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Abstrakt

Nitrilasy jsou enzymy katalyzujici hydrolyzu nitril na prislusné
karboxylové kyseliny a amonné ionty. Tyto enzymy mohou nalézt
vyuzZiti v biokatalyze a bioremediaci pro vyssi nendarocnost,
bezpeénost a jednoduchost takto katalyzovanych reakci pred
konvencénimi metodami hydrolyzy nitrild.

Vtéto praci byly pomoci metody prohledavani databazi
vybrany sekvence hypotetickych fungalnich nitrilas. Jako templaty
poslouzily aminokyselinové sekvence fungalnich nitrilas jiz dfive
charakterizovanych v nasi laboratofi. Nasledné byly nové syntetické
geny spolu se zbylymi geny z nasi nitrilasové knihovny exprimovany
VE. coli a poté byly porovnany jejich substratové specifity a
podobnost sekvenci.

Arylacetonitrilasy z hub Arthroderma benhamiae (NitAb) a
Nectria haematococca (NitNh) byly purifikovany a charakterizovany;
byly stanoveny jejich substratové specifity, kinetické parametry, pH a
teplotni profily a velikost podjednotek.

NitAb a NitNh spolu s dalsimi rekombinantnimi fungalnimi
nitrilasami byly pouZity pro hydrolyzu vysokych koncentraci (R,S)-
mandelonitrilu v jedné davce nebo spostupnym ddavkovanim
substratu. Ze studovanych enzymU nitrilasa z Aspergillus niger
vykazala nejlepsi enantioselektivitu (e.e. pro (R)-mandlovou kyselinu
a7 97,6 %) a produktivitu enzymu v susiné (aZ 40 g geuz 7).

NitAb byla pouze mirné enantioselektivni, ¢ehoz se vsak da
v kombinaci s jeji stabilitou pri nizkém pH vyuzit pro produkci (S)-
mandlové kyseliny.

Soubor nasich rekombinantnich fungalnich arylacetonitrilas
byl rovnéz testovan na schopnost hydrolyzovat (t)-trans-2,4-difenyl-
4,5-dihydrooxazol-5-karbonitril (pfislusnd karboxyova kyselina je
prekurzorem taxolu, jeZz se pouziva jako protinddorové I|écivo).
Vsechny enzymy dosahly plné konverze 1 mM substratu béhm 1 nebo



22 hodin. Nitrilasa z houby Neurospora crassa byla nejvice aktivni a
byla pouzita pfi preparativni pfipravé (t)-trans-2,4-difenyl-4,5-
dihydrooxazol-5-karboxylové kyseliny.



Abstract

Nitrilases are enzymes which catalyze the hydrolysis of a
nitrile into the corresponding carboxylic acid and ammonia. These
enzymes are potentially applicable in biocatalysis and bioremediation
because of their advantages over the conventional (chemical)
methods of nitrile hydrolysis (lower demand for energy, safety,
simplicity, high yields, selectivity).

In this work, genome mining was used to search for the
sequences of hypothetical nitrilases from filamentous fungi. The
amino acid sequences of previously characterized fungal nitrilases
were used as the templates. Then the new synthetic genes together
with other genes from our nitrilase library were expressed in E. coli
and the substrate specificities of the enzymes thus produced were
compared. Significant attention was focused on the relationships
between the sequence of the enzyme and its substrate specificity.

The arylacetonitrilases from Arthroderma benhamiae (NitAb)
and Nectria haematococca (NitNh) were purified and characterized.
Their substrate specificities, kinetic parameters, pH and temperature
profiles and subunit and holoenzyme size were assessed.

NitAb and NitNh together with other recombinant fungal
nitrilases were employed in the hydrolysis of high concentrations of
(R,S)-mandelonitrile in a batch or fed-batch mode. Nitrilase from
Aspergillus niger displayed the best results in enantioselectivity,
enabling to prepare (R)-mandelic acid with 97.6 % e.e., and in catalyst
productivity of 40 g of the product per g of dry cell weight. NitAb
displayed a moderate enantioselectivity, which, together with its
stability at low pH, make it applicable in the production of (S)-
mandelic acid from (S)-mandelonitrile.

A set of recombinant fungal arylacetonitrilases was tested in
hydrolysis of (+)-trans-2,4-diphenyl-4,5-dihydrooxazole-5-carbonitrile.
The corresponding carboxylic acid is a precursor of taxol, an anti-
cancer drug. All tested enzymes displayed a complete conversion of 1



mM substrate within 1-22 hours. Nitrilase from Neurospora crassa
was the most active and was thus used for the preparative-scale
synthesis of  (%)-trans-2,4-diphenyl-4,5-dihydrooxazole-5-carboxylic
acid.



1 Uvod

Anorganické kyanidy a nitrilové slouceniny jsou roZsifené
v Zivotnim prostiedi, budto v pfirodni formé nebo jako nasledek
lidské cinnosti. Hlavnim zdrojem téchto sloucenin v pidé a vodé je
vypousténi odpadnich vod (Baxter a Cummings, 2006). Pfirodni
kyanidy a nitrily byly nalezeny v cca. 3000 druht mikroorganismd,
hub, rostlin a Zivocich, a to prevainé ve formé kyanogennich
glykosidli (Gupta a kol., 2010).

V Zivych organismech se kyanidy a nitrily degraduji nékolika
cestami, tj. oxidaci, redukci, substituci nebo hydrolyzou (Legras a kol.,
1990; Ebbs, 2004).

Enzymovad hydrolyza je nejvice prozkoumanou drahou
degradace nitrild. MUzZe k ni dojit vjednom kroku, katalyzovaném
nitrilasou, nebo ve dvou krocich, katalyzovanych nitrilhydratasou a
amidasou (Banerjee a kol., 2002). Kyanid je transformovan
kyanidhydratasami (KHT) na formamid nebo kyaniddihydratasami
(KDH) na kyselinu mravenci.

Nitrilasy spolu s KHT a KDH maji v aktivnim centru stejnou
katalytickou triddu Glu-Lys-Cys a patfi do 1. vetvé nitrilasové
superrodiny enzym0 (O’Reilly a Turner, 2003; Pace a Brenner, 2001).
Dalsi spole¢nou vlastnosti téchto enzymU je tercidrni struktura
podjednotky a tendence tvofit helikdlni oligomery (Thuku a kol.,
2009).

Nitrilasy (EC 3.5.5.1) katalyzuji hydrolyzu nitrilG na pfislusné
karboxylové kyseliny a amoniak. Tyto enzymy se hojné vyskytuji jak v
prokaryotech, tak v eukaryotech (Thuku a kol., 2009). V zavislosti na
preferované struktufe substratu se nitrilasy déli na alifatické,
aromatické a arylalifatické. Posledni skupina je zvlasté zajimava pro
pfipadné vyuziti v biokatalyze a to zejména kvlli své schopnosti
hydrolyzovat a-substituované arylalifatické nitrily stereoselektivné
(Kobayashi and Shimizu, 1994; Martinkova and Kren, 2010).



PFi reakcich katalyzovanych nitrilasami nékdy dochazi k tvorbé
amidu jako vedlejsiho produktu. To se zda byt zpisobeno pritomnosti
substituentu odebirajiciho elektrony na a-uhliku, nizkou teplotou,
vysokym pH nebo reakci s méné preferovanym enantiomerem
substratu (Fernandes a kol., 2006). AvSak mutanty nitrilas se zvySenou
schopnosti tvorit amid mohou byt vyuZity k produkci opticky Cistych
amidu (Kiziak a Stolz, 2009).

Nitrilasy byly zatim nejvice studavany v bakteriich. Zde je
nejCastéjsim bakteridlnim zdrojem aromatickych nitrilas fad
Rhodococcus (Banerjee a kol., 2002). Alifatické nitrilasy byly nalezeny
u bakterii z fddu Pseudomonas, Alcaligenes a Halomonas (Martinkova
a Kren, 2010). rada téchto enzym( byla pouZita k produkci kys.
nikotinové, opticky ¢ité kys. (R)- nebo (S)-mandlové, kys. glykolové a
dalsich sloucenin v laboratornim méritku (Gong a kol., 2012).

Nitrilasy z hub Aspergillus niger a Fusarium solani byly rovnéz
pouzity k biokatalytické produkci kys. nikotinové a isonikotinové
(Kaplan a kol., 2006; Vejvoda a kol., 2006a; Vejvoda a kol., 2006b,
Malandra a kol., 2009).

Pozdéji byly dalsi fungdlni nitrilasy (z hub Gibberella
moniliformis, Penicillium marneffei, Aspergillus niger a Neurospora
crassa) exprimovany ze syntetickych genl v E. coli, purifikovany a
charakterizovany (Kaplan a kol., 2011; Petfickova a kol., 2012). Takto
ziskané nitrilasy z hub A. niger a N. crassa byly navic identifikovany
jako arylacetonitrilasy schopné hydrolyzovat (R,S)-mandelonitril se
selektivitou pro (R)-enantiomer, a tudiZ pfipadné pouzitelné pro
produkci kys. (R)-mandlové.



2 Cile prace

e nalezeni sekvenci novych nitrilas v genomech vlaknitych hub a
bakterii

e exprese téchto genl v E. coli a purifikace protein(

e charakterizace purifikovanych enzym: urceni substratové
specifity, kinetickych parametrd a velikosti podjednotky a
holoenzymu

e pfiprava vzorkl pro strukturni analyzu (analyticka
ultracentrifugace, elektronovd mikroskopie) a spoluprace na
strukturni analyze a homolognim modelovani

e aplikace novych nitrilas v hydrolyze primyslové vyznamnych
substratd, jako jsou (R,S)-mandelonitril nebo prekurzory
taxolu; optimalizace procesu produkce (R)-mandlové kyseliny
v laboratornim méfitku



3 Material a metodika

V této praci byly pouzity ndsledujici metody (detaily
jednotlivych experimentl jsou popsany v prislusnych publikacich):

transformace bunék E. coli BL 21 (DE3) Gold

kultivace bakterii

stanoveni proteind podle Bradfordové

elektroforéza v polyakrylamidovém gelu v pfitomnosti
dodecylsiranu sodného

stanoveni enzymovych aktivit

biotransformacni reakce (v jedné davce, s postupnym
davkovanim, preparativni)

analytickd vysokoucinna kapalinova chromatografie
chirdIni analyza enantiomerd produktd nitrilasovych
reakci

iontové vymeénna chromatografie

gelova permeacni chromatografie

méreni kinetiky Michaelis-Mentenové

extrakce z pufru do dichlormethanu

CiSténi produktl reakce na silikagelu (kolonova
chromatografie)

homologni modelovani (Oddéleni struktury a funkce
proteind, Ustav nanobiologie a strukturni biologie, AV
CR)

analytickd ultracentrifugace (Katedra biochemie,
Pfirodovédecka fakulta, Univerzita Karlova v Praze)
elektronovd mikroskopie (Laboratof charakterizace
molekularni struktury, Mikrobiologicky Ustav, AV CR)

Zdroje pouzitych chemikalii, enzymd a mikroorganisma jsou
detailné popsany v prislusnych publikacich.



4 VysledKky a diskuse

Rada nitrilas z archei, bakterii a rostlin jiz byla v minulosti
Uspésné heterologné exprimovana (Gong a kol., 2013; Gong a kol.,
2012; Piotrowski 2008). V posledni dobé bylo také nékolik genl
fungdlnich nitrilas exprimovano v E. coli v nasi laboratofi (Kaplan a
kol., 2011; Petfickova a kol.,, 2012). Tyto geny byly ziskany
prohledavanim databazi s cilem najit sekvence hypotetickych nitrilas
podobnych jiz dfive charakterizovanym.

Exprese gen( fungalnich arylacetonitrilas v plvodnich
organismech muzZe byt znacné obtizna kvuli specifickym podminkam
rastu a indukce. Rychla ztrata aktivity po sklizni a naruseni tkani déla
izolaci enzymu velmi slozitou az nemozinou (Petfickova, 2013).
Naproti tomu exprese téchto genl v E. coli tyto problémy eliminuje.
Genové a proteinové databaze jsou dnes bohatym zdrojem
nitrilasovych sekvenci a v kombinaci s moznosti pfipravy syntetickych
genl a optimalizace frekvence kodonl se stala exprese v E. coli
snadnou a vhodnou metodou k produkci a purifikaci novych nitrilas
(Seffernick a kol., 2009).

Vtéto praci byly sekvence novych hypotetickych nitrilas
vybrany zdatabazi na zakladé jejich podobnosti sjiz dfive
studovanymi enzymy. Spolec¢né s nasimi dfive charakterizovanymi
fungdlnimi nitrilasami byly exprimovany v E. coli a ve formé
bunéénych suspenzi byly otestovdny na aktivitu k souboru
aromatickych, alifatickych a arylalifatickych nitrild.

V této skupiné celkem 12 rekombinantnich fungdlnich nitrilas
byly nalezeny 3 aromatické nitrilasy, 6 arylalifatickych nitrilas, 1
nitrilasa se smésnou substratovou specifitou a 2 kyanidhydratasy.
Rovnéz byly potvrzeny souvislosti mezi aminokyselinovymi
sekvencemi jednotlivych enzym( a jejich substratovymi specifitami,
jak jsme dfive predpokladali.



Rekombinantni  fungdlni  nitrilasy zhub  Arthroderma
benhamiae (NitAb) a Nectria haematococca (NitNh) byly izoovany z E.
coli a charakterizovany.

Preferovanymi substraty obou enzymu byly fenylacetonitril a
(R,S)-mandelonitril, avsak relativni aktivity pro tyto subtraty se liSily.
Vmax byly u NitAb podobné pro oba substraty, ale hodnota K, byla 4x
vys$Si pro (R,S)-mandelonitril. Hodnoty K, u NitNh byly témér shodné
pro oba substraty, avSak Vnax pro fenylacetonitril byla 3,6x vyssi. V
tomto ohledu jsou NitAb a NitNh podobné dfive charakterizovanym
arylacetonitrilasam z A. niger (NitAn2) a N. crassa (NitNc) (Pettickova
etal., 2012).

Produkce amidu byla u obou enzym( take rozdilna. NitNh v
reakcich obecné produkovala vice amidu nez NitAb.

Oba enzymy hydrolyzovaly 25 mM (R,S)-mandelonitril se
selektivitou pro (R)-enantiomer. Pfi pH 8,0 dosahovaly hodnoty e.e.
63 % u NitAb a 89 % u NitNh. Vysoce (R)-selektivni arylacetonitrilasy
byly dfive nalezely u bakterii rodu Alcaligenes (Nagasawa a kol., 1990;
Yamamoto a kol., 1992; Liu a kol., 2011) a byly pouzity k produkci
vysokych koncentraci kys. (R)-mandlové. Naproti tomu mirné
enantioselektivni bakteridlni arylacetonitrilasa z Pseudomonas
fluorescens (Kiziak a kol., 2005) byla pouZita pfi enantioretentivni
biotransformaci (S)-mandelonitrilu na kys. (S)-mandlovou nebo (S)-
mandelamid (Chmura a kol., 2013).

Podle vysledkd homologniho modelovani, analytické
centrifugace a elektronové mikroskopie vykazovaly podjednotky obou
enzym( typické nitrilasové a-B-B-a sendvicové usporadani.
Podjedtoky pak vykazovaly tendeci se skladat do oligomer( rGzné
délky.

NitAb a NitNh byly testovany pfi hydrolyze vysokych
koncentraci (R,S)-mandelonitrilu (100-500 mM). Pfi experimentech
byl sledovan vliv pH a pfitomnosti toluenu na enantioselektivitu
enzym( a produkci amidu. NitAb obecné neprodukovala témér zadny
mandelamid. Produkce mandelamidu u NitNh byla snizena pfi vysSim
pH (9.0), a pfitomnosti 10 % toluenu v reakéni smési. NitAb byla



pouze mirné enantioselektivni pfi vSech studovanych podminkach a
byla schopna transformovat 100 mM substrat pfi pH 5,0, coZ ji
predurcuje k moinému poufZiti pfi enantioretentivni hydrolyze (S)-
mandelonitrilu na kys. (S)-mandlovou.

NitAb a NitNh spolu s NitAn2 a NitNc byly testovany pfi
biotransformacich ~ vysokych  koncentraci  (R,S)-mandelonitrilu
s postupnym davkovanim substratu. NejlepsSich vysledkd bylo
dosazeno s NitAn2, a proto byl tento enzym pouZit v dalSim
experimentu  svy$§imi  ddvkami substratu. Vysledky obou
experimentl jsou shrnuty v Tab. 1.

Tabulka 1: Hydrolyza (R,S)-mandelonitrilu na kys. (R)-mandlovou nitrilasou NitAn2
s postupnym davkovanim substratu

Mnoiztsvi Konverze Konc. produktu  Objemova Produktivita
substratu (%) (gL")/e.e.(%) produktivita (gL’ enzymu (g g.: )
(mmol) d?)

12,5 90 16,7 /97,6 16,7 18,6

60 90 77 /95,6 60 40

Enzymova produktivita NitAn2 pfi davkovani 12 x 5 mmol byla
az 5-10 x wvy$Si nez produktivita nékterych bakteridlnich
arylacetonitrilas pouZitych pfi tomto typu reakce (Zhang a kol., 2010;
Liu a kol., 2014).

V dalSim experimentu byl soubor naSich rekombinantnich
fungdlnich nitrilas pouZit pfi biotransformaci prekurzoru taxolu —
slouceniny slouZici jako protinddorové lécivo (Lorusso et al., 2014).
Toto byl prvni pfipad pouziti nitrilas k této reakci.

1.0 mM (%)-trans-2,4-difenyl-4,5-dihydrooxazol-5-carbonitril
((£)-trans-1) byl akceptovan jako substrat vSemi testovanymi
nitrilasami. 30-100 % konverze byly pozorovany jiz po prvni hodiné
reakce, kompletnich konverzi bylo dosazeno u vsech enzymu po 22 h.
Hodnoty e.e. hlavniho produktu reakce (pfislusné karboxylové
kyseliny) neptesahovaly 80 %.



evvys

amidu vykazovala NitAb. U NitAn2 byla produkce amidu zpocatku
nizkd, avSak na konci reakce jedna z nejvyssich.

NitNc vykazovala ze souboru nitrilas nejvyssi aktivitu k (£)-
trans-1, a byla tudiz pouzita k pripravé prislusné karboxylové kyseliny
v preparativnim méfitku.



5 Zavéry

Nitrilasy predstavuji vhodné biokatalyzatory vyuZitelné
k Setrné hydrolyze nitrilovych sloucenin. Jsou zde vsak stdle prekazky
branici SirSimu pouZiti téchto enzyma v primyslové vyrobé, jako napf.
jejich nizka stabilita a nedostatecna aktivita. Z toho divodu hledani a
vyzkum novych nitilas pokracuje.

Nové enzymy mohou byt ziskdny pomoci nékolika metod, zde
byl aplikovan pfistup vyhledavani v genovych a proteinovych
databazich.

Aminokyselinové sekvence fungalnich nitrilas diskutovanych
v této praci byly vybrany z databaze na zdkladé podobnosti s jiz dfive
charakterizovanymi nitrilasami. Podle podobnosti v sekvencich a
pritomnosti specifickych sekvencnich motiv( v blizkosti katalytického
cysteinu mohou byt predikovany typy subtratovych specifit téchto
novych enzyma.

S jednou vyjimkou byly predpokladané substratové specifity
novych nitrilas experimentalné potvrzeny.

Rekombinantni fungalni nitrilasy NitAb A NitNh byly
purifikovany a charakterizovany. Oba enzymy vyrazné preferovaly
fenylacetonitril a (R,S)-mandelonitril jako substraty. U obou enzym(
byly stanoveny kinetické parametry. U (R,S)-mandelonitrilu byl
pfednostné hydrolyzovan (R)-enantiomer; NitNh byla vysoce
enantioselektivni, NitAb pouze mirné. NitNh obecné vykazovala vyssi
tendenci ke tvorbé amidu nez NitAb.

NitAb a NitNh byly pouzity pfi hydrolyze vysokych koncentraci
(R,S)-mandelonitrilu (100-500 mM). Vyssi pH a pfitomnost toluenu
mély pozitivni vliv na enantioselektivitu obou enzym{, ikdyZ u NitAb
nedoslo k vyraznému zlepseni.

NitAb, NitNh spolu s NitAn2 a NitNc byly testovany pfi
biotransformacich ~ vysokych  koncentraci  (R,S)-mandelonitrilu
s postupnym davkovanim substratu. NitAn2 vykazovala jednu



z nejvyssich konverzi (90 %), nejlepsi enantioselektivitu (e.e. az 96,7
%) a produktivitu enzymu (aZ 40 g g« ), zatimco produkce amidu
byla nejnizsi.

NitAb a NitAn2 byly shledany potencialné pouzitelnymi pro
aplikaci v produkci opticky cisté (S)- nebo (R)-mandlové kyseliny,
jelikoz oba enzymy tvoti jen zanedbatelné procento amidu a jsou
stabilni i pfi vysokych (500 mM) koncentracich substratu.

Soubor naSich rekombinantnich fungalnich nitrilas byl pouzit
pfi biotransformaci prekurzoru taxolu — slouceniny slouzici jako
protinddorové IéCivo. VSechny testované enzymy plné transformovaly
1 mM substrat a NitNc byla dostatecné aktivni k pfipravé reakéniho
produktu v preparativnim méritku.

Tato prace tedy potvrdila, Ze vyhledavani sekvenci genu
v databazich a jejich exprese v E. coli je vhodnou metodou pro
ziskavani novych fungalnich nitrilas. Exprese fungalnich nitrilas v E.
coli je navic ucinna, jelikoz nitrilasa zde tvori vetSinovou Ccast
bunéénych proteinl a muZe byt snadno izolovana. RovnéZ byla
potvrzena schopnost novych nitrilas transformovat primyslové
vyznamneé substraty.
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7 Introduction

Inorganic cyanide and nitrile compounds are widespread in
the environment, either as naturally occurring or as a result of human
activity. The major source of these compounds in soil and water is the
discharge of wastewaters (Baxter and Cummings, 2006). Natural
cyanide and nitrile compounds have been detected in about 3, 000
species of microorganisms, fungi, plants and animals, mostly in the
form of cyanogenic glycosides (Gupta et al., 2010).

In living organisms, cyanide and nitriles can be degraded
through several patways, including oxidative, reductive,
substitution/transfer or hydrolytic pathway (Legras et al., 1990; Ebbs,
2004).

Enzymatic hydrolysis is the most explored of the nitrile
biodegradation routes. It can be achieved in one step, catalyzed by
nitrilase, or in a two-step reaction, catalyzed by nitrile hydratase and
amidase (Banerjee et al., 2002). Cyanide is transformed by cyanide
hydratases (CHTs) to formamide or by cyanide dihydratases (CDHs) to
formic acid.

Nitrilases, together with CHTs and CDHs share the same Glu-
Lys-Cys catalytic triade and belong to the Branch 1 of the nitrilase
superfamily (O’Reilly and Turner, 2003; Pace and Brenner, 2001).
Another common fature of these enzymes is the tertiary structure of
the subunit and the tendency to form helical oligomers (Thuku et al.,
2009).

Nitrilases (EC 3.5.5.1) catalyze the hydrolysis of nitriles into
the corresponding carboxylic acid and ammonia. They are abundant
in nature and occur in both prokaryotes and eukaryotes (Thuku et al.,
2009). Depending on the preferred substrate structure, nitrilases can
be divided into aliphatic, aromatic and arylaliphatic type. The last
group is especially promising in biocatalysis and chemo-enzymatic
synthesis because of the ability to hydrolyze a-substituted



arylaliphatic nitriles stereoselectively (Kobayashi and Shimizu, 1994;
Martinkova and Kfen, 2010).

Sometimes, amide can be formed as a side-product of the
nitrilase-catalyzed reactions. This seems to be affected by the
electron-deficient substituents on the a-carbon, low temperature and
high pH, or reactions with the less-preferred substrate enantiomers
(Fernandes et al., 2006). On the other hand, nitrilase mutants with
enhanced amide-formation ability may be utilized in a biocatalytic
production of optically pure amides (Kiziak and Stolz, 2009).

So far, nitrilases have been most extensively studied in
bacteria. The most abundant source of aromatic nitrilases is the
genus Rhodococcus (Banerjee et al., 2002). Aliphatic nitrilases were
found in Acidovorax, Comamonas, Pseudomonas and Acinetobacter.
Arylaliphatic nitrilases have been studied in Pseudomonas,
Alcaligenes and Halomonas (Martinkova and Kien, 2010). A number
of these enzymes were used in biocatalytic production of nicotinic
acid, optically pure (R)-or (S)-mandelic acid, glycolic acid and other
proceses on laboratory scale (Gong et al., 2012).

Nitrilases from the fungi Aspergillus niger and Fusarium solani
were also employed in biocatalytic processes such as nicotinic or
isonicotinic acid production (Kaplan et al., 2006; Vejvoda et al.,
2006a; Vejvoda et al., 2006b, Malandra et al., 2009).

Later on, new fungal nitrilases (from Gibberella moniliformis,
Penicillium marneffei, Aspergillus niger and Neurospora crassa) were
expressed from the synthetic genes in E. coli, purified and
characterized (Kaplan et al., 2011; Pettickova et al, 2012).
Furthermore, the nitrilases from A. niger and N. crassa were
identified as arylacetonitrilases able to hydrolyze (R,S)-mandelonitrile
with the (R)-selectivity, and thus potencially applicable in the
production of (R)-mandelic acid.



8 Aims of the study

to select the sequences of new nitrilases in genomes of
filamentous fungi and bacteria

to express the genes of hypothetical nitrilases in Escherichia
coli and to purify them

to characterize the purified enzymes in terms of substrate
specificity, kinetics and size of subunit and holoenzyme

to prepare samples for structural analyses (analytical
ultracentrifugation, electron microscopy) and cooperate on
structural analysis and homologous modeling

to apply the new nitrilases in the hydrolysis of substrates with
industrial impact such as (R,S)-mandelonitrile and precursors
of the taxol sidechain; to optimize the process of (R)-mandelic
acid production on laboratory scale



9 Materials and methods

In this thesis, following methods were used; the details of the
individual experiments are described in the research publications:

transformation of E. coli BL 21 (DE3) Gold cells

bacteria cultivation and sonication

Bradford protein assay

sodium dodecyl sulphate - polyacrylamide gel
electrophoresis

enzyme activity assay

biotransformation  reactions (batch, fed-batch,
preparative scale)

analytical high performance liquid chromatography
chiral analysis of nitrilase product enantiomers

ion exchange chromatography

gel permeation chromatography

Michaelis-Menten kinetics measurements

exctraction from buffer to dichloromethane

reaction product purification by silicagel column
chromatography

vacuum reduction

homology modelling (Department of Structure and
Function of Proteins, Institute of Nanobiology and
Structural Biology, AS CR)

analytical ultracentrifugation (Department  of
Biochemistry, Faculty of Science, Charles University in
Prague)

electron microscopy (Laboratory of Molecular
Structure Characterization, Institute of Microbiology,
AS CR)

The source of used chemicals, enzymes and microorganisms is
described in detail in the research publictaions.



10 Results and discussion

Nitrilases from archaea, bacteria and plants have been
previously produced in heterologous hosts (for reviews see Gong et
al., 2013; Gong et al., 2012; Piotrowski 2008). Recently, expression of
a number of fungal nitrilase genes in E. coli was performed by our
research group (Kaplan et al.,, 2011; Petfickova et al., 2012). The
genes were obtained by mining the databases for sequences of
putative nitrilases similar to the previously produced, partially
purified and characterized fungal nitrilases.

Expression of fungal arylacetonitrilase genes in the native
organisms poses several drawbacks such as specific conditions of
growth and induction. Rapid activity loss after harvest and tissue
disruption makes the enzyme purification difficult or impossible
(Petrickova, 2013). In constrast, the expression of the corresponding
genes in E. coli eliminates these problems. The gene and protein
databases have become a rich source of nitrilase sequences, and the
subsequent gene synthesis — including the option of codon frequency
optimization — and expression in E. coli has become a convenient
method for nitrilase production and purification (Seffernick et al.,
2009).

In the present work, new putative nitrilase sequences were
selected according to their similarity to the previously studied
enzymes. Together with our previously characterized nitrilases
(Petrickova et al., 2012), they were produced in E. coli and tested, in
the form of whole-cell catalyst, against a set of different substrates,
consisting of aromatic, arylaliphatic and aliphatic nitriles.

In the group of 12 heterologously produced fungal enzymes,
we confirmed 3 aromatic nitrilases, 6 arylaliphatic nitrilases, 1
nitrilase with a mixed substrate preference and 2 cyanide hydratases.
The results showed us that there were correlations between the



amino acid sequences of the enzymes and their substrate
specificities, as we previously hypothesized.

Recombinant fungal arylacetonitrilases from Arthroderma
benhamiae (NitAb) and Nectria haematococca (NitNh) were purified
from E. coli and characterized.

The preferred substrates of NitAb and NitNh were
phenylacetonitrile and (R,S)-mandelonitrile, but the relative activities
for these substrates differed. Vmax Was similar for both substrates in
NitAb, but the K, value for mandelonitrile was nearly 4 times higher.
NitNh exhibited almost the same K, values for both substrates,
however, V. for phenylacetonitrile was 3.6 times higher. In this
aspect, NitAb and NitNh are similar to the previously characterized
fungal arylacetonitrilases from A. niger (NitAn2) and N. crassa (NitNc),
respectively (Petfickova et al., 2012).

The amide production was also different for each enzyme.
NitNh generally produced more amide than NitAb.

Both enzymes hydrolyzed 25 mM (R,S)-mandelonitrile with
selectivity for its (R)-enantiomer. At pH 8.0, the e.e. values were 63
and 89 % for NitAb and NitNh, respectively. The highly (R)-selective
arylacetonitrilases were found in the Alcaligenes genus (Nagasawa et
al., 1990; Yamamoto et al., 1992; Liu et al. 2011) and were used for
the production of high concentrations of (R)-mandelic acid (Zhang et
al., 2010; Liu et al., 2014). On the other hand, a moderately
enantioselective bacterial arylacetonitrilase from Pseudomonas
fluorescens (Kiziak et al., 2005) was employed in an enantioretentive
biotransformation of (S)-mandelonitrile into (S)-mandelic acid or (S)-
mandelamide (Chmura et al., 2013).

Homology modeling, analytical centrifugation and electron
microscopy revealed that both enzymes displayed the typical nitrilase
a-B-B-a sandwich fold of the enzyme subunit. The subunits tend to
form oligomeric structures.

NitAb and NitNh were tested in hydrolysis of high
concentrations of (R,S)-mandelonitrile (100-500 mM). The effect of
pH and presence of toluene as a co-solvent on the e.e. values and



amide production were monitored. NitAb generally displayed almost
no amide production. The amide formation in case of NitNh could be
lowered by pH 9.0 and 10 % toluene in the reaction mixture. NitAb
displayed only moderate enantioselectivity at all conditions, and was
able to transform 100 mM substrate at pH 5.0, which makes it
applicable in enantioretentive hydrolysis of (S)-mandelonitrile to (S)-
mandelic acid.

NitAb and NitNh, together with NitAn2 and NitNc were tested
in fed-batch biotransformations of high concentrations of (R,S)-
mandelonitrile. The best results were achieved with NitAn2, and
therefore this enzyme was used in another experiment with higher
doses of the substrate in the feeds. Outcomes of both experiments
are summarized in Tab. 1.

Table 1: Fed-batch hydrolysis of (R,S)-mandelonitrile into (R)-mandelic acid by
NitAn2

Substrate Conversion Product Volumetric Catalyst
amount (%) concentration (g productivity (g productivity (g
(mmol) L) / e.e. (%) L'd?) aew )

12.5 90.0 16.7/97.6 16.7 18.6

60 90.0 77 /95.6 60 40

The catalyst productivity of NitAn2 in the 12 x 5 mmol fed-
batch was even 5-10 times higher than that of some of the bacterial
arylacetonitrilases used in the similar conversions of high
concentrations of (R,S)-mandelonitrile (Zhang et al., 2010; Liu et al.,
2014).

In another experiment, a set of our recombinant fungal
arylacetonitrilases was employed in the biotransformation of a
precursor of taxol, a compound that is used as anti-cancer drug
(Lorusso et al., 2014). This was the first time nitrilases were used in
this type of reaction.

1.0 mM (x)-trans-2,4-diphenyl-4,5-dihydrooxazole-5-
carbonitrile ((+)-trans-1) was accepted as substrate by all the tested



nitrilases. Conversions of 30-100 % were already observed within the
first hour and complete conversions were achieved after 22 hours in
all cases. The e.e. values of the acid product were in the moderate
region (below 80 %).

The share of amide by-product was between 10-30 %, the
lowest amount observed for NitAb. NitAn2, on the other hand,
produced a minor portion of amide at the reaction beginning, but
gave the one of the highest portions of amide after the complete
conversion.

NitNc displayed the highest activity for (+)-trans-1 of all the
enzymes tested, and was used for the preparative scale production of
the corresponding carboxylic acid.



11 Conclusions

Nitrilases represent useful tools for the mild nitrile hydrolysis
applicable in biotechnology. However, there are several hindrances
that prevent their extensive use in chemical industry, such as their
low stability and insufficient activity. Therefore, the search for new
enzymes with improved properties is continued.

Novel enzymes can be obtained by several methods. Here, the
genome mining approach was applied.

The amino acid sequences of fungal nitrilases discussed in this
work were selected from the database using the sequences of
previously studied enzymes as templates. According to the sequence
similarities and presence of specific motifs in the vicinity of the
catalytic cysteine, predictions could be made as to which substrate(s)
the new recombinant enzymes prefer.

With one exception, the hypothesized substrate specificities of
the new nitrilases were experimentally confirmed.

Recombinant fungal nitrilases NitAb and NitNh were purified
and characterized. Both enzymes exhibited a strong preference for
phenylacetonitrile and (R,S)-mandelonitrile. Their kinetic parameters
for these substrates were assessed. (R,S)-Mandelonitrile was
hydrolyzed with (R)-selectivity in both cases; NitNh was highly
enantioselective, whereas the enantioselectivity of NitAb was
moderate. NitNh displayed a generally higher tendency to form
amide as the reaction side-product than NitAb.

NitAb and NitNh were employed in the conversion of high
concentrations (100-500 mM) of (R,S)-mandelonitrile. The effects of
pH and toluene on the nitrilase activity, stability and
enantioselectivity were studied. The presence of toluene and higher
pH values had a positive effect on enantioselectivity of both enzymes,
although that of NitAb still remained in the moderate region.



In the next set of experiments, NitAb and NitNh together with
NitAn2 and NitNc were tested in the conversion of (R,S)-
mandelonitrile in a fed-batch mode. Of the four nitrilases tested,
NitAn2 exhibited one of the highest conversions (90 %), and the
highest e.e. values (up to 96.7 %) and catalyst productivity (upto 40 g
Bdcw '1), whereas its amide production was the lowest.

Thus, NitAb and NitAn2 were found potentially suitable for the
application in enantiopure (S)- or (R)-mandelic acid production as
both enzymes form only a negligible portion of the amide by-product
and are stable at high (500 mM) concentrations of the substrate.

NitAb, NitAn2, NitNc, NitNh and our other recombinant fungal
arylacetonitrilases were used in the production of a precursor of
taxol, which is a well-known anti-cancer drug. To our knowledge, this
was the first time nitrilases were employed in this reaction. All the
nitrilases tested were able to fully convert 1.0 mM substrate and
NitNc was sufficiently active to convert the substrate to the
corresponding acid on a preparative scale.

In conclusion, this work confirmed that the genome mining
and expression in E. coli is a suitable method for obtaining new fungal
nitrilases. The expression of fungal nitrilase genes in E. coli is
effective, as the nitrilase forms a major part of the cell protein and
can be easily purified. Moreover, the ability of the new nitrilases to
transform industrially important compounds was verified.
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