient NADE22B 6
M"l-crﬁ’l

4.2.9. Nucleic acid extraction and purification
4.2.9.1. Gepmic DNA extraction

Overnight culture grown in TYG medium (10 mL) was centrifuged at 6000 rpm for
10 min (Agilent 5810) and the supernatant was discarded. The pellet waspended in
PB3ysazyme lysis buffer (18&L; containing NaCl, 8 g/L; KCI, 0.2;dlaHPQ, 1.44 g/L;
KHPQ, 0.24 g/L;lysozyme 10g/L) and incubated at 37°C for 30 min gently agitated
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occasionally. RNase A solution>4 10 mg/mL) was added and the sample was incubated
at 37°C for 15 min. Proteinase K solution 5% >600 mAU/ml)dH,O (85>L) and sodium
dodecyl sulphate solution (118L; 10% wi/v) were added and the sample was mixed by
inversion and incubated at 65°C for 30 min gently agitated occasionally. After incubation
phenol:chloroform:isoamyl alcohol solution (46Q; 25:241, saturated with 10 mM Tris
HCI, pH 8.0; 1 mM EDTA) was added and mixed thoroughly by inversion. The sample was
transferred to a phas#ock tube (phasdock gel heavy 2.0 mL, Eppendorf) and centrifuged
at 13000 rpm for 3 min. The top layer was transferiett a fresh phaséock tube and the
phenol:chloroform:isoamyl alcohol extraction was repeated further two times. The top
layer was transferred into a 1.5 mL microcentrifuge tube containing 3 M sodium acetate
solution pH 5.2 (40-L) and ice cold absolute ethanol (86Q). The mixture was mixed
gently but thoroughly and incubated a80°C for 30 min. The sample was centrifuged at
13000 rpm for 15 min and the supernatant was poured off quickly to avestdispension of

the pellet. he sample was washed by adding ethanol solution (1 mL; 70% v/v) and
centrifuged at full speed for 3 min. The supernatant was poured off quickly and the DNA
pellet was air dried for 45 min at room temperature. The pellet wadiseolved in 5&-L of

EB bufér (QIAGEN).

4.2.9.2. Small scale plasmid purification (QIAprep Spin Miniprep Kit, QIAGEN)

LB medium (5 mL) was prepared in round bottom polypropylene tube (14 mL,
Falcon), supplemented with desired antibiotic(s) (carbenicillin, final concentration 50
pug/mL; chloramphenicol in ethanol, 3dg /mL; kanamycin sulphate, 3@g/mL) and
inoculated with a single bacterial colony Bf colifrom a Petri dish culture. The cultures
were incubated at 37°C overnight with shaking (200 rpm). Then samples were harvested b
centrifugation at 4000 rpm for 20 min (Eppendorf 5810R). When low copy plasmids were
purified from E. coliJM107 or TOP10, chloramphenicol was added to the cultures (final
concentration 170ug/mL) 1 h before harvesting the cells in order to increaseplasmid
yields. The pellets were 1guspended in P1 buffer (25€L). Then P2 lysis buffer (25Q)
was added and samples were mixed thoroughly by inverting the tubéstihes and
incubated for 2 min at room temperature. The lysis reaction was stopped with chilled N3
buffer (350>L). The samples were centrifuged at 080rpm for 10 min in a tablop
microcentrifuge (Eppendorf MiniSpin). The supernatants were transferred to the QIAprep
spin columns by pipetting. The samples were centrifuged for 1 min and thetliloughs
were discarded. To remove trace nuclease agtiritJM107 strains, the spin columns were

washed by adding PB buffer (0.5 mL), centrifuged for 1 min and thetlilmughs were
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discarded. The columns were washed by adding PE buffer (0.75 mL) and centrifuged for 1
min. The flowthroughs were discarded antblumns were centrifuged for an additional 1

min to remove residual wash buffer. Then QIlAprep columns were placed in clean
microcentrifuge tubes (1.5 mL) and plasmids were eluted by adding EB buffgéf (0,

letting them stand for 1 min and centrifugah for 1 min at 13000 rpm.
4.2.9.3. Large scale plasmid purification (Plasmid Midi Kit, QIAGEN)

LB medium (100 mL) in Erlenmeyer flask (250 mL) was supplemented with desired
antibiotic(s) (carbenicillin, final concentration %@/mL; kanamycin sulphate,03ug/mL)
and inoculated with a single bacterial colonyEafcolitaken from a Petri dish culture. The
culture was incubated at 37°C overnight with shaking (200 rpm). The culture was
transferred into polypropylene centrifuge tubes (50 mL, Falcon). The welle harvested
by centrifugation at 6000 rpm for 10 min (Eppendorf 5810R). The pellets were re
suspended in P1 buffer (4 mL) and vortexed. Then P2 lysis buffer (4 mL) was added and
samples were mixed thoroughly by inverting the tube8 #imes and incubizd for 5 min at
room temperature. The lysis reaction was stopped with chilled P3 buffer (4 mL). The
samples were mixed immediately and thoroughly by vigorously invertifgtimes and
incubated on ice for 15 min. The samples were centrifuged at 1800f@x39 min at 4°C
(Eppendorf 5810R) and the supernatants containing plasmid DNA were transferred
promptly to fresh centrifuge tubes (50 mL). The supernatants were centrifuged again at
18000 x g for 15 min at 4°C and removed promptly. QIABISNLOO were quilibrated by
applying Buffer QBT (4 mL) and the columns were emptied by gravity flow. The
supernatants were applied to the QIAGEDNE and allowed to enter the resin by gravity
flow. The QIAGENps were washed with Buffer QC (2 x 10 mL) and plasmids eleted
with Buffer QF (5 mL) to a fresh polypropylene tube (15 mL). The plasmids were
precipitated by adding room temperature ethanol (3.5 mL), mixing and centrifugation at
18000 x g for 30 min at 4°C. The supernatants were decanted carefully and léte pere
washed with room temperature 70% ethanol (2 mL). The samples were centrifuged again at
18000 x g for 10 min and the supernatants were carefully removed without disturbing the
pellets. The pellets were adiried for 1630 min and the DNA was-tissolved in EB buffer
(200>L). The concentrations of the plasmid DNA were determined by spectrophotometric

analysis (Nanodrop ND1000).
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4.2.9.4. PCR product purification (QIAquick PCR Purification Kit)

PB Buffer (256¢:L) was added to the PCR reaction migt@0>L). It was checked
that the colour of the mixture was yellow. If the colour of the mixture was orange or violet,
3 M sodium acetate pH 5.0 was added ¢10. A QIAquick spin column was placed in a 2 ml
collection tube. The DNA was bound by applyimg sample to the QIAquick column and
centrifugation for 1 min at 13000 rpm (Eppendorf MiniSpin). The -fllmugh was
discarded and the QIAquick column was placed back into the same tube. The column was
washed by adding PE Buffer (0.75 mL) and centrifogdor 1 min. The flowhrough was
discarded. The QIAquick column was placed back in the same tube and centrifuged for an
additional 1 min. Then the QIAquick column was placed in a clean microcentrifuge tube (1.5
mL). DNA was eluted by adding EB Buffér>(5 to the centre of the QIAquick membrane

and the column was centrifuged for 1 min at 13000 rpm.
4.2.9.5. DNA gel extraction (QIAquick Gel Extraction Kit)

The DNA fragment was excised from the agarose gel under UV light with a clean,
sharp scalpel. Thexposure of the agarose gel to the UV radiation was shortened to the
minimum to avoid creation of mutations in the DNA. The gel slice was weighed in a
colourless microcentrifuge tube (1.5 mL). Three volumes of Buffer QG were added to 1
volume of gel (100ng ~ 100>L). When the gel slice was heavier than 400 mg it was split
into separate fragments to avoid the spin column overloading. The sample was incubated at
50°C for 10 min and mixed by vortexing evei§ @in to help dissolve the gel. After the gel
slice was disolved completely, it was checked the colour of the mixture is yellow. If the
colour of the mixture was orange or violet, 3 M sodium acetate pH 5.0 was added )10
One gel volume of isopropanol was added to the sample and mixed. A QIAquick spin
columnwas placed in a collection tube (2 mL). The DNA was bound by applying the sample
to the QIAquick column and centrifugation for 1 min at 1300 rpm (Eppendorf MiniSpin). The
flow-through was discarded and the QIAquick column was placed back into the same tube
To remove traces of agarose, the spin column was washed by adding QG buffer (0.5 mL),
centrifuged for 1 min and the flothrough was discarded. The column was washed by
adding PE Buffer (0.75 mL) and centrifugation for 1 min. Thetfoough was discared.

The QIAquick column was placed back in the same tube and centrifuged for an additional 1
min. Then the QIAquick column was placed in a clean microcentrifuge tube (1.5 mL). DNA
was eluted by adding EB Buffer (3Q) to the centre of the QIAquick memb&nThe

column was let to stand for 1 min and centrifuged for 1 min.
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4.2.10. Southern blohybridisation

The hybridisation probe was amplified by PCR using thebB&#I intron as the
template (Clostridia Research Group, Nottingham) and primers EBSUnakid $Table
4.1.). Three separate reactions were resolved on an agarose gel and the size of the products
was checked. The samples were merged, gel purified and eluted in a final volumelof 20
dH,0O. The probe for the ladder was composed @NAHindIll marker (I>L) and dkKO (14
>L). The DNA was denatured by heating at 100°C for 10 min and then quickly chilled on ice.
DIGHigh Prime (4L) was added and the reaction was incubated at 37°Cnay®. The
reaction was stopped by adding 0.2 M EDTA pH 8:0)and heating at 65°C for 10 min.

Genomic DNA (b >g) was digested with restriction enzymes. The reaction mixture
(25>L) was composed of genomic DNA>[3, 10x bovine serum albumin sdart (2.5>L),
10x restriction buffer (2.5>L), restriction enzyme (2L, Hindlll or Ecdrl; New England
Biolabs) and diD (16>L). The reaction was incubated at 37°C overnight. The control
plasmid (pMTLOGE2) was digested in 1. and the reaction was coraped of plasmid
DNA (21L), 10x BSA (1), 10x restriction buffer (1.5L) and restriction enzyme (OrfL).

The reaction was incubated at 37°C for 4 h.

The reaction mixtures were mixed with the loading dye and run out on a 0.8%
agarose gel with DNAHindIll marker (55L). The gel was run at 120 V for-2.5. A picture
of the gel was taken to be sure that the digestion was successful (even DNA smear in the
wells containing digested genomic DNA).

The DNA was transferred onto nitrocellulose membrane. An empty gelwesy
placed upside down in a plastic box. The wick was soaked in 0.4 M NaOH and laid over the
base. The air bubbles were removed by rolling a serological pipette over the surface. The
agarose gel was placed on the top of the wick. Hydrobond H+ membrandd@tacare)
was cut exactly the same size as the gel using a scalpel blade holding the membrane with
forceps. The membrane was pwetted in 0.4 M NaOH and laid over the gel in one
movement. Five blotting pads (Sigma) were cut to the same size as the @reenl®dne of
the pads was pravetted in 0.4 M NaOH and laid over the membrane. The air bubbles were
removed again. Four remaining dry blotting pads were laid over the top. The plastic box
was filled with 0.4 M NaOH to ensure that the wick was not dried duveight (about 500
g) was placed on top and the apparatus was left f8rtf2while the transfer occurred.

The transfer rig was disassembled down to the membrane. The gel lanes were marked
on the membrane using a pencil. The membrane was placed inidefiim and the DNA

was crosdinked to the membrane under UV light (2 min each side). The membrane was
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briefly washed in 2x SSC buffer (containing 0.3 M NaCl, 30 mNll&citrate buffer) to
remove excess of NaOH. The membrane was placed into a Isgiadi tube (DNA side in,
pencil side out). DiEasy Hyb (Pfbyb) buffer (810 mL) was added and the tube was
incubated at 42°C for at least 1 h. The probes were made up in polypropylene centrifuge
tubes (50 mL) into 10 mL DEasy Hyb and boiled for 10im then placed into ice
immediately. DIGasy Hyb (Prayb) buffer was replaced with probe mix and the tube was
incubated at 42°C overnight.

The membrane was washed twice with the low stringency washing buffer (100 mL; 2x
SSC, 0.1% SDS) at room tempaeafor 5 min and twice with the high stringency washing
buffer (100 mL; 0.5x SSC, 0.1% SDS) at 68°C for 15 min. The membrane was equilibrated in
1x maleic acid buffer (100 mL, 0.1 M maleic acid, 0.15 M NacCl, pH 7.5) + 0.3%-ZWeen®
and incubated at roontemperature for 1 min. 1x Blocking buffer (Roche EasyHyb kit) was
made up in 1x maleic acid buffer. The membrane was blocked in 1x blocking buffer (25 mL)
at room temperature for 30 min. The aflilG Ab probe was diluted 1:10,000 in 1x blocking
solution, alded to the tube and incubated at room temperature for 30 min. The membrane
was washed with 1x maleic acid buffer + 0.3% Tween®20 (100 mL) at room temperature for
15 min. The membrane was equilibrated in 25 mL of the detection buffer composed-of Tris
HCI 1 9.5 (100 mM) and NaCl (100 mM) at room temperature for 2 min.

The blot was developed using the Single filter method. CSDP-teathe enzyme
substrate (1.5 mL) was dispensed into a tube. The membrane was taken out of the
hybridisation tube and laid DNgide up on an acetate sheet. The enzyme substrate was
pipetted directly onto the membrane and the second acetate sheet was laid over the top of
the membrane. The edges of the acetate sheets were sealed with tape and the membrane
was incubated at 37°C fa&0 min. The membrane was placed in a cassette, covered with a
sheet of photo film (GE Healthcare) under red light and left for 15 min. The film was

dropped into developer and fixative solution (500 mL).

4.2.11. Polymerase chain reaction
4211.1.PCRusigSy2YA O 5b! GSYLXFGSa O6CIFHAT{IIFSu t/ w

Polymerase chain reactions (final volume=80 were prepared with the following
components:C. sporogenegenomic DNA (10 ng), FailSafe PCR 2xPreMixL{25-ailSafe
PCR Enzyme Mix (02b; 1.25 units), 56M forward and reverse primers @L of each). The
hot start protocol was performed. The reactions were assembled on ice and added directly

to a thermal cycler préneated to 98°C. Reactions were carried out with the following
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cycling conditions (35 cyclesjitial denaturation, 98°C for 3 min; denaturation, 95°C for 30
s; annealing, from 48 to 62°C-%2C below the JJof primers) for 3660 s; elongation, 72°C,
1-2min (1 min for every kb of expected product) and final elongation, 72°C for 10 min. After

amplification, the reactions were analysed by DNA gel electrophoresis and froz2or &t
4.2.11.2. Introduction of restriction sites by PCR (KOD Polymerase)

Polymerase chain reactions (final volume=80 were prepared with the following
components: plasmid DNA ¢L; 0.011 ng), 10x Buffer #1 for KOD DNA Polymerasd.(5
Novagen), 5 mM dNTP mix $2), 25 mM MgGI(2 >L), primers forward and reverse (10
uM, 2 >L of each), DMSO @L) and KOD DNA Polgrase (0.4>L; 1 U). Reactions were
carried out with the following cycling conditions (25 cycles): initial denaturation, 98°C for 3
min; denaturation, 98°C for 15 s; annealing, from 55 to 64°Z Clbelow the Jof primers)
for 10 s; elongation, 72°C, 2@ s and final elongation, 72°C for 5 min. After amplification,

the reaction mixtures were analysed by DNA gel electrophoresis and frozed &t
4.2.11.3. Colony PCR (JumpStart REDTaq DNA Polymerase)

Colony PCR was used to quickly screen for plasmattsngirectly fromE. coli
(JM107, BL21(DE3)pLysS or TOP10) colonies. The reactions were assembled on ice in thin
wall PCR tubes (0.5 mL) and were composed of 10x JumpStart REDTaq PCRB)ff2r (5
mM dNTP mix (5L), 10uM forward primer (1.25>L; T7 promoter or pJET1.2 forward), 10
MM reverse primer (1.2%L; T7 terminator or pJET1.2 reverse), JumpStart REDTag DNA
Polymerase (2.5L, SIGMA) and d8 (35>L). A small amount oE. colicolony was
transferred from an agar plate using a sterile H0pipette tip. A trace of the colony was
transferred on a fresh LB agar plate supplemented with the relevant antibiotics and the rest
was added to the PCR mix. Reactions were carried out with tlmvialy cycling conditions
(35 cycles): initial denaturation, 94°C for 3 min; denaturation, 94°C for 30 s; annealing, 50°C
for 30s; elongation, 72°C, 155 min (1 min for every kb of expected product) and final

elongation, 72°C for 5 min. The reaction mpes analysed by DNA electrophoresis.
4.2.12. Plasmid DNA restriction digestion

Plasmid DNA was digested using the FastDigest restriction enZgglésNcd,
Ndd, Notl andXbd (Fermentas). The reaction (50.) was composed of the plasmid DNA
(0.55 >g), 10x Green FD Reaction Buffer>(§ and the enzyme(s) -@>L of each). The
reaction was incubated at 37°C folhours or overnight. When the digestion reaction was
incubated overnight, the reaction mixtusmeas covered with mineral oil (56L, SIGMA) to

prevent evaporation. When the reaction was complete, the enzymes were inactivated at
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65-80°C for 510 min depending on the enzyme properties. The products of the restriction

digestion were analysed using Dilgarose gel electrophoresis.
4.2.13. DNA vector dephosphorylation

The dephosphorylation reaction was composed of plasmid DNA>Z8 10x
Antarctic Phosphatase Reaction Buffer>(5 New England Biolabs), Antarctic Phosphatase
enzyme (1.5-L; 7.5 U) and d}® (up to 50>L). The sample was incubated at 37°C for 1 h.
The enzyme was inactivated at 65°C for 5 min. DNA was precipitated by addition of 3 M
sodium acetate (5L; pH 5.2, adjusted with acetic acid) and absolute ethanol ¥1}@&nd
incubated at-20°Covernight. Then the sample was centrifuged at 13000 rpm (Eppendorf
MiniSpin) for 20 min and the supernatant was removed. The pellet was washed with 70%
ethanol (1 mL) and centrifuged again at 13000 rpm for 10 min. The supernatant was

removed. The pellet as airdried and resuspended in EB buffer (3Q; QIAGEN).
4.2.14. DNA ligation
nOHdOMndM® [ATFGA2Y 2F t/w LINRPRdzOG& dzaAy3d /¢t 2

Three independent PCR reaction mixtures were resolved on a 1% agarose gel and
the size of the products was checked. The products were purified from primers
nucleotides, polymerases and salts using the QlAquick PCR Purification Kit (QIAGEN). When
unspecific products occurred in the reaction, the products were additionally purified by gel
electrophoresis.

¢ 2 NB Y-@Alb8erhan@s generated by enzyme mixgirgontainingTag DNA
polymerase, the blunting reaction was set up in microcentrifuge tube (1.5 mL). The reaction
mixture was composed of the PCR produci2(:L), 2x Reaction Buffer (16L), DNA
Blunting Enzyme (2L) and dEO (up to 18>L). The sample was vortexed, incubated &C70
for 5 min and chilled briefly on ice. Then pJETL1.2/blunt Cloning Vectdr, @0 ng) and T4
DNA Ligase (L; 5 U) were added tithe reaction mixture. The sample was vortexed briefly
and incubated at room temperature for 30 min. The ligation mixture was used directly for

the bacterial transformation.
4.2.14.2. Ligation into expression vectors

A cloning vector (pJET1.2, pUC19 or pBMarrying the gene insert was digested
using restriction enzymed@d FD andNotl FD,Ncd FD andNotl FD orXbd andNotl). The

gene insert was separated from the linearized vector by gel electrophoresis purification.
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The expression vectors (pET20b(afd pET28a(+)) were digested with the
corresponding enzymes. The linear vector DNA was purified by gel electrophoresis and
dephosphorylated to reduce its sdifjation.

The ligation mixture was composed of 10x T4 ligase buffer>l(3 the
dephosphorylagd vector (50 ng), the gene insert (26 ng; vector/insert molar ratio 3:1),

T4 ligase (L, 5 units) and dj® (up to 30>L). The reaction was incubated at room
temperature for 1 h. Then the enzyme was inactivated &C7fr 10 min. The reaction

mixture (2.5>L) was immediately used to transfoit coluM107 or TOP10.
4.2.15.E. colitransformation
4.2.15.1. Transformation of IM107 and TOP10 strains

LB agar plate was seeded from a single bacterial colofy obl{JM107 or TOP10)
using an inoculatindgpop and incubated overnight at 3Z. For preparation of competent
cells, freshly streaked bacterial colonies were used (not older th2adys).

Gmedium (2 mL) in a round bottom polypropylene tube (14 mL; Falcon) was
inoculated with a single bacteriablony from the LB plate and incubated overnight atG7
The stock culture was kept aP@ for one week and used for preparation of competent
cells.

On the day of transformation,-@edium (1.5 mL) and LB agar plates with desired
antibiotics (carbenicith or kanamycin sulphate) were prearmed at 37C for at least 20
min. The Tsolution (500>L) was composed ofgolution A (250-L) and Tsolution B (250
>L) and kept on ice. The overnight bacterial stock culturenme@ium (150>L) was added
to pre-warmed Cmedium and incubated at 3Z for 20 min with shaking (200 rpm). Then
the cells were poured into a microcentrifuge tube (1.5 mL) and harvested by centrifugation
(1 min; 13000 rpm). The pellet was-saspended in chilled -3olution (300>L) and
incubated on ice for 5 min. The sample was centrifuged for 1 min at 13000 rpm and the
supernatant was discarded. The pellet wassuspended in chilled-3olution (120>L) and
incubated of ice for another 5 min. The ligation mixture (215 was added to a new
microcentrifuge tube and chilled on ice for 2 min. The prepared cells(3@vere added to
the tube containing DNA, mixed and incubated on ice for 5 min. Then the celi® (0
were plated immediately on prevarmed LB antibiotic agar plates using a stespreader

and incubated overnight at 3C.
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4.2.15.2. Heashock transformation of BL21(DE3)pLysS

E. coliBL21(DE3)pLysS competent cells (Novagen) were removed fror8die
freezer and thawed on ice for-2 min. The tube was gently fing#icked %2 times to
evenly resuspend the cells. The required number of 1.5 mL microcentrifuge tubes was
placed on ice to prehill. Aliquots of cells (26L) were pipetted into prehilled tubes.
Purified pET20b(+) plasmid ¥L; 10 ng) was added directly to the cells and the tube was
stirred gently. The tube was incubated on ice for 5 min and then heated for exactly 30 s in a
42°C water bath. The tubes werplaced on ice for 2 min and room temperature SOC
medium (80>L, Novagen) was added to the tube. The cells were incubated at 37°C while
shaking at 250 rpm for 60 min prior to plating on LB agar plates supplemented with
antibiotics (carbenicillin, final cmentration: 50 pg/mL; chloramphenicol: 34ig/mL).
Positive transformants were maintained on LB agar plates at 4°C and as 8% glycerol stocks
at-80°C.

4.2.16. Electrophoresis
4.2.16.1. DNA electrophoresis in agarose gel

TAE buffer (1 L) was composed ot hase (4.84 g), glacial acetic acid (1.14 mL) and
0.5 M EDTA pH 8.0 (2 mL). Agarose powder (1 g) and TAE buffer (100 mL) were mixed
together in an Erlenmeyer flask (250 mL). The agarose was melted in a microwave until the
solution became clear. The soloi was let to cool down to about 50°C, swirling the flask
occasionally to cool evenly. The gel casting tray (Alpha Laboratories) was assembled and
the comb was placed. Ethidium bromide solution>{Z 1% w/v) was added to the melted
agarose. The gel was p@d into the casting tray and let cool until it was solid. The comb
was carefully pulled out and the gel was placed in the electrophoresis chamber filled with
the TAE buffer.

The samples (L each) were mixed with the 6x Loading Dye Buffer>l(2
Fermeantas). Each sample (A2 >L) and the relevant DNA ladder ¢.) were carefully
pipetted into separate wells in the gel. The lid was placed on the gel box and the electrodes
were connected to the power supply. The power supply was turned on to abcdd@&0
and the electrophoresis was run until the blue dye approached the end of the gel. The
power was turned off and the gel was observed under UV light. Pictures of the gel were

taken using the Gel Imagining System (U:Genius3, Syngene).
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4.2.16.2. SD®AGE eletrophoresis

The separating buffer (100 mL) contained Tris base (18.15 g) and SDS (0.4 g) and the
pH was adjusted to 8.8. The separating gel was composed mf> | ONRB f-I YARSY|
methylenebisacrylamide (37.5:1) water solution (8 mL, SigmaQdHB.8 mL), separating
buffer (5 mL), 10% ammonium persulfate (20 and TEMED (2.). The stacking buffer
(100 mL) contained Tris base (6.04 g) and SDS (0.4 g) apHi thvas adjusted to 6.8. The
a0 O01Ay3a 3ASt 61 a LINB LdndiigldhebBaErylamides (3715 D)Naterk YA RS
solution (1.3 mL), d}® (6.1 mL), separating buffer (2.5 mL), 20% ammonium persulfate (50
>L) and TEMED &.). The running buffer (1 L) daimed glycine (14.4 g), Tris base (3 g) and
SDS (1 g). The loading buffer contained 2.6% SDS, 1.3%eZaptoethanol, 6% glycerol,

0.2% bromophenol blue, 0.05 M Tris HCI, pH 6.8.

Plates, spacers, combs and gaskets were washed with ethanol and allowleg to
Plates were assembled and checked with deionised water. The separating gel was poured
straight away and covered with water saturated buizwol. After 45 min the butat2-ol
was removed and the headspaces of plates were washed with water five tirhes. T
stacking gel was poured, the comb was inserted and gel was left for 1 h. The gel cassette
was assembled, the comb was removed and the inner and outer tanks were filled with the
running buffer. The loading buffer was added to samples to a final volum®0 oflL.
Samples were incubated in a water bath at°©@5for 5 min and loaded onto the gel.
PageRulerTM Prestained Protein Ladder (Fermentas) was used as a molecular weight
marker. Electrophoresis was run at 35 mV for 2 h. The gel was washed with wateanhdice
stained overnight with Instant Blue Stain (Novexin) or EZBlue Stain (Sigma).

Alternatively MintPROTEAN TGX Precast GelsRBi®) were used together with 4x
Laemmli Sample Buffer (BRad) supplemented withi-mercaptoethanol (final

concentration 5%and 10x Tris/glycine/SDS running buffer (Rid).
4.2.17. Protein overexpression iB. coliunder anaerobic conditions

E. coliBL21(DE3)pLysS strain carrying pET20b(+) plasmid encoding the desired
enzyme was maintained as an 8% glycerol-stpak and kpt at -80°C. LB medium (10 mL)
supplemented with carbenicillin (5Qug/mL) and chloramphenicol (34u1g/mL) was
inoculated using a 16L loop with bacterial strain directly from the crgtock. The culture
was incubated at 3T overnight with shaking at 200 rpm. The culture (500 >L) was

used to inoculate LB medium (20 mL) with antibiotics in a sterile 50 mL centrifuge tube
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(Falcon)The culture was incubated at 37 for about 67 h with shaking (200 rpm) until the
ODyoo Of the culture reached 0. The culture was kept af@ overnight.

The next day the cells were centrifuged at 6000 rpm for 10 mirf@t(Eppendorf
5810R). The supeatant was discarded and the pellet was transferred into the anaerobic
cabinet. The cells were used to inoculate anaerobic TB medium (100 mL) supplemented
with antibiotics, glucose (final concentration 1%) and riboflavirg/tnL) in a Duran screw
cap bottle (100 mL) containing a magnetic flea. The culture was mixed using a magnetic
stirrer at 100 rpm. When the culture reached £4¥.4-0.5, the expression of the protein
was induced by adding sterile 1 M isopropyD-1-thiogalactopyranoside (46L). Samples
of the culture (2 mL) were harvested before induction and at intervals after induction in
order to determine the time point giving the higher protein production yield. The cells were
harvested by centrifugation at 6000 rpior 10 min at 4C.

The anaerobic lysis buffer (10 mL) was composed of 100 mM potassium phosphate
buffer pH 7.0, flavin adenine dinucleotide (M), riboflavinp -phosphate (10>M),
Benzonase® Nucleasex(LT xHpn ! 0 mMnE . dz3. agni(@Bmiyand NB G S A
cOmplete MiniEDT#ee protease inhibitor (1 tablet). Depending on the further
purification steps, the lysis buffer was also supplemented wdithiothreitol (0.1 mg/mL) or
tris(hydroxypropyl)phosphine (1 mM). The lysis buffer was spawgéiul nitrogen for at
least 1 h.

The pellet was resuspended in the lysis buffer (2b0of the buffer for every 1 mL
of the culture of Ol 1). The sample was incubated at room temperature forlb0min
with shaking at 250 rpm and additional vortexing evet§ &in. The tube was centrifuged
at 18000 x g for 20 min ar@ (Eppendorf 5810RJhe supernatantcglHree crude extract
was transferred into a fresh tube. The pellet wasstspended in the original volume of the
lysis buffer and represented the insoluble protein fraction. Both protein fractions were
analysed using SEFAGE techqgue (20>L of each sample was loaded onto the gel). The
soluble protein fraction was used in enzymatic assays and biotransformations.

The culture for protein overexpression was scaled up to 1 L by increasing the
volumes of the cultures and scaling up the proteiregaration. In the 1 L scale
experiments, the protein extracts (final volume 7 mL) were prepared using the cell

disruptor (Constant Systems Ltd.) as described elsewhere (4.2.6.).
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4.2.18. HisTag purification
4.2.18.1. HisBind Purification Kit (Novagen)

8x Binding Buffer pH 7.9 contained NaCl (4 M), Tris HCI (160 mM) and imidazole (40
mM). 8x Wash Buffer pH 7.9 contained NaCl (4 M), imidazole (480 mM) arHTFi€L60
mM). 4x Elute Buffer pH 7.9 contained imidazole (4 M), NaCl (2 M) and Tris HCI (8&xmM).
Strip Buffer pH 7.9 contained NaCl (2 M), EDTA (400 mM) and Tris HCI (80 mM). 8x Charge
Buffer contained NiSO (400 mM). Buffers weresupplemented with FMN (final
concentration10 pM), FAD (final concentratiohO puM) andsparged with nitrogen for at
least 1 h.

Small polypropylene columns (Chromatography Columns, Novagen) held 2.5 mL of
the settled resin and were used to purify up to 20 mg target protein. The bottle of His-Bind®
Resin was gently mixed by inversion until completely suspended. The desitede of
slurry (1.52 mL) was transferred to the column using a wide mouth pipet. The column was
transferred to the anaerobic work station where the resin was allowed to pack under
gravity flow. When the level of the storage buffer dropped to the toghef column bed,
the resin was charged and equilibrated by a sequence of washes, 3 resin volumes of sterile
degassed d}D, 5 volumes of 1x Charge Buffer and 3 volumes of 1x Binding Buffer.

1x Binding Buffer was allowed to drain to the top of the column.BHte protein
extract (7 mL) was loaded into the column and allowed to drain under gravity flow. The
flow throughs were collected for further analysis. The column was washed with 10 volumes
of 1x Binding Buffer and 6 volumes of 1x Wash Buffer. The boundipmwas eluted with 6
volumes of 1x Elute Buffer. The column was washed with 6 volumes of 1x Strip Buffer to
remove residual proteins by stripping?Nfrom the column. The purified protein and the

flow throughs were analysed using SBSGE and used imeyme activity assays.
4.2.18.2. NiNTA Spin Kit (QIAGEN)

The Lysis Buffer (NRD) contained 50 mM NaRQ, 300 mM NaCl and 10 mM
imidazole, pH 8.0. The Wash Buffer @2@) contained 50 mM NaRQ, 300 mM NaCl and
20 mM imidazole, pH 8.0. The ElutiorffBu(NP1500) contained 50 mM NaRQ, 300 mM
NaCl and 500 mM imidazole, pH 8.0. The buffers va¢ése supplemented with FMN (final
concentration 10 pM), FAD (final concentratiodO0 uM), sparged with nitrogen and
equilibrated in the anaerobic work statiorovernight. All the buffers were also

supplemented with different concentrations of dithioerythritol used as the reducing agent.
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The pellet derived from 5 mL cell culture volume was resuspended ir63§sis
Buffer (NPIL0). Lysozyme Stock Solution &10 10 mg/mL) and Benzonase® Nuclease (15
U) were added and the sample was incubated at 4°C for 30 min. The lysate was centrifuged
at 12000 x g for 30 min at 4°C and the supernatant was collected. THEANspin column
was equilibrated with NP10 Buffer 600 >L) and centrifuged at 2900 rpm for 2 min
(Eppendorf MiniSpin). The cleared lysate containing the éwdgdiped protein was loaded
onto the preequilibrated NiNTA spin column and the column was centrifuged at 1600 rpm
for 5 min. The NNTA spin column wawashed twice with NP20 Buffer (600>L) and
centrifuged at 2900 rpm for 2 min. The protein was eluted twice with30RI Buffer (300
>L) and centrifuged at 2900 rpm for 2 min. The eluate was collected and used in the

enzyme activity assays.
4.2.18.3. Dynheads® Higag Isolation (Invitrogen)

2x Binding/Wash Buffer was composed of sodium phosphate, pH 8.0 (100 mM),
NaCl (600 mM) and Tweet® (0.02%). His Elution Buffer contained imidazole (300 mM),
sodium phosphate pH 8.0 (50 mM), NaCl (300 mM) and Tw2en®.01%). Buffers were
alsosupplemented with FMN (final concentratid® puM), FAD (final concentratiob0 puM)
andsparged with nitrogen for at least 1 h.

The sample containing the-lBistagged protein was prepared in 1x Binding/Wash
Buffer (700>L). The Dynabeads® were thoroughly resuspended in the vial by vortexing for
30 s. The Dynabeads® (&0, 2 mg) were transferred to a microcentrifuge tube (1.5 mL).
¢KS (GdzoS gl & LI I OSR -22Iyvitrdgen)Yfor 2 yhid.(ThedbBadls/wer I 3 n
collected on the wall of the tube and the supernatant was discarded. The protein extract
was added to the beads. The tube was mixed well and incubated on a shaker at room
temperature for 10 min. The tube was placed on the magnet for 2 min and the supernatant
was dscarded. The beads were washed 4 times with 1x Binding/Wash Buffex>(30y
placing the tube on the magnet for 2 min and discarding the supernatants. The beads were
resuspended thoroughly between each washing step. To elute the proteirElttion
Buffer (100>L) was added and the tube was incubated on a shaker at roorpdeature
for 5 min. The tube was placed on the magnet for 2 min and the supernatant containing the
eluted histidinetagged protein was transferred to a clean tube. The purified protein was

analysed using SBFBAGE and used in enzyme activity assays.
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4.2.19.Histag excision and protein refolding

The 6Histagged protein was purified in the anaerobic cabinet using His-Bind
Purification Kit (see section 4.2.18.1) and eluted in 1x Elution Buffer pH 7.9 (6 mL). To
remove the salts from the buffer and make theopin more concentrated, the sample was
poured into Vivaspin Concentrator 6 (Vivaproducts) with 10,000 molecular weight cut off
membrane. The assembled concentrator was inserted into a centrifuge (Eppendorf 5810R)
and centrifuged at 4000 x g in a swing ket rotor (A4-62, Eppendorf) at room
temperature until the volume of the sample decreased to about 1 mL (for abotit510
min). In the cabinet, anaerobic 100 mM potassium phosphate buffer (5 mL) was added and
the sample was gently mixed by pipetting. Tlomoentrator was centrifuged again until the
volume of the sample decreased to about 1 mL.

The 6Histag was cut off from the overexpressed protein by thrombin digestion.
The reaction mixture was composed of purified and concentrated protein$th@and kgh
Activity Bovine Thrombin (5@, 10 U; lyophilized powder resuspended in 200 mM NacCl, 50
mM sodium citrate, 1 ml 0.1% PEG, pH 6.5). The reaction was incubate¥C&o83 h.

The protein was refolded using Pierce Protein Refolding Kit (Fermentas)Bise
Refolding Buffers and seven additional buffer additives were used to create a matrix
covering a range of strong and weak denaturant conditions for the suppression of protein
aggregation. The stock buffers were composed of Tris base (55 mM), Na@MP KCI
(0.88 mM),FMN (11 uM), FAD (11 pMpH 8.2. Each buffer stock also contained the
indicated denaturant concentrations (up to 1.1 M guanidine and up to 0.88 M arginine).
The additives such as dithioerythritol (5 mM), reduced glutathione (up tmA2) and
oxidized glutathione (up to 0.4 mM) were used as secondary matrix factors. The buffers
were sparged with nitrogen for at least 1 h.

In the anaerobic workstation the Base Refolding Buffers ¢gQ0vere dispensed in
nine 1.5 mL microcentrifuge tubedhe additives were added and the volumes were
adjusted to 950-L. The purified and concentrated protein sample ¥&) was slowly added
to each of the nine tubes and mixed. The samples were incubated-# I6 and the

refolding efficiency was tested the enzyme activity assay.

68



5. Results
5.1. Reduction of C=C double bonds &yostridium sporogeneBSM795

Clostridium sporogenesas shown to catalyze hydrogenation of C=C double bonds
in cinnamic acid (reported for the first time by Buhler in 19&Yyange ofhj - andi | -
disubstituted nitroolefins (Fryszkowsle al., 2008), pyrimidines, such as uracil (Hil&n
al., 1975) and unsaturated fatty acids (Verhsal,, 1985).

The purification and identification of the enzyme responsible for reduction of
nitroolefins,  (E}1-nitro-2-phenylpropene  and (E}2-nitro-1-phenylpropene, was
unsuccessful, although it was found that sporogengsossessed at least two enzymes that
could reduce (E}2-nitro-1-phenylpropene at the expense of NADH showing different
enantio®lectivities (Fryszkowsket al., 2008; Dr. Karl Fisher, Manchester Interdisciplinary
Biocentre, unpublished data, for details see Appendix 8.7.).

The similarities in structure between cinnamate and nitroolefins tested (Fig. 5.1.)
led to a hypothesis thabne of these enzymes could be the reductase responsible for
hydrogenation of cinnamic acid in thephenylalanine fermentation by the Stickland
reaction. The reduction of cinnamic acid tepBenylpropionic acid was found to be
catalyzed by NADHependent2-enoate reductase (Buhleet al, 1980), belonging to a
family of clostridial oxidoreductases containing a flavin adenine dinucleotide and an iron
sulphur centre (Tischeat al., 1979).

Il ﬁ ﬁ
N® N®
]
(E)-cinnamate (E)-1-nitro-2-phenylpropene (E)-2-nitro-1-phenylpropene

Fig. 5.1 Structures of E}cinnamate, (E}1-nitro-2-phenylpropene andE)}2-nitro-1-phenylpropene.

The nucleotide sequence of the gene encoding fldZ reductase remained unknown
at that time, since the amino acid primary structure of the reductase was not determined
and the sequence o€. sporogenesggenome was not available in the genomic libraries.
Moreover, previous attempts to overexpress clostridiakrbate reductases fronC.
tyrobutyricumand C. thermoaceticunin a heterologous host have met with the limited
success due to their congt cofactorequirementand oxygen sensitivity.

Thus, to test the hypothesis thatéhoate reductase is responsible for reduction of
nitroolefins, an approach based on production of genomic knock out mutants was

proposed.C. sporogene®-enoate reductasé&nock out mutant strain (calle@. sporogenes
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fldz:CermB) was prepared by Dr. Benjamin Blount from the Clostridia Research Group
using the ClosTron gene knock out system based on the sequenceftafZigene encoding
2-enoate reductase from closely rédal strain,C. botulinumHall A ATCC3502 (for details
see Appendix 8.1.). Preliminary experiments, showed that the crude extracts didihe
mutant, contrary tothose ofwild type, did not show activity towards cinnamic acid in the
spectrophotometric redation assay (published in Mordaka, 2010). The mutants were not
able to reduce (E}1-nitro-2-phenylpropene, whereas reduction of(E}2-nitro-1-
phenylpropene was still possible, but with a lower yield when compared to the wild type
strain. The growth ofldzZ:CermB was significantly decreased in complex media when
glucose and {phenylalanine were used as energy substradaggestinghat fldZ may be
involved in the process of obtaining carbon and energy for growth. These experiments
corroborated the hypothsis thatC. sporogenepossessed multiple enzymes reducing C=C
double bond in nitroolefins and that the fldZ reductase was one of them. Therefore, further
experiments testing the scope for reduction of enoates and nitroalkenes u€ing
sporogenesC=C dould bond reductases and the contribution of fldZ in the process of

amino acid fermentation are presentdtbre.

5.1.1. Stability and the &ithern blot analysis ofldZ::CTermB mutant

The ClosTron system used for the creationfldZ:CTermB is based on grqull
intron retrohoming process and the mutants produced with this method were extremely
stable (Heapet al., 2007). However, to validate thHielZ: CermB strain stability and prevent
crosscontaminations between different. sporogenestrains, a robustad simple method
for the wild type and thdldZ mutant identification was used based on detection of L1.LtrB
intron with polymerase chain reaction. After every culture, cells (1 mL) were harvested and
genomic DNA was extracted. DNA was used as a templa®CR reaction using primers

ENRF1 and EBSUriihe reaction products were separated on 1% agarose gel (Fig. 5.2.).
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Fig. 5.2 Ermintron PCR screen. Reaction mixtures ¥L) were run on 1% agarose
gel with 1 kb Plus Ladder (Invitrogekt). Templates:1 ¢ fldZ:CermB, 2 ¢ C.
sporogeneDSM795. Expected product fiddZ:CermB was about 870 bp.

The presence of the L1.LtrB intron integrated in fleZ gene resulted in a R
product of a size about 870 bp. No product was observed wbesporogene®SM795
genomic DNA was used as the reaction template, confirming the strain identities. This test
was carried out after every experiment wh&dzZ:CermB was used. It also conmfied that
genomic mutant knock out strains created with the ClosTron are extremely stable and the
L1.LtrB intron remains integrated in the bacterial chromosome for many generations (more
than fifty successful reultures).

The ClosTron system can be tamgbto insertionaly inactivate any gene based on
the possible integration sites for L1.LidBrived introns designed by the Perutka algorithm
(Perutkaet al., 2004). However, considering the preliminary experiments showing multiple
enzymatic activities rediing C=C double bonds @ sporogeneand in the absence of the
C. sporogenesgenome sequence, additional genetic analysis flofz:CermB was
performed. To determine the number of L1.LtrB integration events and thus, the number of
inactivated genes, th8outhern blot technique was used (Fig. 5.3.).

Genomic DNA was extracted from the wild type strain and the mutant and digested
using two different restriction enzymegcdrl andHindlll. DNA fragments were separated
using electrophoresis in 1% agarose dehatured in alkaline solution and transferred onto
a cellulose membrane. The membrane was hybridised with aldbé&led erm probe

overnight and the pattern of hybridization was visualized by autoradiography.
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Fig. 53. Southern blot analysis ofldz:CermB

mutant usingerm DIG lab#ed probe. Lanesi ¢

fldZ:CermB digested wittHindlll, 2 ¢ fldZ:CermB

digested with Ecdrl, 3 ¢ DSM795 digested with
Hindlll, 4 ¢ DSM795 digested withEcdRI, 5 ¢

pMTLOO07 plasmid containingrm gene (positive
control).

The probe hybridizé to the erm plasmid used as a positive control in the
experiment as well as to single bands in samples contaifhittyCermB genomic DNA
digested withEcdrl andHindlll restrictases. As expected, no bands were visible in samples
containing genomic DNAf ehe wild type strain DSM795. The Southern blot showed that
the fldZ:CermB mutant possessed only one intron integration site #mas only one gene

in the C. sporogeneshromosome was knocked out.

5.1.2. Role of the fldZ reductase in amino acid fermetibn

2-Enoate reductase was proposed to be involved in th@hénylalanine
fermentation via the Stickland reactionBihler et al, 1980) In the last step of the
reductive branch, cinnamic acid is reduced tpl&nylpropionic acid and this reaction is
coupled to ATP formation by electron transfer phosphorylation (Bader and Simon, 1983).
ThefldZ mutant showed decreased biomass production whegpshkenylalanine was used as

the energy substrate in the complex Giesel medium. However, a much more drastic
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decrease in the growth was observed for medium supplemented wiijlizose (Mordaka,
2010). That was surprising since the fldZ activity was not postulated to be associated with
metabolism of carbohydrates. To further exploit this subject, a series of growth
expaiments and metabolic footprinting analysis were performed for tih#:CermB

strain.

5.1.2.1. L-Phenylalanine fermentation in a complex medium

C. sporogeneis a proteolytic organism unable to grow except in media containing
proteins and amino acidsaghohydrates are also fermented, but they are neither sufficient
nor essential for growth (Stickland, 1934), altho@@hsporogenesas a high rate of glucose
fermentation and its cell free extract contains all glycolytic enzymes catalysing glucose
degradaion to pyruvate (Golovchenket al, 1983). Thus, the growth @&. sporogeneim
the complex Giesel medium relies on a mixed fermentation of amino acids and proteins
(present in peptone and yeast extract) and carbohydrates (from yeast extract). To ¢est th
role of the fldZ reductase it was better to minimise the effect of glucose dissimilation by
elimination of the yeast extract from the medium. However, apart from carbohydrates and
proteins, yeast extract contains also essential water soluble vitamiosytigrfactors and
purine and pyrimidine bases and cannot be completely excluded from the complex
medium. Thus, for the growth experiments the yeast extract concentration in Giesel
medium was decreased from 0.5 to 0.1% w/v. Growth of DSM795fld@dCermB was
determined in the modified Giesel medium supplemented with 12.1 mphdnylalanine.
Moreover, the formation of $ohenylpropionic acid during the growth was also determined

by gas chromatography (Fig. 5.4.).
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Fig. 5.4 A. growth of DSM795 () andfldZ:CermB /) in modified Giesel medium supplemented
with 12.1 mM Ephenylalanine. Average of three independent replicates. Error bars correspond to
standard deviationsB. Concentration of ghenylpropionic acid in the growth medium of DSM795

( ) andfldz:CermB (/) determined by G®IS. Average of two independent replicates. Error bars
correspond to standard error of mean.

It was found that growth rates of. sporogeneBSM795 andldZ:CEermB in the
modified medium were similar. In contragt the previous experiments (Mordaka, 2010)
where the original Giesel medium was used, no decreasbiamhass production was
observed for the mutant when compared to the wild type. Analysis of the medium
footprints showed that despite inactivation ofldZ gene, the mutant fermented -L
phenylalanine to $henylpropionic acid and the formation of the product was even greater
than in the wild type strain. No cinnamic acid was found in the residual medium. Thus, the
experiment suggested that fldZ is not involviedthe reductive branch of-phenylalanine

fermentation by the Stickland reaction.
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