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ABSTRACT
This thess describes a series of invedtigations into the amide bond-hydrolyzing activity of

bacteriad drans RU-KM1, RU-KM3., RU-KM3s and RU-OR, which were previoudy
isolated for their ability to hydrolyze hydantoins to amino acids. The man am of the sudy
was to develop biotrandformations with potentid application in the production of
enantiomericaly pure amino acids and related compounds. Several compounds may be used
as subdtrates by biocatalysts for the production of amino acids, such as hydantoins, amino
nitriles, and amides. These compounds are not only important for amino acid production, but
they may be used for production of other industridly important compounds, such as 2-
arylpropionic acids, which are non-geroidd anti-inflammatory drugs. Thus, the ability of the
above-mentioned drains to hydrolyze these substrates was investigated, with the view to

utilizing the maximum potentid of these biocatayds.

The compounds used as subdrates in the investigation are dl essentidly amides. Thus, the
aoility of the drans to hydrolyze imides, hydantoins, and amides, was invedtigated. In
paticular, imides have a dructure which is very smilar to that of hydantoins, and thus it was
an objective of the study to determine whether these drains could hydrolyze imides. Imide-

hydrolyzing activity has only recently been discovered in microorganisms.

Hydantoin converson involves a two-sep hydrolyss reection which yidds, initidly, an N-
cabamylamino acid intermediate, and subsequently, an ''-amino acid. The hydantoin-
hydrolyzing enzymes of a Pseudomonas putida strain, RU-KM3s, were characterized in a
crude extract preparation and reaction conditions for its biocataytic application were
optimized. The optimum conditions for converson of 5-methylhydantoin were found to be 3

hours a 40°C, with converson yidds greeter than 50% achieved. The enzymes of RU-KM3s



demondrated consderable dability, retaining 80% of ther activity after incubation at 40°C
for 3 hours. The activities of the enzymes were increased by the addition of a detergent to the
extraction medium, suggesting that the enzymes might be membrane-bound. The results of
the determination of the metd-dependence of the hydantoinase and N-carbamylase of RU-
KM3s suggested that these enzymes required meta ions for activity, with metal ions such as
Mg, Mr?*, Zn?*, and Co?* reaulting in activation of the enzymes However, Cu#* and Fe*
caused inactivation of these enzymes. The dereosdectivity of the enzymes was investigated,
and the results suggested that the hydantoinase was non-sdlective, whereas the N-carbamylase

was L-sdective.

The hydantoin subgrate sdectivity of RU-KM3s was compared to that of three other
hydantoinase-producing bacteria, RU-KM1, RU-KM3,, and RU-OR. The four strains were
able to hydrolyze dl of the seven subdtrates tested. However, there was a difference in
activity levels between crude extract preparations and whole cdls, with crude extracts
gengdly showing higher ectivity than whole cdls, except in the case of RU-KM1. Some
difference was dso observed in the order of preference of substrates between whole cells and
crude extracts. The preferred substrate for RU-KM1 whole cdls was isopropylhydantoin,
whereas the crude extract preparation preferentially hydrolyzed p-hydroxyphenylhydantoin.
RU-KM3_ whole cdls achieved a higher converson yied with isobutylhydantoin, whereas
the crude extract achieved a higher yield with 5-t-butylhydantoin. RU-KM3s whole cdls and
cude extract preferentidly hydrolyzed 5-n-butylhydantoin, dthough the yidd was greater
with the crude extract. The highest converson yidds were observed with RU-KM3s crude

extract, with converson vyidds of 71.6% and 100% for n-butylhydantoin and p-

hydroxyphenylhydantoin, respectively.



The ability of RU-KM1, RU-KM3_, and RU-KM3s to hydrolyze nitriles, initidly to amides
and subsequently to carboxylic acids, was investigated. These drains were demondrated to
be unable to utilize acrylonitrile, propionitrile and benzonitrile as nitrogen sources, but were
able to hydrolyze acrylonitrile, propionitrile and acetonitrile, in resting cdl reactions. Nitrile
hydrolyss was demondgrated to be inducible in dl three drains, and the enzyme system

responsible for nitrile hydrolysis was proposed to be a nitrile hydratase-amidase system.

Amidase activity in the four bacterid drans was invesigated. The ability of RU-KM1, RU-
KM3., RU-KM3s, and RU-OR to utilize amides as a nitrogen source was investigated, and
the results showed that propionamide was a good nitrogen source for dl four of the drans
Amide-hydrolyzing activity, by resting cels, was shown to be inducible by propionamide in
dl four drans RU-KM3s demondrated superior amide-hydrolyzing &bility in that it
hydrolyzed propionamide, acetamide, and acrylamide to a greater extent than the other

drains.

Regting cdls of RU-KM1 and RU-OR were demondrated to have the ability to hydrolyze the
imide subdtrate, succinimide, and this imidase activity was found to be inducible. These
strains were adso adle to utilize this imide as the sole source of nitrogen for growth, which is a
novel finding, as to date, bacteria have only be reported to utilize imides as a carbon source,

Theidentity of the enzyme system responsible for succinimide hydrolysisis not yet clear.

In concdluson, the hydantoin-hydrolyzing enzymes of RU-KM3s have been shown to be
possibly membrane associated, which is a nove finding that has dso been proposed in three
other hydantoinase-producing drains in our laboratory. This sudy has shown that the N-

carbamylase of RU-KM3s is L-stereosdective, which, to our knowledge, is the first report of



an L-gtereospecific N-carbamylase in a Pseudomonas putida. Publication of these findings is
dready in progress. This is the first report on the study of imide hydrolyss in ether an
Agrobacterium tumefaciens or a Pseudomonas p., and publications reporting these results

are in preparation.
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CHAPTER 1

Literature review



1.1 INTRODUCTION

This thess describes an investigation into the amide-bond hydrolyzing activity of bacterid
grans RU-KM1, RU-KM3_, RU-KM3s, and RU-OR, which are hydantoinase-producing
bacteria. The man am of the sudy was to develop biocatdytic routes to produce

enantiomericaly pure amino acids and related compounds.

Amino acids have atained a wide variety of gpplications in industry, and increasng interest
has been directed towards the large scae synthesis of opticdly pure D- or L-""-amino acids
(Boesten et al., 1986; Syldatk et al., 1990; Hermes et al., 1993). Applications of amino acids
include their utilization as additives in food and feed (Syldatk et al., 1990; Ryu et al., 1996;
Wagner et al., 1996), as intermediates in the synthesis of semisynthetic antibiotics (Syldatk et
al., 1990 and 1998; Kim and Kim, 1993; Lee et al., 1994; Burton et al., 1997; Hartley et al.,
1998; lkenaka et al., 1998b, Ogawa and Shimizu, 1999), as sating materids for the
gynthesis of peptides and peptide hormones (Kim and Kim, 1993; Gokhale et al., 1996;
Grifantini et al., 1996; Drauz, 1997; Lee and Kim, 1998), as building blocks in the synthess
pesticides (Kim et al., 1995; Grifantini et al., 1996; |kenaka et al., 1998a; Sudge et al., 1998;
May et al., 1998), and as building blocks for the synthess of acetylcholine esterase (ACE)
inhibitors, such as endapril (Kel et al., 1995; Chien and Hsu, 1996; Cannarsa, 1996; Tsuji et
al., 1997). Examples are D-phenylglycine and D-p-hydroxyphenylglycing, which ae
important building blocks for semisynthetic antibiotics (Hermes et al., 1993 and 1994; van
den Twed, 1993). Other examples are L-vdine, which is used in the production of
Cyclosporin A (Hermes et al., 1993), an immunosupressant (van den Twed et al., 1993),
isovdine, which is a naturd subgtituent of severd antibiotics (Hermes et al., 1994), and D-
vdine which is used as an intermediate in the production of Huvdinate, an insecticide

(Hermes et al., 1993; van den Twed, 1993). **-Alkyl-**-amino acids are ds0 becoming very



vauable pharmaceutical compounds or intermediates (van den Twed, 1993). An example is

L-""-methyl- 3,4- dihydroxyphenyldanine, which is an important drug for hypertension.

Severd methods have been reported in the literature for the production of opticaly active
amino acids, both chemicd and enzymdic in nature, as a result of the commercid demand
for them in the pharmaceuticd industry (Volkd and Wagner, 1995; Louwrier and Knowles,
1996). Four processes are commonly used for the commercia production of amino acids:

a) extraction from plant or anima hydrolysates

b) chemicd synthesis using aminonitriles as intermediates

C) conversion cheap substrates such as sugars and molasses

d) enzymatic catalyss usng stereosd ective enzymes (biocata ysts) to convert

amino acid amides (Morin et al., 1990).

Biocatalysts possess a number of properties which make them advantageous to use, in place
of conventiond chemica catayss (Polastro, 1989). They are capable of working under mild
conditions, i.e. pH and temperaure, they dso exhibit high levels of regio- and enantio-
sdectivity or specificity, and they dso rase fewer safety and pollution issues. Microbid
enzymes are dso advantageous to use since they are easly produced from fermentations, in
high yidds. A wide variety of enzymes may be obtaned from one fermentation, i.e. from
one bacterid culture, and a wide range of micro-environments give enzymes with a wide

variety of sability and conditions for activity.

Our laboratory, whose main research activities involve enzymatic production of amino acids,

had isolated four hydantoinase-producing bacteria, namdy RU-KM1, RU-KM3,., RU-KM3g,



and RU-OR, on the basis of ther ability to hydrolyze hydantoin to glycine. A decison was

taken to develop a process for the production of amino acids, using these strains.

Production of amino acids from hydantoins essentiadly involves amide bond hydrolyss, and
there ae other enzyme systems which utilize other amide bond-containing subdtrates to
produce amino adds induding nitrile-hydrolyzing enzymes, and amide-hydrolyzing
enzymes. Imides are aso amide bond-containing compounds, which have a basic dructure
amilar to tha of hydantoins. The common feature of these subdtrates is that therr hydrolysis
products are dl carboxylic acids. Thus, a decison was taken to investigate the presence of
these other enzyme systems in the four hydantoinase-producing strains, so as to develop
biocatalysts which may be gpplied for the production of amino acids as wel as a variety of
other commercidly important products. Below is a summary of the literature which has been

published to date on the utilization of these enzyme systems as biocataydts.

1.2HYDANTOIN HYDROLYSIS

5-Subgtituted hydantoins are recognized as classcal precursors of amino acids (Yamashiro et
al., 1988; Ishikawa et al., 1993 and 1994; Ogawa et al., 1995), and this is partly due to the
fact that they easily undergo spontaneous racemization under mild conditions (Nishida et al.,

1987), and can be easily synthesized viaanumber of processes.

1.2.1 Synthesis of 5-monosubgtituted hydantoins

The hydantoin ring sysem has been intendvely Sudied, since its discovery by Baeyer in
1861 (Finkbeiner, 1965; Drauz et al., 1995). The sysematic terms for hydantoin are
imidezalidine-2,4-dione or 2,4-diketotetrahydroimidazole (Drauz et al., 1995). Much of the

interest in hydantoin chemistry has been centred in two areas the naturd occurrence of



hydantoins, and synthesis of a variety of compounds from them for use as pharmaceuticas
(Finkbeiner, 1965). A wide spectrum of different 5-mono- and 5,5-disubgtituted hydantoin
derivatives of industrid and pharmacologicd interest has been described in the literature. 5-
Monosubgtituted hydantoins may be regarded as cyclic ureides of *“-amino acids and are
important precursors of **-amino acids (Yokozeki et al., 1986; Syldatk et al., 1990; Drauz et
al., 1995). 5,5-Disubdituted hydantoin derivatives, on the other hand, have been used for

production of drugs used for the treatment of Parkinson's disease (Drauz et al., 1995).
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Figure 1.2.1 Structures of hydantoin (1), 5-monosubstituted hydantoin (2), and 5,5

disubstituted hydantoin

A number of methods used for the chemica synthesis of hydantoins have been reported in the
literature (Drauz et al., 1995; Syldatk et al., 1990). The condensation of adehydes to form 5
aylkylidine hydantoins and ther subsequent reduction was fird reported by Wheder and
Hoffman in 1911 (Finkbeiner, 1965). This reaction has since been used in the preparation of a

large number of different amino acids.

The two main methods currently utilized for the synthesis of 5-subdtituted hydantoins are the
Bucherer-Bergs synthesis from carbonyl compounds (Bucherer and Steiner, 1934) and the

condensation of adehydes with hydantoin (Syldatk et al., 1990). Figure 1.2.1 illudtrates the



Bucherer-Bergs method for hydantoin synthesis. The applicability of each method depends
on the nature of the C-5 residue required and on the availability of precursors to dlow the
appropriate and cost-effective introduction of the 5-subgtituent (Syldatk et al., 1990). During
the Bucherer-Bergs synthess, adehydes are trested with potassum cyanide (KCN) and

ammonium carbonate ((NH4)2CO3) under mild conditions.
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Figure 1.2.2 Bucherer-Bergs synthesis of C-5 substituted hydantoins (Adapted from

Syldatk et al., 1990)

These methods have dso been modified for the synthess of other substrates. 5-(4-
hydroxyphenyl)-hydantoin  (p-HPH) is synthesized via the amidoakylation of phenol with
glyoxylic acid and urea under acid conditions (Ohashi et al., 1981). The advantage of this
method is the excluson of sodium cyanide and 4-hydroxybenzadehyde, which are toxic
reactants, and which aso undergo product-contaminating Sde reactions. This method was

optimized for the excluson of o-HPH, which is co-produced with the p-HPH.

1.2.2 Chemical synthesis of amino acids
Alkdine chemicd hydrolyss may be used to convert subgtituted hydantoins to **-amino acids
(Syldatk et al., 1990a and 1990b; Watabe et al., 1992a and 1992b; Sudge et al., 1998).

However, this process yieds racemic mixtures of amino acids, which require resolution to the



opticdly active amino acid (Syldatk et al., 1990b; Sudge et al., 1998). Resolution is
necessaty because the gynthess of biologicadly active compounds requires only
enantiomericaly pure amino acids as building blocks (Runser et al., 1990). The enantiomers
have identica chemicd and physcd properties in a symmetrical environment. However, in a
chird environment, such as the human body, enantiomers may act as two different molecules
with dragticdly different biologicad activities (Martens and Bhushan, 1989). For example, L-
DOPA (3,4-dihydroxyphenyldanine) is an important drug for trestment of Parkinson's
disease; D-penicillamine is an attibiotic,c whereas the L-isomer is toxic (Martens and
Bhushan, 1989). Another disadvantage of the chemicd hydrolyss of hydantoins is that it dso

requires alarge amount of energy (Yamashiro et al., 1988).

A chemo-enzymatic method has been reported for the synthess of amino acids from 5-
subgtituted hydantoins (Takahashi et al., 1979; Yamada et al., 1990). In this process, a D,L-5-
subdtituted hydantoin is asymmetricaly hydrolyzed to the N-carbamoyl-D-amino acid using
D-specific hydantoinase (dihydropyrimidinase, EC 35.2.2), and the intermediate is further
chemicdly converted to the corresponding D-amino acid (Runser and Meyer, 1993; Lee et
al., 1995; Luksa et al., 1997) usng either nitrite (Takahashi et al., 1979) or hydrochloric acid
(Tekahashi et al., 1979; Syldatk et al., 1990; Kim and Kim, 1993; Lee et al., 1994 and 1995).
There ae severd disadvantages associated with the chemicd hydrolyss of N-carbamyl
derivatives. Among these are high reaction temperature, low yields and a long reaction time
(Olivieri et al., 1978; Grifantini et al., 1996). Another disdvantage of the chemica hydrolysis
of N-carbamylderivaives is the generation of large amounts of waste (Kim and Kim, 1994;
Grifantini et al., 1996), which necesstates the consderation of waste treatment in the process

development (Kim and Kim, 1994).



1.2.3 Enzymatic production of amino acids from hydantoins

A fdly enzymatic, enantiosdective method for the production of amino acids from 5-
subgtituted hydantoins has been reported. This process involves the hydrolyss of the
hydantoin derivative by the hydantoinase enzyme, and the hydrolyss of the N-carbamyl
intermediate, catalyzed by N-cabamylamino acid amidohydrolase (N-carbamylase) (Olivieri
et al., 1979; Moller et al., 1988; Kim and Kim, 1993; Ogawa et al., 1994; Ikenaka et al.,
1998). A number of microorganisms, from various genera, have been reported to produce
both an hydantoinase and an N-carbamylase. Examples include Flavobacterium (Nishida et
al., 1987), Pseudomonas (Chevdier et al., 1989; Ishikawa et al., 1993), Arthrobacter
(Syldatk et al., 1987), Bacillus (Yamashiro et al., 1988), and Agrobacterium species (Hartley

et al., 1998). Figure 1.2.2 isan illudtration of the enzymatic hydrolysis of hydantoins.
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Figure 1.2.3 Enzymatic hydrolyss of 5-monosubtituted hydantoins

(Key: (1) = Hydantoinase; (2) = N-Carbamylase)

Due to the numerous disadvantages associated with the chemicd hydrolyss of hydantoins,
enzymatic hydrolyss is thought to be a feasble option as it offers a wide range of
advantages. From a catdytic point of view, enzymes are regarded to be superior to chemica
catalysts because they possess specificity (Tramper, 1985). Owing to ther high specificity,
enzymes have the ability to produce a very pure product, provided that the sarting reaction

mixture is free of contaminants. Unlike chemicd cadyss, many enzymes possess



dereospecificity, which enables enzymes to didinguish between enantiomers (Tramper,
1985). Thus, the use of enzymes does not require a chemical racemization step or a resolution
dep since it does not result in the production of racemic mixtures. Another advantage of the
enzymatic hydrolysis of hydantoins is that the reaction occurs under mild reaction conditions,

which can result in achegp industria process (Polastro, 1989; Hartley et al., 1998).

Enzymdtic production of amino acids from 5-subgtituted hydantoins is initiated by the ring-
opening of the hydantoin, which results in the formation of the corresponding N-
cabamylamino acid (Chevdier et al., 1989; Chien et al., 1996). This enzyme is widdy
digributed in microorganisms, plants, and animds (Bernheim and Bernheim, 1946; Yamada
et al., 1978; Syldatk et al., 1990; Chien et al., 1998). It is an inducible catabolic enzyme
which is involved in the degradation of pyrimidine nucleotides (Syldatk et al., 1990; Siemann
et al.,, 1999). The naurd subgrates of this enzyme have been suggested to be 5,6-
dihydrouracil and 5,6-dihydrothymine (Semann et al., 1999). Hydantoinases are classfied as
D-, L-, or nonsdective, according to their stereospecificity (Siemann et al., 1999), and thus
N-carbamyl-D- and/or L-amino acids (NCAA) may be produced, depending on the
dereospecificity of the microorganism or enzyme used. The most widdy distributed group of
hydantoinases is the D-gpecific group, which have been isolated from severd microbid, plant

and anima sources (Syldatk et al., 1990).

In mogt microorganisms hydantoinase is regarded as identicad to dihydropyrimidinese.
However, it has been shown in some microorganisms that hydantoin-hydrolyzing activity was
diginct from pyrimidine hydrolyzing activity. For example, Runser and Ohleyer (1990)
reported that dihydrouracil was poorly hydrolyzed by the D-hydantoinase of Agrobacterium

$. Runser and Meyer (1993) dso reported that when dihydrouracil was used as a substrate



for reging cdls of Agrobacterium IP 1-671, dihydropyrimidinase activity was lost upon
heeting, whereas hydantoinase activity was retained. This led to the suggestion tha the
hydantoin-hydrolyzing and dihydropyrimidine-hydrolyzing enzymes of this bacteium were

different molecular entities.

The second step in the production of amino acids from hydantoins is the hydrolyss of the
NCAA to produce the corresponding amino acid, catayzed by N-carbamylase (Sano et al.,
1977; Olivieri et al., 1981; Chien et al., 1996; Ikenaka et al., 1998). This enzyme is found in
some microorganisms in co-exigence with an hydantoinase, but it is dso found in certan
microorganisms that do not produce hydantoinase, such as Comamonas sp. E222¢ (Ogawa et
al., 1992). It is regarded to be identical to $-ureidopropionase (EC 3.5.1.6) (Moller et al.,

1988; Ogawa et al., 1994; May et al., 1998).

1.2.4 Induction of hydantoin-hydrolyzing enzymes

Durham and Weber (1995) investigated the production of hydantoinase by an Agrobacterium
tumefaciens drain in the presence and absence of inducers, and they found that the enzyme
was produced in low quantities unless an inducer was incorporated into the medium. Highest
titers of enzyme were obtaned with the induson of D,L-hydantoin or D,L-5-
methylhydantoin in the growth medium. 24-Dithiouracil had no effect on hydantoinase
production by this strain. However, hydantoinase production by another Agrobacterium dran
was greetly improved by the addition of 24-dithiouracil to the growth medium (Runser and
Meyer, 1993). The hydantoinase of this bacterium was aso induced to a gregter extent by p-
hydroxyphenylhydantoin than by hydantoin, which suggested that the saturation of the chird

centre may be of importance for the efficiency of the inducer.
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Moller et al. (1998) investigated the effect of the addition of various hydantoin derivatives to
the culture medium on the formation of hydantoinase by Arthrobacter crystallopoietes, and
found tha maximum D,L-5-methylhydantoin transformation was obtaned when hydantoin

was used as an inducer.

1.2.5 Substrate selectivity of hydantoin-hydrolyzing enzymes

Many hydantoin derivatives are accepted as subdtrates for enzymatic reections, and it has
been known since the 1940s that some microorganisms are able to grow on media with D,L-
5-monosubdtituted hydantoins as the sole C- and/or N-source in minerd st medium (Drauz

et al., 1995).

Severa hydantoinases from different sources have been reported to have rdatively wide
subdrate sdectivity. However, there is dso a wide vaiaion in the Sereosdectivity
characteridics of individud enzymes. Olivieri et al. (1981) invesigated the subdrate
Sectivity of intact cdls of Agrobacterium radiobacter, and the results showed that the
hydantoinase and N-carbamylase of this bacterium hydrolyzed a wide range of 5-subgtituted
hydantoins, including diphatic and aromatic subgtrates. Syldatk et al. (1987) also reported a
wide subdtrate sdectivity for the hydantoinase from Arthrobacter sp. BH20, which showed
no sereosdectivity in tha it hydrolyzed D-, and -L-substrates. However, an hydantoinase
from another Arthrobacter, A. crystallopoietes AM2, hydrolyzed a wide range of hydantoins,
but was reported to be drictly D-specific (Moller et al., 1988). Another D-specific
hydantoinase was partidly purified from Bacillus stearothermophilus NS1122A (Ishikawa et
al., 1994). This enzyme hydrolyzed D-hydantoin derivatives severd-fold more efficiently
than ther L-forms. Lee et al. (1995) aso reported a D-specific hydantoinase which

preferentidly  hydrolyzed hydantoin and showed no activity toward 2-thiouracil and 2/4-
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thiouracil. Hydantoin was hydrolyzed twice as efficiently than dihydrouracil by this enzyme.
In contrast, dihydrouracil was the best substrate for the D hydantoinase of an Agrobacterium
tumefaciens grain (Durham and Weber, 1995). The hydantoinase of Bacillus brevis No. 102
was reported to possess relaxed subdtrate sdlectivity, resulting in the production of a wide
variety of L-amino acids (Yamashiro et al., 1988).

The hydantoinase extracted from green hulls of the pea plant, Pisum sativum showed high
activity towards hydantoin (95% converson), and low activity was observed towards 5-
isopropylhydantoin (53%) (Morin et al., 1995). This enzyme was dso reported to efficiently

hydrolyze 5-methylmercaptoethylhydantoin (74%) and 5-methylhydantoin (93%).

The N-carbamylase of an Agrobacterium species was reported to have a reatively wide
subdrate sdectivity, as it hydrolyzed a number of N-carbamylamino acids, both diphatic and
aromatic (Louwrier and Knowles, 1996). The N-carbamylase of this bacterium showed drict
D-gereospecificity, and no L-N-carbamylamino acids were hydrolyzed. Another D-specific
N-carbamylase was reported for an Agrobacterium sp. KNK712, which aso hydrolyzed a
wide variety of subdtrates (Ikenaka et al., 1999). The D-hydantoinase of Bacillus circulans
adso exhibited wide subdrate sdectivity, with preference for D,L-5-subgtituted hydantoins
with longer diphatic sde chains (Lukfla et al., 1998). However, the most readily hydrolyzed
subgtrates were hydantoin and 5-phenylhydantoin. In contrast, the N-carbamylase enzyme
from Pseudomonas sp. strain NS671 showed dtrict L-stereospecificity, and hydrolyzed a wide
range of diphatic subdrates, as wdl as N-carbamylphenyldaning which is an aromatic
subgtrate (Ishikawa et al., 1996). An L-specific N-carbamylase was purified from Alcaligens
xylosoxidans, and, dthough it hydrolyzed a number of subdtrates, their relative rates of

hydrolyss were low, with N-carbamyldanine hydrolyzed with the highest yield. However,



the Vimax/ Km vaues indicated that N-carbamyl-L-vdine was the best subgrate for this

enzyme (Ogawaet al., 1995).

1.3NITRILEHYDROLYSIS

Nitriles are cyanide-subgtituted carboxylic acids that occur naturdly and syntheticdly (Babu
et al., 1995, Linardi et al., 1996). Organonitriles are versdile intermediates in organic
gynthess, and this can be atributed to the ease with which they can be prepared and
subsequently tranformed (Beard et al., 1993; O'Grady and Pembroke, 1994; Linardi et al.,
1996). Synthetic nitrile compounds are used indudridly in benzonitrile herbicides (Babu et
al., 1995; Linardi et al., 1996), and as precursors for the synthesis of polyacrylonitrile plastics
(Henahan and Idol, 1971, Babu et al., 1995). Nitriles are dso used as organic solvents
(Linardi et al., 1996), extractants and recrydtdlizing agents in a number of indudtrid

processes (Henahan and Idol, 1971).

Much research on nitriles has been directed towards ther transformation into a number of
commercially important products (Beard et al., 1993). The chemicd bond of interest in
nitriles is essentidly a C-N bond, (a carbon atom bonded to a nitrogen atom with a triple
bond). Hydantoins, which were discussed in the previous section, dso contain a C-N bond.
Hydrolyss of both types of compounds involves bresking this C-N bond. The products of
hydrolyss of hydantoins are amino acids, which are carboxylic acids, and dmilarly, nitrile
hydrolyss dso results in the production of carboxylic acids. One of the mgor gpplications of
nitrile hydrolyss is the production of 2-arylpropionic acids, which ae important non
geroidd anti-inflammatory drugs, eg., S-ngproxen from racemic ngproxen nitrile (Layh et
al., 1994). Hydrolyss of nitriles may be accomplished by the use of chemical processes or

enzymatic methods.
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1.3.1 Chemical hydrolysisof nitriles

Nitriles may be chemicdly transformed into amines, amides, carboxylic acids, carbonyl and
other compounds (Kakeya et al., 1991). The hydrolyss products of nitriles, namey amides
and/or carboxylic acids, are used extensvely in industry. The smplest functiond group
change that a nitrile can undergo, i.e. chemica hydrolyss to an amide or carboxylic acid is
often difficult to achieve due to the harshness of the conditions required (either strongly
acidic or dgrongly dkdine) (Bhdla et al., 1992; Eyd and Charles, 1990). An example is the

hydrolyssof **-aminonitriles into racemic amino acids (Bhdlaet al., 1992).

Another example of the use of nitriles for the production of ussful compounds is the
indugtrid production of 2-aylpropionic acids This involves the resolution of isomers by
physcd means, which is a very codly process (Gilligan et al., 1993). Acrylamide has been
produced indudridly via the cadyticd hydrolyss of acrylonitrile by the copper <dts
(Jallagess et al., 1980; Nagasawa et al., 1989). However, the disadvantages of this process
are the occurrence of dde reactions and the difficulty of the regeneration of the catalyd.
Another disadvantage of the chemicd hydrolyss of nitriles is that racemic products ae
obtained (Bhdla et al., 1992). It has aso been reported that during the chemica hydrolyss of
nitriles, especidly in larger scde trandformaions, large quantities of inorganic sdts are
adways produced as byproducts, which results in unfavourable ecologica consequences

(Honicke- Schmidt and Schneider, 1990; Eyd and Charles, 1990).

1.3.2 Enzymatic hydrolysis of nitriles

The ablity of enzymes to hydrolyze nitriles is wel known (Cohen et al., 1990), and the

enzymic hydrolyss of nitriles to amides and/or carboxylic acids represents a potentidly
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useful synthetic method owing to the mildness under which the reactions can be carried out

(Eya and Charles, 1990; Cohen et al., 1992).

The use of bacterid enzymes for the large-scae bioconverson of nitriles into useful amides
and acids has been established in recent years (Nagasawa and Yamada, 1989 and 1990;
Gilligen et al., 1993). Gilligan et al. (1993) classfy the use of resing cdls for the
bioconverson of nitriles into three categories. The first category involves the use of a nitrile
hydratase enzyme, which converts nitriles to their corresponding amides. Nagasawa and
Yamada (1990) reported the use of a nitrile hydratase for the production of acrylamide. The
second category involves the use of a nitrilase, which directly converts nitriles to ther
corresponding carboxylic acids. Yamamoto et al. (1990) reported the use of a nitrilase for the
production of ibuprofen from 2-phenylpropionitrile. The third category involves the use of
two enzymes, nitrile hydratase and amidase, for the converson of nitriles to acids via amide
intermediates. The nitrile hydratase fird converts the nitrile to the amide, which is
subsequently converted to the corresponding carboxylic acid by the amidase (See section

1.3.3 for chemica reactions).

1.3.3 Digtribution of nitrile-hydrolyzing activity

Nitrile-degrading enzyme systems are widdly didributed through two of the three domains,
namdy plants, fungi, and bacteria (Cowan et al., 1998). Nitrilase activity was reported in
only 3 out of 21 plant families (Thimann and Mahadevan, 1964a cited in Cowan et al., 1998),
and in a limited number of funga genera, which gave an indication that this activity was
relatively rare (Cowan et al., 1998). Nitrile-degrading activity appears to be more common in
bacteria (Cowan et al., 1998). The physologicd role of nitrile-degrading enzymes in plants

has not yet been ducidated (Cowan et al., 1998). However, in plants nitrile-degrading
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enzymes ae involved in nutrient mohilization, particularly in the glucosnolates (Bestwick et
al., 1993 cited in Cowan et al., 1998). It has dso been suggested that these enzymes play a
role in complex pathways controlling both the production and degradation of cyanogenic
glycosides and related compounds and where adoximes are key intermediates (Cowan et al.,
1998). Nitrilase is ds0 involved in the biosynthess of the plant hormone, indole-3-acetic
acid, from indole-3-acetonitrile (Kobayashi et al., 1998). The nitrile-degrading enzymes have

been reported to be endoenzymes or cell-associated enzymes (Ingvorsen et al., 1988).

The hydration of nitriles in plants and microorganiams is cadyzed by two diginct enzymatic
processes (Jallagess et al., 1980; Amarant et al., 1989; Cohen et al., 1990; Beard et al., 1993;
Bauer et al., 1998; Stolz et al., 1998; Almatawah et al., 1999). The first pathway is the
hydration of a nitrile by two molecules of water to form the corresponding carboxylic acid
and anmonia is catdyzed by the enzyme nitrilase and proceeds without the release of the
amide intermediate (Fig. 1.3.1) (Amarant et al., 1989; Cohen et al., 1990; Kobayashi et al.,
1993; Cramp and Cowan, 1999). However, there are a relatively limited number of examples
of this type of reaction (Jdlagess et al., 1980), and the nitrilase frequently shows a strong

preference for aromatic substrates (Cowan et al., 1998).

o O
R— C=N Nitrilese , (
OH

Figure 1.3.1 Hydrolysis of nitriles by nitrilase

The more common reaction is the second pathway (Jdlageas et al., 1980), which involves a

nitrile hydratase in combinaion with an amidase. Nitriles ae firdly hydrated to the

corresponding amides by the nitrile hydratase, and this is followed by the hydrolyss of the
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amides to the corresponding carboxylic acids and ammonia by amidase (Fig. 1.3.2)
(Macadam and Knowles, 1985; Nagasawa and Yamada, 1990; Pogorelova et al., 1996; Layh
et al., 1997; Payne et al., 1997; Kobayashi et al., 1993 and 1998; Pereira et al., 1998).
However, Kobayashi et al. (1998) have dso reported a nitrilase which is able to cadyze

amide hydrolyss.

. O .
R—C=N Nitrile hydratase_ R ( Amidase R
NH OH

Figure 1.3.2 Hydrolysis of nitriles by nitrile hydratase and amidase

1.3.4 Induction of nitrile-hydrolyzing enzymes

Nitrilases and nitrile hydratases have been reported to be inducible proteins, and the andyss
of a limited number of nitrilase and nitrile hydratase operons suggests that both upstream and
downstream open reading frames ae involved in pogtive transcriptiona regulation (Cowan

et al., 1998).

The nitrilase activity of Nocardia rhodochrous was investigated after growth of the bacterium
on either acetonitrile or acetate as the carbon source, and the results showed that no activity
was observed after growth on succinate, which suggested that acetate did not induce enzyme
activity (Collins and Knowles, 1983). The '-aminonitrile-hydrolyzing nitrilase  of
Rhodococcus rhodochrous PA34, was reported to be induced by isobutyronitrile, whereas
acetonitrile was a good source of nitrogen for the bacterium, but did not induce nitrile-
degrading activity (Bhdla et al., 1990). Unlike mogst reported inducible nitrile-degrading

enzymes which require nitriles for induction, the nitrile hydratase of Rhodococcus equi
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TG328 was eported to prefer an amide, crotonamide, as an inducer (Gilligan et al., 1993).
Another Rhodococcus species, R. rhodochrous J1 was reported to be induced by severa
amide compounds as well as urea (Nagasawa et al., 1991 cited in Mizunashi et al., 1998),
whereas that from a transformant of R. rhodochrous was induced by methacrylamide and
crotonamide (Mizunashi et al., 1998). The nitrile hydratase of Pseudomonas chlororaphis
was aso induced by methacrylamide (Nagasawa et al., 1989 and 1990). Babu et al. (1995)
reported that the nitrile hydratase from Pseudomonas margindis was an inducible enzyme
ater it faled to cadyze the hydrolyss of nitriles after being cultured on glucose ingead of
acetonitrile (carbon source). The nitrile hydratase of Agrobacterium tumefaciens sran d3
was aso shown to require a nitrile compound, phenylacetonitrile, in the growth medium in

order to obtain maximal nitrile hydratase activity (Bauer et al. (1998).

A number of inducer-independent nitrile-hydrolyzing enzymes have been reported. Examples
are enzymes from Brevibacterium species, Brevibacterium R-312 (Eya and Charles, 1990),
and Brevibacterium imperiale (Battigd et al., 1997), a Pseudomonas putida (Falon et al.,
1997), and Bacillus sp. (Pereira et al., 1998). Jdlegeas et al. (1980) also reported the
hydrolyss of nitriles by severd inducer-independent bacterid dtrains belonging to the genera

Micrococcus and Brevibacterium.

1.3.5 Substrate selectivity of nitrile-hydrolyzing enzymes

The subdrate range of nitrile-hydrolyzing enzymes depends mainly on the source of the
enzyme, nitrile hydratases and nitrilases from different sources showing preference for
certan subdrates. Nitrilases are generally consdered to have preference for aromatic
substrates, whereas nitrile hydratases generaly prefer diphatic subdrates (Collins  and

Knowles, 1983; Cowan et al., 1998, Almatawah et al., 1999). However, there have been
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some reports of enzyme sysems which do not conform to this rule, i.e. nitrile hydratases

which are able to hydrolyze both diphatic and aromatic subgtrates.

The nitrile hydratase of Rhodococcus sp. CH5 was reported to have a wide substrate
sectivity, because it hydrolyzed a wide range of nitriles both diphatic and aomatic
(Ingvorsen et al.,, 1988). O'Grady and Pembroke (1994) reported the isolation of an
Agrobacterium sp. cgpable of degrading a wide range of nitrile substrates, including diphatic
and aomatic nitriles. This bacterium hydrolyzed nitriles via the two-step pathway, i.e. nitrile
hydratase and amidase, and it was reported to hydrolyze some nitriles which did not support
growth. Layh et al. (1997) isolated severa microorganisms which were able to grow on
vaious nitriles, induding some Pseudomonas species, Rhodococcus species, and Alcaligens
denitrificans. These isolates converted a farly broad range of subdtrates, but highest yields
were observed with the nitrile used during the enrichment process. The nitrile hydratase of a
Bacillus sp. was reported to hydrolyze a wide range of diphatic rntriles, but did not hydrolyze

aromatic substrates such as benzonitrile and benzylcyanide (Pereraet al., 1998).

Kakeya et al. (1991) reported the hydrolysis of nitriles by Rhodococcus butanica, utilizing a
nitrile hydratase in combination with an amidase, as well as a nitrilase. The nitrilase of this
bacterium hydrolyzed a wide variety of aomatic subdrates, including substituted
benzonitriles and arylnitriles (Kakeya et al., 1991). Blakey et al. (1995) reported a nitrile
hydratase from Rhodococcus AJ270, which was able to hydrolyze diphatic and aromatic
nitriles. Another Rhodococcus sp. was reported to have the nitrile hydratase and amidase
enzymes, but no nitrilase, and an immobilized enzyme preparaion from this bacterium was

used to hydrolyze awide variety of aromatic dinitriles (Cohen et al., 1990 and 1992).
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1.4 AMIDE HYDROLYSIS

Aliphatic amides, such as acrylamide and methylacrylamide are used extensvely as grouting
agents in the manufacture of acrylic and methacrylic resins and fibres and as solvents in the
petrochemica industry (Nawaz et al., 1994). Also, a number of amides are ether active
ingredients of herbicides and pedicides or intermediates of pedticide degradation. The
extensve usage and indiscriminate discharge of acrylamide has led to the contamination of
terrestria, aguatic and plant ecosystems (Nishikawa et al., 1978, cited in Nawaz et al., 1998).
Biodegradation of these compounds is of great importance because of their detrimenta hedth
effects (Hayashi et al., 1989, cited in Nawaz et al., 1994) such as carcinogenecity,

teratogenecity and neurotoxic properties (Nawaz et al., 1998).

Severa microorganisms have been shown to degrade various diphatic and aromatic amides
(Kagayama and Ohe, 1990; Nawaz et al., 1998; Wyborn et al., 1994). Microorganisms
cadyze this activity via the use of an amidase (acylamide amidohydrolase; EC 3.5.1.4)
(Wyborn et al., 1994). Amidases are cytoplasmic enzymes (Skouloubris et al., 1997) which
hydrolyze amides to produce ammonia and the corresponding carboxylic acid (Skouloubris et
al., 1997; Nawaz et al., 1994; Wyborn et al., 1994; Amarant et al., 1989). Figure 1.4.1 shows
the hydrolyss of amides catdyzed by an amidase. Amidases have been found in both
procaryotic and eucaryotic organisms, catalyzing deamidation of various endogenous and

foreign subgtrates (Ettinger and Del_uca, 1995).

/O Amidsse {O
—_>
NH NH

Figure 1.4.1 Enzymatic hydrolysis of amides



1.4.1 Biocatalytic applications of amidases

Bioconverson of amides is important for the enzymatic production of some commercidly
important products. Such products include 2-arylpropionic acids (Yamamoto et al., 1996;
Hayashi et al., 1997), amino acids (Hermes et al., 1993), acrylic acid (Brennan et al., 1995),
and "-dkyl subgituted amino acids (Hermes et al., 1994). Opticaly active 2-arylpropionic
acids are useful pharmaceuticaly active substances, the most important of these compounds
being the nongteroida anti-inflammatory drugs known as ‘profens (Yamamoto et al., 1996;
Hayashi et al., 1997). The enantiomers of most profens have different biologicd activities,
with the exception of naproxen. Despite ther different activities, these drugs are administered
as racemic mixtures, because there are few industrial processes for producing the enantiomers
(Yamamoto et al., 1996). However, there is an increesng demand for the separate
enantiomers of the drugs as they are more effective in therapy (Hayashi et al., 1997). Some
microorganisms have been reported to have the ability to produce enantiomericaly pure 2-
arylpropionic acids from 2-arylpropionamides via the action of enantiosdective amidases

(Beard et al., 1993; Hirrlinger et al., 1996; Hayashi et al., 1997).

Acrylic acid and its sdts are important commodity chemicas annualy produced on a large
scde (Brennan et al., 1995). These chemicds are used for the manufacture of a variety of
polymers incdluding flocculants, adhesives, thickeners and superabsorbents. A wide range of
microorgandms  produce acrylic acid from acrylamide, utilizing an amidase (Asano et al.,
1982; Ciskanik et al., 1994; Hayashi et al., 1997; Nawaz et. a, 1994; Skouloubris et al.,
1997), or from acrylonitrile utilizing amidase in combination with nitrile hydratase (Bui et
al., 1984; Callins and Knowles, 1983; Asano et al., 1982; Ingvorsen et. d, 1988). Acrylic
acid is used for the production of esters which are then used as feedstock for polymerizations

which give coding, lacquer and resins products (Hughes et al., 1998). Other uses of acrylic
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acid include production of its homo- and co-polymers, which are used as print thickeners,
dispersants in pigment suspensons like ink and paints, and as flocculants in dkaine minerd

solutions (Hughes et al., 1998).

1.4.2 Digribution and induction of amidase activity

Severa microorganisms that have been reported, in the literature, to have the ability to
hydrolyze amides, are aso reported to require inducers for efficient production of amidases.
Collins and Knowles (1983) reported an inducible amidase from Norcadia rhodochrous
LL100-21, induced by acetamide and benzamide. However, the ability of the enzyme to
hydrolyze the substrate was inducer-dependent, in that acetamide-induced cedls were unable
to hydrolyze benzamide, and benzamide-induced cells were unable to hydrolyze acetamide.
The amidase of Pseudomonas putida Sc2 was reported to be induced by N-acetyl
ayldkylaming, snce no amidase activity was detected in the absence of this subdrate in the
growth medium (Shimizu et al., 1992). The amidase of Ochrobactrum anthropi NCIMB
40321 was reported to be dgnificantly reduced when the bacterium cultured in media
containing ammonium chloride, ammonium ulfate, or urea, whereas amidase activity was
induced by addition of **-substituted amino acid amides (van den Twed, 1993). O. anthropi
was unable to grow in defined media with acetamide or benzylamide as nitrogen source. An
L-carnitine amidase reported by Joeres and Kula (1994) was dso an inducible enzyme, with
L-canitine amide being the best inducer of enzyme activity. Acetamide did not induce
enzyme activity, and acrylamide did not support growth of the L-carnitine amidase-producing
bacterium. Moreau et al. (1994) reported an amidase from a Brevibacterium sp. which was
induced by acetamide and by N-methylecetamide, an amide andogue. The amidase of
Pseudomonas marginalis was reported to be induced by acetonitrile, and the bacterium was

able to grow on a variety of amides, including acetamide (Babu et al., 1995). Severa amides



induced production of amidase in Pseudomonas chlororaphis B23, including isobutyramide,
propionamide, and acrylamide (Ciskanik et al., 1995), but was not induced by acetamide. The
naproxen amide-hydrolyzing amidase of R. erythropolis MP50 was induced after growth of
the strain with ngproxen nitrile or naproxen amide (Layh et al., 1995; Hirrlinger et al., 1996),
but this enzyme was not induced by urea, acetamide, and nitriles such as propionitrile
isovaeronitrile or phenylacetonitrile  (Hirrlinger et al., 1996). The amidase activity of
Comamonas acidovorans KPO-2771-4 was reported to be enhanced by the presence of
isobutyronitrile in the growth medium, dthough it was conditutively expressed (Yamamoto

et al., 1996).

An inducer-independent amidase has dso been reported; the amidase of a Brevibacterium sp.
was found to have the same amidase activity level whatever the carbon or nitrogen source

used (Moreau €t al., 1994).

A number of authors have investigated the growth phase a which amidase activity is most
pronounced. The amidase activity of O. anthropi (van den Twed, 1993), P. marginalis (Babu
et al., 1995), and Corynebacterium nitrophilus (Brennan et al., 1995) was reported to be
mexima during the exponentid growth phase. However, the amidase activity of P. putida
Sc2 (Shimizu et al., 1992), Brevibacterium sp. (Moreau et al., 1994), and R. erythropolis

(Hirrlinger et al., 1996) was reported to be maxima at the end of exponential growth phase.

1.4.3 Substrate selectivity of amidases
The &bility of amidases from different sources to hydrolyze a range of amides has been
reported in the literature. Asano et al. (1982) reported an amidase from Arthrobacter sp. J1

which was &able to efficently hydrolyze acetamide, acrylamide and propionamide. The
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relaive activities for these subgtrates were 100% for acetamide, 330% for acrylamide, and
216% for propionamide. However, this bacterium was unable to hydrolyze a number of other
amides such as formamide, n-vderamide, benzamide, phenylacetamide, glycinamide,
succinamide, and malonamide. These results showed that the amidase of Arthrobacter sp. J1
had a narrow subsirate sdlectivity (Asano et al., 1982). Collins and Knowles (1983) adso
reported a narow substrate-specificity amidase from Norcadia rhodochrous, where
hydrolyss of amides was drictly sdective for the amide used to induce activity. Ancther
narrow spectrum amidase was reported by Kagayama and Ohe (1990). This amidase was
purified from Pseudomonas sp. GDI 211, and it only hydrolyzed a few aromatic amides, and
no aiphatic amides. Hermes et al. (1994) adso reported a narrow spectrum amidase from
Mycobacterium neoaurum, where activity was reported to be restricted to "'-amino acid
amides with an H aom a the C-- pogtion (eg. D,L-vdinamide) or **-methyl-substituted

molecules (e.g. DL-""-methyl-vdinamide).

A wide spectrum amino acid amidase was reported by Boesten et al. (1986). This amidase
hydrolyzed a variety of amino acid amides, induding phenyldnine amide and phenylglycine
amide. Van den Twed et al. (1993) invesigated the hydrolyss of various amides by O.
anthropi, and reported the amidase to have a relatively wide subdstrate spectrum, as it
hydrolyzed a wide range of "'-H-, "-dkyl, N-hydroxy-"*-amino acid amides and "'-hydroxy

acid amides.

Another wide spectrum amidase was reported by Kobayashi et al. (1993). This enzyme was
purified from recombinant E. coli, and it was shown to efficiently hydrolyze a wide range of
amides including aromdic, diphatic, and amino acid amides. However, this enzyme was

unable to hydrolyze amino acids with an amide group (Kobayashi et al., (1993). Joeres and

24



Kula (1994) reported an amidase which hydrolyzed L-canitine amide, isobutyramide,
acrylamide and other amino acid amides. However, this amidase was unable to hydrolyze the
diphaic amide acetamide, even though the organism was adle to grow on this amide.
Hayashi et al. (1997) reported a wide substrate spectrum amidase from Comamonas
acidovorans, which was able to hydrolyze aromatic amides and diphatic amides with long
cabon chains. The peptide amidase of Senotrophomonas maltophilia was shown to
hydrolyze a wide range of amino acid amides (Stelkes-Ritter et al., 1995). However, unlike
the amidase reported by Kobayashi et al. (1993), it was unable to hydrolyze amino acid
amides with free amino groups, and only hydrolyzed amino acid amides with protected amino
groups. P. marginalis was reported to hydrolyze a wide spectrum of amides, including
aomatic and diphatic amides (Babu et al., 1995). Among the amides tested as subgtrates,
acetamide showed the highest activity as a subgrate, followed by propionamide. Acrylamide

was not hydrolyzed by this bacterium (Babu et al., 1995).

Another wide spectrum amidase was purified from P. chlororaphis B23, which showed
efficient activity toward a varietly of amides, induding diphaic amides, with the highest
activity observed with isobutyramide, propionamide, and aromatic amides such as D,L-
phenyldanine amide and nicotinamide (Ciskanik et al., 1995). No activity was observed with
urea, N-methylbenzamide, and N-methylacetamide. The purified amidase of R erythropolis
MPS0 was reported to hydrolyze a broad spectrum of amides (Hirrlinger et al., 1996),
induding a number of diphatic amides and aromatic amides. Among the subdtrates tested,
urea showed the least activity, and acetamide, isovaleramide and acrylamide were aso poorly

hydrolyzed (Hirrlinger et al., 1996).
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1.5IMIDE HYDROLYSIS

1.5.1 Distribution of cyclic imide-transfor ming activity

Cyclic imides have dgructures smilar to those of cyclic ureides and ae known to be
hydrolyzed by mammdian dihydropyrimidinase, which functions in pyrimidine metabolism
(Dudley et al., 1976; Ogawa et al., 1996). Figure 15.1 illudrates the dtructures of cyclic

imides and cyclic ureides.

O @]
NH NH
\ NH~<
O o)
Cyclicimide Cyclicureide

Figure 1.5.1 Diagram illustrating the structures of cyclic imides and cyclic ureides

Imides are not natural metabolites, but they are encountered as xenobiotics (Yang et al.,
1993). Examples of imides are the succinimide drugs "*-phenylsuccinimide, and N-methyl-*"-
methyl-"*-phenylsuccinimide  (antiepileptic  agents) (Dudley et al., 1976). A number of
mammdian enzymes which are capable of hydrolyzing imides have been reported in the
literature. Examples are dihydropyrimidinase from the dog (Dudley et al., 1976), and rat liver
imidase (Yang et al., 1993). The first report of microbid tydrolysis of imides was published
by Ogawa et al. (1994), and the microorganism involved was Blastobacter sp. strain A17p-4.
A D-hydantoinase was reported to catdyze imide hydrolyss in Blastobacter sp. strain A17p-
4 (Ogawa et al., 1999). The above-mentioned enzymes are involved in detoxification, and
they are characterized by broad specificity for compounds bearing a particular functiond
group rather than for an individud compound or a type of carbon skeleton (Yang et al.,

1993). This broad specificity is eucidated in reports of severd microbid species which
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utilize the fird sep of pyrimidine degradation (dihydropyrimidinase) to cadyze the ring-
opening sep of hydantoin hydrolyss (Takahashi et al., 1978; Ogawa et al., 1994). Runser
and Ohleyer (1990) have dso reported that hydantoin and pyrimidine hydrolyss in an

Agraobacterium sp. are catalyzed by the same enzyme.

Soong et al. (1998) dudied the digribution of cydic imide-trandforming activity in
microorganisms, and reported that this activity was widdy didributed in microorganisms,
with more activity observed in bacteria than in yessts and molds. A vaiety of
microorganisms were observed to have the ability to assmilate succinimide. These authors
found that there was no corrdaion among succinimide-, dihydrourecil- and D,L-5-
methylhydantoin-hydrolyzing activities in bacteria, which suggets that cydic imide and
cydic ureide trandformation involve different enzyme sysems. However, they found tha
cydic imide trandormaion and cydic ureide trandormaion was dmilar in yeasts and in
molds. They therefore suggested that cyclic imide and cyclic ureide-hydrolyzing activities

are catdyzed by an identicad enzyme system in eukaryotes.

1.5.2 Imidase

Imidese is an enzyme which spedificdly hydrolyzes the Imple cydic imides succinimide,
gutarimide, and sulfur-containing cyclic imides (Ogawa et al., 1997 and 1999). This enzyme
cadyzes the firda sep of cydic imide metabolism (Ogawa et al., 1999), resulting in the
production of monoamidated dicarboxylates (Ogawa et al., 1997). These monoamidated
dicarboxylates are deamidated by an amidase enzyme to yidd dicarboxylates (Fig. 1.5.2)

(Ogawacet al., 1996).
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Figure 1.5.2 Enzymatic hydrolysis of cyclicimides

(Key: (1) =imidase; (2) = amidase)

The deamidation of monoamidated dicarboxylates is followed by a transformation pathway
gmilar to that in the tricarboxylic acid cycle (TCA) (Ogawa et al., 1996; Soong et al., 1998).
Imidase is different from cydic urede-trandorming enzymes (Ogawa et al., 1996; Soong et
al., 1998) in that it only hydrolyzes smple cyclic imides, whereas hydantoinase acts on
complex cyclic imides (Soong et al., 1998). The microbid imidase has a broad substrate
gpectrum as it hydrolyzes different imides, dihydropyrimidines and hydantoin, but in contrast
to dihydropyrimidinase, it does not hydrolyze 5-monosubdtituted hydantoins (Ogawa et al.,
1997; Syldatk et al., 1999). Figure 153 shows the dructures of cyclic imides,

dihydropyrimidines, and 5-monosubstituted hydantoins.

@) y @] R /O
NH Hm H HN__NH
| T T
O o) O
(1) (2) (3)

Figure 1.5.3 Structures of dihydropyrimidine (1), cyclicimide (2), and 5

monosubgtituted hydantoin

28



1.5.3 Induction of imide-transfor ming enzymes

The enzymes involved in imide hydrolysis have been reported to be nducible in Blastobacter
sp. Al7p-4, in which succinimide and succinamic acid-hydrolyzing activity was higher in
succinimide-grown cells than in sucrose-grown cells. (Ogawa et al., 1996). This suggests that
both enzymes involved in imide metabolism were induced by succinimide, and it was
concluded that the induction of successve enzymes contributes to the utilization of cydlic

imidesfor cell growth (Ogawaet al., 1996).

1.5.4 Substrate selectivity of imide-transforming enzymes

The subdtrate specificity of Blastobacter sp. A17p-4 was investigated by Ogawa et al. (1997).
The imidase from this bacterium showed dightly different subdrate specificity from the
imidase reported by Yang et al. (1993) in that diacetamide and dihydrothymine, which were
hydrolyzed by the rat liver imidase, were not hydrolyzed by the imidase from Blastobacter
sp. Al7p-4 (Ogawa et al., 1997). However, like the ra liver imidase, it did not hydrolyze N-
subgtituted cydlic imides, nor did it hydrolyze cydic imides with bulky subdituents on the
ring sructure. The imidase of Blastobacter sp. A17p-4, dthough it hydrolyzed cydic ureides,
showed higher affinity and activity toward cydlic imides than toward cyclic ureides in the
ring-opening reection. 5-Subdgtituted hydantoins were not hydrolyzed by the imidase of this
bacterium, whereas cydic imides with a sulfur aom a the Nji-podstion of hydantoin were

substrates for this enzyme (Ogawaet al., 1997).

1.5.5 Reversal of cyclicimide hydrolysis
The imidase from Blastobacter sp. Al7p-4 differed from the eucaryctic enzymes in that it
caidyzed the cyclization of monoamidated dicarboxylates as well as N-carbamylamino acids

to cyclic imides and ureides, respectively (Ogawa et al., 1997). However, this reverse



reaction was reported to proceed much dower than the ring-opening reaction. The D-
hydantoinase enzyme of Blastobacter sp. strain Al7p-4 was dso reported to catalyze the
cyclization of phthdamidic acid (monoamidated amide) to phthdimide (cyclic amide) under
acidic conditions (Ogawa et al., 1999). The D-hydantoinase of this bacterium, however, did
not catdyze the cydlization of succinamic acid to succinimide, which is a subdtrate for

imidase.



1.6 RESEARCH OBJECTIVES

The mgor objective of this study was the development of a biocataytic process for the
production of amino acids. Our laboratory had previoudy isolated four bacteria drains,
nandy RU-KM1, RU-KM3_, RU-KM3s and RU-OR, which ae able to hydrolyze
hydantoin and hydantoin derivatives to their corregponding amino adds  utilizing an
hydantoinase in combination with an N-carbamylase (Burton et al., 1998). The activity of the
hydantoin-hydrolyzing enzymes of these strains had been characterized, to a certain extent, in
whole cdls. Enzyme activity has dso been partialy characterized in crude extracts of RU-
KM1, RU-KM3,, and RU-OR, to determine the effects of disruption of cel membranes on
enzyme activity. No work had been done, thus far, on crude extracts of RU-KM3s, which is
the drain which showed highest activity among the four isolates. Thus the first objective of
this sudy was the characterization of enzyme activity in crude extracts of RU-KM3s This
was hecessary because a comparison of enzyme activity in whole cells and crude extracts
would be useful in that one would then be able to sdect the best biocatalytic sysem of the

two.

In developing a biocataytic process for amino acid production from hydantoins by
microorganiams, it would be vauable to have a microorganism which is abdle to hydrolyze a
broad range of hydantoin subsirates, and thus be able to produce a wide variety of amino
acids. Information on which hydantoin subgrate is best hydrolyzed by which sran would
dso be vdudble in tha it would dlow for utilizetion of that microorganism for bulk
production of a specific amino acid. Thus, the second objective of this sudy was to determine
the hydrolysis of different hydantoin substrates by the four strains so asto:

a) comparether activitieswith that of RU-KM3g

b) determine the substrate range hydrolyzed by each strain; and
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C) determine the best substrate for each drain, and thus eucidate which gtrain, among the

four, is most suitable for production of which amino acid.

In addition to hydantoin and its derivatives, a number of other compounds may be used as
subgtrates for biocataytic production of amino acids, as discussed in the preceeding literature
review. These include nitriles, and amino acid amides. The biocataytic reactions by which
these compounds and hydantoins are hydrolyzed dl involve amide bond hydrolyss. Thus it
was podulated that the enzymaic amide bond-hydrolyzing activity possessed by these
microorganisms, i.e, hydantoinase activity, could be gpplied in a number of indudrid
processes. Hydrolysis of the substrates of hese enzymes, and related compounds, could result

in the production of awide range of commercially important products.

In addition to nitriles and amides, imides ae dso enzymdicdly hydrolyzed via an amide
bond, and they have a basic structure which is very amilar to that of hydantoins. Therefore, a
decison was taken to invedigate hydrolyss of nitriles amides, and imides by the four
hydantoin-hydrolyzing microorganiams, with the view of deveoping biocatdyts with more

diverse gpplications, and thus to fully exploit the biocatdytic capacity of the microorganisms.
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CHAPTER 2

Characterization of the hydantoin-hydrolyzing enzymesin

RU-KM3scrude extract



2.1 INTRODUCTION

Thischapter dealswith the characterization of the hydantoin-hydrolyzing enzymesof RU-KM3g
amesophilic, hydantoinase-producing Pseudomonas putida strain. Theaim of thisinvestigation
wasto compare the activity of thisstrain in acrude extract preparation with that observed with

whole cells, so as to select the best biocatalyst for production of amino acids.

In this study, the ability of this strain to hydrolyze a range of hydantoin derivatives was to be
investigated. Preliminary research had already been done on RU-KM 3s mostly using resting cell
reactions (Buchanan, K., 1996). The optimum pH and temperature for conversion of hydantoin
to glycinewerefoundto be pH 8.0 and 40°C, respectively. Thereactiontimerequired in order to
obtain maximum product formation by RU-KM 3sresting cells was reported to be 3 hours.
Whole cells of RU-KM3s were reported to be able to catal yze four successive hydantoin
biotransformations over a 12-hour period, with only a small decrease in enzyme activity

(Buchanan, K., 1996).

The decision was taken to characterize the activity of RU-KM 3sin crude extract preparations,
since the disruption of cell membranes might lead to hydrolysisof awider substrate range, dueto
theincreased access of the substrate to the enzymes. Thiswould al so allow the comparison of the
activity of the hydantoin-hydrolyzing enzymes of RU-KM3s, viz,, hydantoinase and N-
carbamylase, inwhole cellsand crude extract form. The enzymes might behavedifferently inthe
two biocatalytic forms, dueto the alteration of the cell environment in which the enzymes have
demonstrated high activity. However, disruption of cell membranes may lead to unavailability of

cofactors, which may berequired for hydantoin hydrolysis. Also, thetwo enzymesinvolvedin



thereactionintheintact cellsmay be situated in positions which would allow the second enzyme
to gain accessto theintermediate of the hydantoin hydrolysis reaction, namely, theN-carbamyl-

intermedi ate.

Thehydrolysisof 5-methylhydantoin by the crude extract of RU-K M 3sunder various conditions
wasinvestigated. 5-Methylhydantoin was chosen as a substrate due to the avail ability of itspure
enantiomers, i.e. D and L-5-methylhydantoin, which would allow determination of the
stereoselectivity of the RU-KM3s enzymes. In addition to this, this substrate is a 5
monosubstituted hydantoin with avery short side chain (CHzs-), and wastherefore considered to
be arepresentative substrate, which could be used for the investigation of 5-monosubstituted
hydantoinsby RU-K M 3s Enzymatic hydrolysisof 5-methylhydantoin resultsin the production

of N-carbamylalanine and alanine.

Theeffect of various additives (metal ions, detergent, and stabilizing agents) on the activity of
the hydantoin-hydrolyzing enzymes of RU-KM 3swasinvestigated, using 5-methylhydantoin as

a substrate.

2.2 MATERIALSAND METHODS

2.2.1 Chemicals

5-Methylhydantoin was chemically synthesized by the method of Bucherer-Bergs(Bucherer and
Steiner, 1934). N-carbamylalanine and alanine were purchased from Sigma Aldrich Chemicals.

All other reagents were of analytical grade.



2.2.2 Culture of microorganism

RU-KM 3sfrom 3 day-old hydantoin minimal medium (HMM) agar plates (Appendix 1.1) was
inoculated into 50mL HMM broth supplemented with 1% hydantoin as sol e nitrogen source and
1% glucose as the carbon source. Thiswas incubated at 28°C on an orbital shaker at 200 rpm

until stationary phase (3 - 4 days). This was termed the starter culture.

The starter culture was then inoculated into nutrient broth (Biolab Diagnostics, S.A.)
supplemented with 0.1% hydantoin (growth medium), to give an ODggo of 0.02. This was
subsequently incubated at 28°C on an orbital shaker at 200 rpm, until stationary phase (** 18

hours) was reached.

2.2.3 Preparation of the crude extract of RU-KM 3s

The cellswere harvested by centrifugation at 7000 rpm for 10 minutesat 4°C. Thecell pellet was
then washed with cold 0.1M potassium phosphate buffer, pH 8.0, followed by centrifugation at
8000g for 10 minutesat 4°C. Thecell pellet obtained after washing the cellswasresuspended in
0.1M potassium phosphate buffer to give afinal concentration of 0.1g cells/mL, which was

calculated as follows:

Wet cell mass = (Mass of centrifuge bottle + Pellet) - Mass of centrifuge bottle

Volume buffer = Wet cell mass

01

The cellsweredisrupted by 1 passthrough aY eda-press (LINCA Lamon Instrumentations Co.,
Ltd. Tel-Aviv) at 15 MPa,4°C, at aflow rate of 1 drop per second. The extract thus obtained was

frozen in liquid nitrogen, and dried on a vacuum dryer at — 40°C to obtain a crude extract



powder, which was stored at —20°C.

2.2.4 Quantification of the products of the hydantoin hydrolysisreaction
2.2.4.1 Ehrlich’sassay
Thisisastandard colorimetric assay which was used for the quantification of N-carbamylamino

acids produced. It was based on that reported by Yamadaet al., (1978).

The protocol was as follows:

< the reaction mixtures and controls were microfuged in 1.5mL eppendorf tubes at
13 000g for 5 minutes

< 1mL of the supernatant was transferred to test tubes containing 0.5mL of 12%
trichloroacetic acid

< this was mixed on a vortex mixer

< 3mL of deionised water was added to the mixture

< 0.5mL of Ehrlich sreagent was added

< the tubes were allowed to stand at room temperature for 20 minutes
< the absorbance of the samples was read at 420nm on a UV-Visible spectrophotometer
< the concentration of theN-carbamylamino acid produced was cal culated using astandard

curve prepared with N-carbamylglycine (NCG) (See Appendix 3.1 for standard curve).

2.2.4.2 Ninhydrin assay (Plummer, 1987)
This colorimetric assay was used for the quantification of amino acids.
The protocol was as follows:

< 0.980mL aliquots of 0.1M potassium phosphate buffer, pH 8.0, were added to test tubes
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< 20FL of each supernatant was added to the test tubes
< 1mL of ninhydrin reagent was added to the test tubes

< the test tubes were boiled for 15 minutes

< they were then allowed to cool to room temperature (''10 minutes)

< 3mL of 50% ethanol was added to the samples

< these were allowed to stand at room temperature for 10 minutes

< the absorbance was read at 570nm

The concentration of the amino acid produced was cal culated using a standard curve prepared

with alanine (See Appendix 3.2 for standard curve)

2.2.5 Determination of the optimum reaction timefor N-carbamylalanine and alanine
production by the RU-K M 3s crude extract

A solution containing 0.1g/mL freeze-dried extract powder, which had been stored frozen, in
0.1M potassium phosphate buffer, pH 8.0, was prepared. Aliquots (1mL) of this solution were
mixed with 1mL aliquots of a 100mM 5-methylhydantoin solution (giving a starting
concentration of 50mM) in Bijou bottles. All reaction mixtures were prepared in triplicate.
Appropriate controls, viz. extract solution without substrate, substrate without extract solution,
plusapotassium phosphate buffer blank, were prepared. The reaction mixturesand controlswere
then incubated at 40°C in anincubator with an orbital shaker set at 200rpm Samplesweretaken
out hourly, from 1 hour up to 6 hours, and microfuged. The production of N-carbamylaanine (to
indicate hydantoinase activity) and alanine (to indicateN-carbamylase activity) were measured
from the supernatant using amodification of the Erhlich’ smethod of Yamadaet al. (1978), for

the hydantoinase activity, and the ninhydrin assay for amino acid production.



2.2.6 Determination of the stability of the hydantoin-hydrolyzing enzymes of RU-K M 35

A solution containing 0.1g/mL crude extract was prepared as before. 1mL aliquots were
transferred to reaction bottles, and these were incubated at 40°C, shaking at 200 rpm. At the start
of the experiment, 1.0mL of 50mM methylhydantoin was added to three reaction bottles. After 1
hour, this set was taken out and microfuged, after which hydantoinase and N-carbamylase
activitieswere analyzed by measuring the product concentrationsin the supernatant as described
above. |dentical setsof 3 triplicate sampleswereincubated for 1, 2, and 3 hours, respectively,
before addition of the substrate. The biocatalytic reactions were carried out for 1 hour, after
which the activities of the two hydantoin-hydrolyzing enzymes were assayed by analyzing the

product concentrations in the supernatants.

2.2.7 The effect of deter gent W-1 on the hydantoin-hydrolyzing enzymesin RU-K M 3s
crude extract

An extract solution with a concentration of 0.1g/mL powder was prepared. The solution was
aliquoted into reaction bottles (1mL/reaction). A stock solution of W -1 (4%) wasadded to each
of the bottles to give final W-1 concentrations of 0.1, 0.5, and 1%. A 0% control was also
prepared. All reactions and controlswere prepared in triplicate. Thereaction bottles were then
incubated onicefor 10 minutes, after which the substrate (ImL of 50mM 5 -methylhydantoin)
was added. Thereaction bottleswere then incubated at 40°C for 1 hour, shaking at 200 rpm. The
samples were then microfuged, and concentrations of N-carbamylalanine and alanine in the

supernatant were analyzed.
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2.2.8 The effect of addition of metal ions on the hydantoinase and N-carbamylase of
RU-KM 3s extract

A crude extract solution was prepared as before, and 1mL aliquotsweretransferred to reaction
bottles. Stock solutions of different metal sulphateswere added to thereaction bottlescontaining
extract solutionsto give final metal ion concentrations of 2.5mM. The metal ions used were
Mg**, Cu?*, Co?*, and M?*. Each reaction was carried out in triplicate. The substrate, 1mL of
50mM methylhydantoin, was added to each and the reaction bottleswereincubated at 40°C for 1
hour, shaking at 200rpm. Controls containing the crude extract solution and metal sulphate
solutions without the substrate were also prepared. The samples were microfuged after

incubation, and product ( N-carbamyal anine and alanine) concentrationsin the supernatantswere

determined.

2.2.9 The effect of metal ions on the hydantoin-hydrolyzing enzymes of RU-K M 3s crude
extract: Removal and back-addition of metal ions

RU-KM3swas cultured in HMM and nutrient broth supplemented with 0.1% hydantoin until
early stationary phase and harvested as before. Cellswere then disrupted by French - pressing,
and the extract obtained was dialyzed against 0.1M potassium phosphate buffer, pH 8.0,
containing 2.5mM EDTA for 1.5 hours, at 4°C, with buffer changes every 30 minutes. The
extract was then aliquoted to reaction bottles (1mL/reaction), and 1mL of substrate (50mM
hydantoin solution) was added. Metal sulphate solutions (Mg?*, Mn?*, Co?*, Cu®*, Zn**, Fe**,
Mg** and Co?*) were added to a final concentration of 2.5mM, in triplicate. The following
controlswere also prepared: whole cells, French-pressed extract, French-pressed extract didyzed

against plain buffer, whole cells left standing in buffer in cold room for 1.5 hours. The



biocatalytic reactions were carried out for 3 hours at 40°C. Product concentrations in the

supernatants were assayed.

2.2.10 The effect of organic solvents on the hydantoin-hydrolyzing enzymesin RU-K M 3s
crude extract

The effect of the addition of different solventsto the reaction mixture was determined using two
solvent concentrations, viz., 5 and 10%. The solvents used were ethanol, acetone, and
acetonitrile. Stock solutions of the solventswere added to reaction bottlescontaining ImL of a
0.1g/mL extract solutionto givethe desired solvent concentration. The bottleswereleft onice
for 10min, after which the substrate (1mL of 50mM methylhydantoin) was added. A control to
which no solvent was added was also prepared. The biocatalytic reactions were carried out at
40°C for 1 hour. The concentrations of N-carbamyal anine and alanine in the supernatants were

determined.

2.2.11 Theeffect of varying substrate concentration on the hydantoinase and N-
carbamylasein RU-K M 3s crude extract

A solution containing 0.1g/mL crude extract was prepared in potassium phosphate buffer (0.1M;
pH 8.0). ImL aliquotsof thissolution weretransferred to reaction bottles. A stock solution of 5-
methylhydantoin (100mM) was aliquoted into each of the bottles to give final substrate
concentrations of 10, 20, 30, 40, and 50mM, in atotal reaction volume of 2mL. Thebiocatalytic
reactions were carried out at 40°C for 1 hour, shaking at 200rpm. The concentrations of N-
carbamyal anine and alaninein the supernatantswere analyzed after the sampleswere microfuged

at 13 000g for 5 minutes.

a4



2.2.12 Investigation of the stereosdectivity of the hydantoin-hydrolyzing enzymesin
RU-K M 3s crude extract

A solution containing 0.1g extract/mL was prepared as before. Thiswas aliquoted into reaction
bottles, 1mL per bottle. Optically pure substrate solutionswere prepared (50mM each), using D-
5-methylhydantoin, and L -5-methylhydantoin. A racemic solution was also prepared using equal
amounts of D- and L -methylhydantoin, with thefinal concentrations of each being 25mM, thus
achieving a total D,L-5-methylhydantoin concentration of 50mM. A 1mL aliquot of each
substrate solution was added to reaction bottles containing the crude extract solution, each
reaction mixture prepared intriplicate. The biocatalytic reactionswere carried out for 1 hour at
40°C, with shaking at 200rpm on an orbital shaker. The sampleswere then microfuged at 13000g
for 5 minutes. The concentrations of N-carbamyalanine and alanine in the supernatant were

analyzed.

2.3 RESULTS AND DISCUSSION

Enzymatic hydrolysis of 5-methylhydantoinisachieved by two enzymes, an hydantoinaseand an

N-carbamylase enzyme (Figure 2.3.1)

CH o) CH NH3
H H.O ‘f’/COOH H,O CO, COOH
L_, A CH;—<
HNWNH 0 HNTrNH2 @ NH,
o) o)

Figure 2.3.1 Enzymatic hydrolysis of 5-methylhydantoin.

(Key: (1) = Hydantoinase; (2) = N-carbamylase)
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The effects of various conditions and additives on the hydrolysis of 5-methylhydantoin by RU-
KM 3scrude extract weretested. Sincethisisatwo-enzyme system, the effectsobserved will be
aresult of the combination of the effects of that particular reaction condition on the enzymes,
individually. The figures in this section show the results observed during the course of this
investigation. Most of the results are represented in the form of bar graphs, with the first bar
seriesrepresenting the concentration (mM) of N-carbamylal anine measured, and the second bar
seriesrepresenting the concentration of alanine measured. Thethird bar seriesrepresentstotal 5-
methylhydantoin conversion (% or mM, as indicated in Key below figure), i.e. N-
carbamylalanine plus alanine, and thus representstotal hydantoinase activity. Total hydantoinase
activity includes the amount of amino acid produced, since theN-carbamylase enzyme converts
N-carbamylal anine, which has been produced by the hydantoinase enzyme, to alanine. Where bar

charts are too complex, results are shown as tables.

Conversion of 5-methylhydantoin was achieved at yields greater than 50%, and thisisdueto the
non-stereoselectivity of the hydantoinase enzyme of RU-KM3s(Thisisdiscussed in alater
Section 2.3.8). Theyieldsdid vary between experiments, but a comparison was made between

samplesin the same experiment.

2.3.1 Determination of the optimum reaction time for 5-methylhydantoin hydrolysis by

RU-K M 3s crude extract
The aim of this experiment was to determine the length of reaction time required by both
hydantoin-hydrolyzing enzymes of RU-KM3sto yield the maximum amount of product, and

thus to optimize the reaction time. The results are illustrated in Figure 2.3.2.
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Figure 2.3.2 The optimum reaction time for maximum product formation by the

hydantoinase and N-carbamylasein RU-K M 3s crude extract

(Key: NCA = N-carbamyalanine; Total (%) = Total conversion of 5-methylhydantoin)

Thelength of the reaction time required for maximumN-carbamylalanine and alanineformation
by the enzymesinvolved in hydantoin hydrolysisin RU-KM 3swasfound to be between 3 and 6
hours. The total hydantoinase yield after 3, 4, and 5 hours was 44.66%, 52.46%, and 55.56%,
respectively. There was adefiniteincrease in the amount of N-carbamyal anine produced after 1
hour of incubation as compared to 3 hours (9.97mM was produced after 1 hours, compared to
19.4mM after 3 hours). Beyond 3 hours of incubation there was only arelatively small further
increase in the amount of N-carbamyal anine produced, and thus 3 hours would be sufficient to

run the biocatal ytic reaction, to observe high N-carbamyal anine production by the hydantoinase

enzyme of RU-KM3s



The amount of alanine produced after 1 hour and 3 hours of reaction was similar, 2.15mM and
2.39mM, respectively. Therewasonly aslight increase in the amount of alanine produced after 4
and 5 hours of incubation, 3.26mM and 4.04mM. These results correspond well with those
obtained with whole cells of RU-KM3s (Buchanan, K., 1996), where maximum product
formation occurred after 3 hours. The same was observed with another Pseudomonas putida
strain, RU-KM 3, (Phehane, V., 1998). This finding makes RU-KM 3s a good candidate for
biocatalytic conversion of hydantoinsto amino acids, asthereaction timerequiredisrelatively

short, and thusisless likely to be expensive.

A decrease in total 5-methylhdyantoin conversion was observed after 6 hours of reaction. The
total hydantoinaseyield decreased from 55.56% after 5 hours, to 45.82%. Thereason for this
decrease in the amount of product detected could possibly be due to utilization of the N-
carbamyl -intermediate by other enzymesin the crude extract. Thisneedsto beinvestigated using

purified enzymes.

Because appreciablelevelsof activity were observed for both enzymes after 1 hour, for practical
reasons, further investigationswere carried out for 1 hour. The purpose of thisinvestigation was
mainly to optimize biocatalytic reaction conditions under the most convenient analytical

conditions, and to compare different biocatal ytic reactions, rather than to optimise for process

conditions at this stage.



2.3.2 Determination of the stability of the hydantoin-hydrolyzing enzymes of RU-KM 3s in

the crude extract
Thermostabl e biocatalysts are of great importanceinindustrial applications. For thisreason, the
stability of the hydantoinase and N-carbamylase of RU-KM3s, in crude extract form, was
investigated. Theinvestigation was carried out under the normal assay temperature, i.e., at 40°C,
to determine whether the enzymes|ost any activity with prolonged incubation time. Theresults

are shown in Figure 2.3.3.
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Figure. 2.3.3 The gtability of the hydantoin-hydrolyzing enzymesin RU-K M 3s crude
extract at 40°C

(NCA = N-carbamylalanine, Total = Total hydantoinase yield. The results represent amean'*SEM

of triplicate determinations, with standard errors#0.03)

The results indicated that the enzymes had retained most of their biocatalytic activity after 3
hours of incubation (Fig. 2.3.3). Thetotal hydantoinase product yield after 1, 2, and 3 hourswas

13.67mM, 12.04mM, and 11.39mM respectively.



The activity of the N-carbamylase enzyme apparently decreased after 1 and 2 hours of

incubation, compared to that observed without pre-incubation of the extract. The amount of
alanine formed when no pre-incubation was performed was 2.92mM, and after 1 and 2 hoursit
was 1.65mM and 1.47mM, respectively. However, the activity of thisenzyme seemed toincrease
after 3 hours of incubation, although not to agreat extent (2.21mM). Theseresultsareall very
similar, and suggest that the enzyme was not greatly affected by incubation at 40°C. Thisfurther
confirms that the hydantoinase enzyme, which which hydrolyzes 5-methylhydantoin to N-
carbamylalanine, and thus provides the substrate for theN-carbamylase, wasnot greatly affected

by incubation at 40°C for 3 hours.

These results have positive implications for the industrial application of RU-KM3gin the
production of amino acids from 5-monosubstituted hydantoins, because they show that the
enzymes can retain most of their activity under thereaction conditionsrequired for high levels of
hydantoin hydrolysis, which involveincubation of the biocatalyst with the substrate at 40°C for 3

hours.

2.3.3 The effect of polyethylene ether W-1 on the hydantoinase and N-carbamylasein

RU-KM 3s crude extract
Polyethylene ether W-1 is a detergent which has the ability to disrupt cell membranes. It was
used to investigate the possibility of enhancing the activity of the hydantoin-hydrolyzing
enzymes of RU-KM 3g by releasing the enzymes from the cell debris, and thus making the

enzymes more accessibleto the substrate. A range of concentrations of the detergent was used,
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as high concentrations may be detrimental to enzyme activity, dueto denaturation.Theresults of

thisinvestigation are shown in Figure 2.3.4.
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Figure 2.3.4 The effect of W-1 on 5-methylhydantoin hydrolysisby RU-K M 3s crude extract
(NCA = N-carbamylalanine, Total = Total hydantoinase yield. The results represent a mean''SEM of triplicate

determinations, with standard errors#0.045)

Addition of detergent W-1 at a concentration of 0.1% resulted in aslight increase in the total
hydantoinase activity of RU-KM 3s crude extract (Figure 2.3.4) The total conversions of 5-
methylhydantoin with and without addition of 0.1% detergent were 54.36% and 55.76%,
respectively. Addition of 0.5% W-1 also resulted in an increase in the activity of the

hydantoinase enzyme, with total hydantoinase conversion being 74.48%.

Anincreasewas observedintheactivity of theN-carbamylase with the addition of 0.5% and 1%

W-1. The amount of alanine produced by the control where no detergent was added was



2.77mM, whereas addition of 1% detergent resulted in the production of 5.02mM. However, total

hydantoinase conversion was decreased by the addition of 1% detergent.

Thetotal hydantoinase conversion observed with the control was 54.36%, whereas 1% detergent
resulted in total hydantoinase conversion of 44.6%. These results are similar to the results
obtained in our laboratories with another Pseudomonas putida strain and an Agrobacterium
tumefaciens, where the hydantoinase activity wasincreased by the addition of 0.1% and 0.5% W -
1, respectively (Burton et al., 1998). This finding suggests that the hydantoin-hydrolyzing
enzymes of RU-KM3s may be membrane-associated. W-1 disrupts cell membranes and this
could result in theincreased availability of enzymesto the substrate. Thisisanovel finding, as
thus far there has been no report in the literature on membrane-bound hydantoinases. The

location of these enzymesin cellsis currently under further investigation in our laboratories.

2.3.4 Metal dependence of the hydantoinase and N-carbamylase of RU-KM 3g

A number of hydantoin-hydrolyzing enzymes have been reported, intheliterature, to be metal -
dependent. Thus, it was necessary to determine whether this was the case with the enzymes of
RU-KM3s Thefirst experiment was carried out by the direct addition of metal ions (intheform
of metal sulphates) to the reaction mixture, at a concentration of 2.5mM. The results of this

experiment areillustrated in Figure 2.3.5.
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Figure 2.3.5 The effect of metal ions on 5-methylhydantoin hydrolysisby RU-K M 3s crude
extract

(NCA = N-carbamylalanine, Total = Total hydantoinase yield. The results represent amean'*SEM

of triplicate determinations, with standard errors#0.036)

Direct addition of Mg?* to the reaction mixtureresulted in aslight increase in the amount of N-
carbamylalanine produced by RU-KM 3scrude extract (15.44mM), compared to the control
(14.99mM). However, thetotal conversion of 5-methylhydantoin wasslightly decreased by the
addition of thismetal ion. Thetotal hydantoinase conversioninthe control was 68.56%, whereas
addition of Mg?* resulted in 65.16% substrate conversion. Addition of Mn** and Co?* both
caused an 18% decrease in the total conversion shown by the hydantoinase enzyme. However,
Cu?* caused a more significant decrease in the total hydantoinase activity, giving 44.36%

conversion.



Addition of Co?* caused a slight increase in the production of alanine, since the amount of
alanineformed in the control was2.15mM, and that formed after the addition of thismetal ion
was 2.23mM. However, addition of Mn?* caused an apparent decrease in the activity of this
enzyme, with 1.34mM alanine being formed. The decrease in the amount of alanineformed with
the addition of Mn®** and Cu** could be due to one of two things: &) inactivation of the N-
carbamylase enzyme by these metal ions, and b) adecrease in the amount of N-carbamylaanine

available for hydrolysis, resulting from inactivation of the hydantoinase enzyme.

The effect of Cu®* on the activity of the N-carbamylase enzyme is similar to that reported by
Louwrier and Knowles (1997), who reported that this metal ion inactivated theN-carbamylase
enzyme. Ishikawa et al. (1994) also reported that Co?* activated the N-carbamylase enzyme,
whichissimilar to theresults observed in thisstudy. Activation of the hydantoi nase enzyme by
M g?* and inactivation by Cu?* are similar to resultsreported in the literature (Ogawaetal., 1995;

Sharmaand Vohra, 1997).

2.3.5 Theeffect of removal and back-addition of metal ions on the hydantoinase and N-
carbamylase of RU-KM 3s

The aim of this experiment was to further investigate the metal -dependency of the hydantoin-

hydrolyzing enzymes of RU-KM 3s This was done by first dialyzing a crude extract of RU-

KM 3sagainst potassium phosphate buffer containing EDTA. EDTA isametal -chelating agent,

and thusit was used to remove any metal ionsthat may have already been bound to the enzymes.

Thedialyzed crude extract was then used in reaction mixtures containing different metal ions, at

aconcentration of 2.5mM. A control where no metal ion was added was prepared, to determine
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whether there was any loss of activity due to dialysis against the buffer containing EDTA.
Another control, where the extract was dialyzed against potassium phosphate buffer, was also
prepared to investigate whether the dialysis processitsel f had any effect on the activity of RU-
KM3s Some cells were left standing at 4°C to determine the effect this would have on the
activity of theenzymes. Thelast control wasanormal resting cell reaction, so asto comparethe
activity under normal conditions with that of the other controls as well as the experimental

reactions. The results of this experiment are givenin Tables 2.3.1 and 2.3.2.

Table 2.3.1 Hydantoin hydrolysis by different controls used in determination of metal ion

effects on hydantoin hydrolysis by RU-KM 3s

NCG Glycine Total converted
Control

(mM) (mM) (mM)
Whole cells 21.68'0.02 9.650.09 31.33
French-pressed extract 18.65"'0.02 6.91"'0.12 25.55
Dialyzed extract 16.830.01 5.34"0.03 22.18
Dialyzed + EDTA 14.47'"0.03 4.81'0.10 19.27
Standing 18.49'"0.01 6.1470.03 24.64
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Table 2.3.2 Effect of back-addition of metal ionsto dialyzed extract of RU-K M 35

Metal ion NCG Glycine Total converted

Added (mM) (mM) (mM)
Mg 17.26'0.00 4.00"'0.09 21.27
Mn<* 18.13"'0.04 8.02"'0.01 26.15
zn“t 18.63"'0.02 3.58"0.02 22.21
Co”* 17.7"0.01 9.15"'0.05 26.84
cu’ 5.47''0.01 1.35"0.09 6.83
Fe”" 11.39"0.02 2.83"'0.01 14.22
Co“* + Mg~* 18.88''0.01 9.35"0.02 28.23

The results of this experiment showed that French pressing, French pressing and dialyzing in
potassium phosphate buffer with and without EDTA, and leaving cells standing at 4°C for the
same amount of time asthe duration of dialysis, all resulted in somedecreaseintheactivity both
enzymes. Dialysisin buffer containing EDTA resulted in the greatest decreasein activity. The
total amount of 5methylhydantoin converted was 25.55mM, 22.18mM, 19.27mM, and

24.64mM, respectively, compared to 31.33mM converted by wholecells(Table2.3.1). Thelarge
decrease caused by dialyzing the crude extract in buffer containing EDTA suggests that the
hydantoin-hydrolyzing enzymes had native metal ionsbound to them, and these arerequired for
optimal activity. The decrease in hydantoin conversion caused by French-pressing may bedueto
destabilization of the enzyme conformation, resulting from membrane disruption, or separation

of enzymes from cofactorsrequired for activity, or the changein the biocatal ytic environment.



Addition of Mg?*, Mn?*, Zn?*, and Co?" restored the activity of the hydantoinase enzymein the
extract dialyzed in potassium phosphate buffer with EDTA (Table 2.3.2) to that of the French-
pressed extract, prior todialysis(Table2.3.1). Thetotal hydantoin conversionswere21.27mM,
26.15mM, 22.21mM, and 26.84mM, respectively, compared to 19.27mM converted by the
extract dialyzed in potassium phosphate buffer containing EDTA. However, Cu** and Fe** both
resulted in a decrease in the activity of the hydantoinase enzymes, compared to the French-
pressed extract dialyzed with EDTA control (19.27mM, Table 2.3.1). Inthe presence of Cu®*
only 6.83mM hydantoin was converted, whereasin the presence of Fe?*, 14.22mM hydantoin
was converted. Addition of Mg?* and Co?* together restored the activity of the hydantoinase
enzyme to slightly higher than that observed with the non-dialyzed French-pressed extract
control. The latter converted 25.55mM hydantoin, whereas addition of the two metal ions

resulted in conversion of 28.23mM hydantoin.

Theactivation of the hydantoinase enzyme by Zn?* has been reported in the literature (Leeetal.,
1995; Sharma and Vohra, 1997; Siemann et al., 1998). The effect of Fe?* observed here is
contrary to that reported in another Pseudomonas putida, where the D-hydantoinase was

activated, rather than inactivated, by Fe?* ions (Takahashi et al., 1978).

The activity of the N-carbamylase was|owered by addition of Mg?*, Zn?*, Fe?*and Cu**. These
metal ionsresulted in conversion of 4.0mM, 3.58mM, 2.83mM, 1.35mM N-carbamylglycine,
respectively, compared to conversion of 6.91mM N-carbamylglycine achieved by the non-

dialyzed French-pressed extract. The effect of zinc observed in thisinvestigationissimilar to



that reported for an N-carbamylase from an Agrobacterium species (Louwrier and Knowles,

1997).

Addition of Co®* aloneand in combination with Mg?* restored the activity of theN-carbamylase
to that of intact cells. Addition of Co®" alone resulted in conversion of 9.15mM N-
carbamyglycine, whereas addition of Co?" in combination with Mg?* resulted in conversion of
9.35mM N-carbamyglycine. This was higher than the amount converted by the non-dialyzed
French-pressed extract (6.91mM), which suggests that French-pressing might disrupt metal
binding in these cells. Addition of Mn?* also caused an increase in the activity of the N-
carbamylase, resulting in conversion of 8.02mM N-carbamylglycine, compared to 6.91mM,

which was achieved by the non-dialyzed French-pressed extract.

In conclusion, the hydantoinase and N-carbamylase of RU-KM 3sshow some degree of metal -
dependence, since addition of EDTA, ametal chelating agent, resulted in adecreasein enzyme
activity, which wasthen restored by the addition of some metal ions. The highest activation of
the enzymes was achieved by Mr?*, Mg?*, Co?*, and a combination of Mg?* and Co®*. Thus it
may be suggested that the hydantoi nase and N-carbamylase of RU-K M 3sare metal | 0-enzymes.
However, further investigations, such as determination of the effect of these metal ions on

purified enzymes, are required to confirm this.



2.3.6 The€ffects of organic solvents on the hydantoin-hydrolyzing enzymesin RU-KM 3s
crude extract

The effect of the addition of ethanol, acetone, and acetonitrile to the reaction mixture on the

hydrolysisof 5-methylhydantoin wasinvestigated in an attempt to characteri ze hydantoinase and

N-carbamylase activitiesin these solvents. The main objective here was to determine whether

these solvents could be used for hydrolysisof poorly soluble substrates, e.g. p-HPH. Table2.3.3

shows the results obtained from this experiment.

Table 2.3.3 The effect of organic solvent on 5-methylhydantoin hydrolysis by RU-K M 3s

crude extract

% Solvent NCA Alanine Total

Solvent
(mM) (mM) (mM)
Ethanol 5 2.18 0.02 2.20
10 1.65 0.05 1.70
Acetone 5 2.68 0.24 2.92
10 0.89 0.04 0.93
Acetonitrile 5 0.00 4.62 4.62
10 0.03 0.00 0.03
Control 0 12.21 1.68 18.88

(The results represent amean' SEM of triplicate determinations, with standard errors#0.005)

The results showed that the solvents significantly inactivated the hydantoinase enzyme at both

concentrationsused. Thetotal 5-methylhydantoin conversionyieldswere2.20mM and 1.70mM,



for 5 and 10% ethanol, respectively, whereaswith 5 and 10% acetone they were 2.92mM and
0.93mM, respectively. Thisresultissimilar to that observed in our |laboratories with another P.

putida strain, where the activity was decreased by these solvents at the same concentrations.

Addition of acetonitrile resulted in an increase in the activity of the N-carbamylase enzyme,
resulting in formation of 4.62mM alanine, compared to 1.68mM formed by the control

contai ning no organic solvent. Ethanol and acetone, on the other hand, caused adecreasein the
activity of theN-carbamylase enzyme. When these solvents were present at aconcentration of
5%, ethanol and acetone resulted in formation of 0.02mM and 0.24mM alanine, respectively,
whereas at 10% concentration 0.05mM and 0.04mM alanine was formed. However, itisnot clear
whether this decrease in alanine production is caused by inactivation of the enzyme by these
solvents, or by the decrease in the amount of N-carbamylalanine availablefor conversion, dueto

inactivation of the hydantoinase enzyme.

Sincethese solvents had detrimental effect on the hydantoin hydrolyzing enzymes of RU-KM3g
no further investigations using these solventswere considered, since addition of organic solvents

at concentrationslessthan 5% isunlikely to have any significant effect on substrate solubility.

2.3.7 The effect of substrate concentration on hydantoin hydrolysis by RU-K M 3s extract
The effect of substrate concentration on the hydrolysis of hydantoins by the RU-KM 3sextract
wasinvestigated, using 5-methylhydantoin asasubstrate. The concentrations used were 10, 20,

30, 40, and 50mM. Theresults areillustrated in Figure 2.3.6.
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Figure 2.3.6 Hydrolysis of increasing concentr ations of 5-methylhydantoin by RU-K M 3s
crude extract

(NCA = N-carbamylalanine; Total = Total 5-methylhydantoin converted. The results represent a

mean"'SEM of triplicate determinations, with standard errors#0.034)

The results showed that total hydantoinaseactivity increased astheinitial substrate concentration
increased (Figure 2.3.6). In thisexperiment, thetotal concentrationsof hydantoin converted were
1.83mM, 3.39mM, 7.48mM, 13.15mM, and 16.98mM, at starting substrate concentrations of 10,

20, 30, 40, and 50mM, respectively.

Amino acid production followed adifferent pattern. There waslittle differencein the amount of
alanine produced with the different substrate concentrations. The amount of alanineformed from
10, 20, 30, 40, and 50mM 5-methyl hydantoin 1.83, 1.89, 1.73, 2.00, and 2.14mM, respectively.

Thus, alanine production did not increase greatly with increased N-carbamylalanine availability.



This could possibly be a limiting factor in the application of this biocatalyst to amino acid
production, and thus further optimization to improve the activity of theN-carbamylaseenzymeis

required.

2.3.8 The stereoselectivity of the hydantoinase and N-carbamylasein RU-K M 3s extract
The stereosel ectivities of the hydantoin-hydrolyzing enzymes of RU-KM 3swereinvestigated
using 25mM each of optically pure, and racemic, 5-methylhydantoin. Theresultsare shownin

Table 2.3.4 and Figure 2.3.7.

Table 2.3.4 Hydrolysis of D-, L-, and D,L-methylhydantoin by the RU-K M 35 extract

Substrate NCA (mM) Alanine (mM) Total (mM)
L-Methylhydantoin 3.91 4.10 8.01
D-methylhydantoin 7.51 2.39 9.9

D,L-Methylhydantoin 541 3.47 8.88

(Theresults represent amean*"SEM of triplicate determinations, with standard errors#0.05)
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Figure 2.3.7 Hydrolysis of D-, L- and D,L-methylhydantoin by RU-K M 35 crude extract

(L-MH = L-methylhydantoin; D-MH = D-methylhydantoin; D,L-MH = D,L-methylhydantoin. The results represent

amean'"SEM of triplicate determinations, with standard errors#0.05)

Theuse of enzymesis considered to be advantageous over chemical methodsfor the production
of industrially important intermediates and products, and this is partially due to their

stereoselectivity. Thus, the stereosel ectivity of RU-KM 3swasinvestigated, using D-, L -, and
D,L-methylhydantoin as substrates. This method was based on the assumption that an L -sdective
enzyme, for example, would not be efficient in hydrolyzing D-substrates, and vice versa. As
illustrated in Table 2.3.4 and Figure 2.3.7, the total conversions of L-, D,- and D,L-5-
methylhydantoin, werefairly similar (8.01mM, 9.90mM, and 8.88mM, respectively). However,
the amounts of N-carbamylalanine and alanine produced from the different substrates differed.

When D-methylhydantoin was used as a substrate, the amount of alanine produced waslessthan

that produced from L-methylhydantoin (2.39mM and 4.1mM, respectively). The amount of



alanine produced from D,L-methylhydantoin was al so | ess than that produced from L -alanine

(3.47mM and 4.1mM, respectively).

These results suggest that theN-carbamylase enzyme of RU-KM 3sisL -stereosalective, whereas
the hydantoi nase enzyme appearsto be non-selective. Thisisindicated by the fact that although
thetotal substrate conversion wasthe same, irrespective of the stereosel ectivity of thesubstrate,
more alanine was produced when the L -substrate was used. It isal so indicated by thefact that the
hydantoinase enzyme hydrolyzed approximately equal amounts of substrates, but of the N-
carbamylal anine products formed, theN-carbamylase of RU-K M 3spreferentialy hydrolyzed the
L-form. In some previous experiments, product yields greater than 50% were achieved, which
further confirms that the hydantoinase of RU-KM 3sis non-selective, since a stereosel ective

enzyme would only be abl e to catalyze the hydrolysis of only one isomer.

L -stereosel ective N-carbamylases have been reported in the literature (Sanoetal., 1977; Watabe
et. al., 1992; Wagner et al., 1996). However, to our knowledge, thisisthefirst indication of an

L-sel ective N-carbamylase in a Pseudomonas putida strain (Burton et al., 1999, in press).

The hydantoi nase enzyme of RU-KM 3sisdifferent from thosereported intheliteraturefor other
P. putida strains (Chien et al., 1997; LaPointe et al., 1994), which were D-selective, in that it
appearsto be non-selective, i.e. it can hydrolyze both D-, and L -substratesefficiently. A similar
enzyme system to that observed in thisstudy, i.e. non-selective hydrolysis of 5-monosubstituted
hydantoins in combination with L-selective hydrolysis of N-carbamylamino acids was also

reported by Wagner et al. (1996).
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2.4 CONCLUSIONS

Characterization of the hydantoin-hydrolyzing biocatalyst, RU-KM 3g, in the form of a crude
extract demonstrated that, although French-pressing resulted in someloss of the activity of the
hydantoinase and N-carbamylase enzymes of RU-KM3g the use of the crude extract for

hydantoin-hydrolysisisfeasible because significant levels of activity were still retained. The
optimum reaction time required for maximumsubstrate conversion by the RU-KM 3sextract is
similar to that reported for whole cells of thisstrain, viz,, 3hours. Thisshort reactiontimewould
be advantageous if RU-KM 3swereto be considered for industrial production of amino acids,

because time consuming processes are generally expensive. The hydantoi n-hydrolyzing enzymes
of RU-KM 3sretained most of their activity after incubation for 3 hours at 40°C, which means
that the hydantoin hydrolyzing enzymes of RU-KM 3sare relatively stable under the optimal

reaction conditions, which are pH 8.0, and 3 hours at 40°C. These characteristics make this

strain a suitable candidate as a biocatalyst for industrial production of amino acids.

The hydantoin-hydrolyzing enzymes of RU-KM 3sapparently require metal ions for optimum
activity. However, further investigations are required to confirm this. It isnot yet clear which
metal ionsaffect which enzyme, since effectson one enzymeinevitably result in someeffect on
the other. This problem would be overcome by purification of the enzymes, since this would
enable one to study the effects of various metal ions on the individual enzymes. N-
carbamylamino acids would have to be used as substrates for the purified N-carbamylase

enzyme.

62



The hydantoinase of RU-K M 3swas found to be non-stereosel ective, whereas theN-carbamylase
isapparently L -selective. Further investigationsto confirm thiswould requirethe analysis of the
reaction products to determine whether they are L- or D-isomers, possibly by chiral HPLC,
which was not available at the time of this study. The L-selectivity of RU-KM3smakesit a
potential biocatalyst for production of L-amino acids, for which there are very few industrial

processes.

It has been shown in this investigation that RU-KM3s may be used as a biocatalyst for
production of amino acids, in both resting cells and crude extract form. This, together with
previousinformation that RU-KM 1, RU-KM 3, , and RU-OR may al so be used asbiocatalystsin
theseforms, led to the investigation of the rangeof substratesthat may be hydrolyzed by these

strains, using both biocatalytic forms. Thisinvestigation is dealt with in the next chapter.



CHAPTER 3

Substrate selectivity of the hydantoin-hydrolyzing

enzymes of RU-KM1, RU-KM3_, RU-KM3s, and RU-OR



3.1 INTRODUCTION

Hydantoinases are commercially valuable enzymes which can be used for the production of
optically pureamino acids (Achary et al., 1997; Syldatk et al., 1997). The structure of theamino
acid produced depends on the side chain of the hydantoin derivative used, i.e., the 5-substituent,
and hydantoinases show varied substrate selectivity and stereoselectivity, depending on the

source of the enzyme (Syldatk et. al., 1990).

Thischapter dealswith theinvestigation of the substrate specificity of four previously isolated
mesophilic hydantoinase-producing bacteria, viz, RU-KM1, RU-KM3 ,RU-KM35andRU-OR.
Thisinvestigation was carried out on all four strainsto comparetheir activity with that of RU-
KM3s which had demonstrated superior hydantoinase activity, among the isolates, when
hydantoin was used as asubstrate (pers. comm., C. Hartley). The motivation behind thiswasthat
the other strains might have better activity with hydantoin derivativeswith different side chains.
Also, the hydantoinase activity of RU-KM 3swith different substituted hydantoin substrates

could be elucidated.

Theinvestigation of the ability of these strainsto hydrolyze various hydantoin substrateswould
el ucidate which substrate was best converted by which strain, and thus which strain would be the
most suitable candidate for production of a specific amino acid, depending on the preferred
substrate. Thus, various 5-monosubstituted hydantoin substrates were synthesized for use as

substrates.



The conditions used for the biocatal ytic reactions of thefour strainswith the different substrates
were based on the results discussed in Chapter 2 (for RU-KM 3g), and work done by othersin our

|aboratory.

3.2MATERIALSAND METHODS

3.2.1 Chemicals

Hydantoin was purchased from SigmaAldrich. Acetaldehyde was purchased from Fluka
Chemika, whereas the other aldehydes were purchased from SigmaAldrich. Ammonium
carbonate was purchased from Merck N.T. Laboratory Supplies (Pty) Ltd. (S.A.) and potassium
cyanide (KCN) was obtained from Saarchem (S.A.). For the synthesis of p-
hydroxyphenylhydantoin glyoxylic acid was obtained from Sigma-Aldrich, and ureaand phenol

were purchased from Merck Laboratory Supplies (Pty) Ltd.

3.2.2 Synthesis of aliphatic 5-monosubstituted hydantoin substrates

The method employed wasthat of Bucherer-Bergs (Bucherer and Steiner, 1934). 90 mmol es of
the appropriate aldehyde was dissolved in 100mL of 50% ethanol. This was followed by the
addition of 18.2g (0.19 moles) of ammonium carbonate and 5.2g (79 mmoles) of KCN. The
reaction mixturewasthen stirred under reflux at 60°C for 2 hours. The mixture was concentrated
to two thirdsvolume, using arotary evaporator (Bhchi Rotavapor, Labotech) at 60°C. Theliquid
was then cooled on ice, after which it was acidified to pH 2.0 with 50% HCI. The mixture was

then frozen in liquid nitrogen and dried on afreeze drier.



The powder obtained after freeze-drying was dissolved in 100mL of absolute ethanol. The
residue obtained was removed by filtration using a Buchner funnel and vacuum pump. Ethanol
was removed from the filtrate by evaporation on a rotary evaporator at 60°C. The thick oil
resulting from thisstep was|left to crystallize at 4°C. The crystalswerewashed with diethyl ether
in aBuchner funnel, and | eft to dry in avacuum dessicator. Products were analyzed by *"NMR,

using DM SO as a solvent. Spectrawere recorded on a Bruker AM X spectrometer at 30°C.

3.2.3 Synthesis of p-hydroxyphenylhydantoin

The starting materials used for p-hydroxyphenylhydantoin (p-HPH) synthesis were water
(16.88g, 0.94 mol), 32% hydrochloric acid (15.36g, 0.42 mol), phenol (4.29g, 46 mmol), and
urea (5.55g, 92 mmol). These were mixed together in around bottom flask and heated to 90°C,
with constant stirring. Aqueousglyoxylic acid (6.01g, 81 mmol) was added drop-wise over 10
hours, while the temperature was maintained at 90°C. Thereaction was carried out under reflux
conditions. During thefirst few hours of the reaction, an off-white precipitatewasformedinthe
reaction mixture. After about four hours, a dense white precipitate was observed. After the
reaction time had lapsed, the reaction was | eft tocool to 4°C overnight. The precipitate (product)
was filtered, washed with water, and left to dry in a vacuum dessicator. The product was

analyzed by *"NMR, using DM SO as a solvent.

3.2.4 Culture conditionsfor RU-KM 1, RU-KM 3, RU-KM 35, and RU-OR

Seed cultureswere prepared by inoculating the four bacterial strains (RU-KM1,RU-KM3 ,RU-
KM3,, and RU-OR) from minimal medium agar plates containing hydantoin asthe solenitrogen

sourceinto 100mL liquid minimal medium (Appendix 1.1) and incubating these at 28°Cfor 3- 4
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days, in 500mL conical flasks. Aeration of the bacteriawas achieved by placing the flaskson an
orbital shaker at 200rpm. Bacterial growth was monitored by measuring the change in optical
density (600nm), on a Shimadzu UV-Visible spectrophotometer every 24 hours. The seed
cultures were used to inoculate nutrient broth supplemented with 0.1% hydantoin to give an
initial cell optical density (600nm) of 0.02. These were incubated at 28°C, with shaking at

200rpm, until stationary phase was reached.

3.2.5 Resting cdll reactions with hydantoin and 5-monosubstituted hydantoin substrates

Cells were harvested by centrifugation at 7000g for 10 minutes at 4°C, washed with 0.1M
phosphate buffer (pH 7.0), and the cell pellet recovered by centrifugation at 8000g. The cell
pellet was resuspended in the same buffer at a concentration of 0.1g cells/mL. Biocatalytic
reaction mixtureswere prepared with the hydantoin substrates at afinal concentration of 25mM
and 1mL of the cell suspensionin atotal volume of 2.0mL. Dueto the poor solubility of p-HPH,
this substrate was prepared at a concentration of 30mM, and thus reaction mixtures contai ned
15mM of thissubstrate at the start of the reaction. Reactionswere carried out for 3 hourswith all
bacterial strainsexcept RU-OR, wherethereactiontimewas6 hours (pers. comm. C. Hartley), at
40°C, with shaking at 200rpm. Hydrolysis of the different substrates by the bacteria was
monitored by analysis of the supernatant, usingEhrlich's reagent for N-carbamylamino acid

detection, and ninhydrin reagent for amino acid detection (Chapter 2).



3.2.6. Hydrolysis of hydantoin and its derivatives by crude extracts of RU-KM 1, RU-KM 3, ,
RU-KM 3s, and RU-OR

Cellswere harvested as described above and a0.1g/mL cell suspension was prepared. Thecrude
extract was prepared by passing cells through a French-press at 15 MPa, at a rate of one
drop/sec. This procedure was carried out at 4°C, to minimize inactivation of the enzymes.
Biocatalytic reactionswere conducted using 1.0mL of the respective crude extract preparations
with substrates, at afinal concentration of 25mM for the aliphatic substrates and 15mM for p-
HPH, in atotal volume of 2.0mL. Reaction conditions and product detection were as described

above (Section 3.2.5).

3.3RESULTSAND DISCUSSION

3.3.1 Synthesis of 5-monosubstituted hydantoin substrates

A selection of 5-monosubstituted hydantoinswere synthesized by the Bucherer-Bergsmethod,
for use as substratesin biocatal ytic reactions. Table 3.3.1 shows the structuresof thesynthes zed
hydantoin derivatives and the amino acids resulting from their hydrolysis by the hydantoinase
and N-carbamylase enzymes. After synthesis, the 5-monosubstituted hydantoin substrateswere
analyzed by *"NMR to confirm their structures. The results of this analysis are reported in

Appendix 4.
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Table 3.3.1 5-monosubgtituted hydantoin substrates synthesized, and the amino acid

products of hydrolysis by hydantoinase and N-car bamylase enzymes

Chemical gructure Name Yidd (%) Amino acid
Hydantoin Commercial Glycine
H .0
/
HN \ﬂ/N H
@)
5-Methylhydantoin 21.5 Alanine
CHs, O
/
HNTNH
O
5-1sopropylhydantoin 19.4 Valine

CHa,

CH O
o —f
I-N\”/NH
(0]
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Table 3.3.1 (contd.) List of 5-monosubgtituted hydantoin substrates and their

products

Chemical structure Name Yidd (%) Amino acid
5-1sobutylhyantoin 25.0 Leucine
CH
CH—CH> 0
/
CH3
HN\H/NH
O
5-n-Butylhydantoin 27.5 Norleucine
CHy— CHy— CH— CH, 0
HNTNH
0
5-t-Butylhydantoin 43.5 tert-Leucine
T
CHZ G\ O
CHs 4
HN \H/N H
(@)
p-HPH 21.1 p-HPG

O
J

HN NH

T

(Key: p- HPH = p-Hydroxyphenylhydantoin; p-HPG = p-Hydroxyphenylglycine)
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3.3.2 Hydrolysis of hydantoin subtrates by resting cellsand crude extracts of RU-KM 1,
RU-KM 3., RU-KM 35, and RU-OR

Inorder toinvestigate the substrate sel ectivity of thefour strains, hydrolysisof various hydantoin

substrates by these bacteria was investigated using 0.1g/mL solutions of either whole cellsor

crude extracts, with starting concentrations of 25mM for all substrates exceptp-HPH, for which

the starting concentration was 15mM. 0.1g/mL suspensionswere used asameans of comparison

between cellsand extractswith regard to biocatal ytic efficiency. This, however, does not suggest

that the specific enzyme activities are identical in cells and crude extracts.

3.3.2.1 Hydrolysis of hydantoin substrates by RU-KM 1 whole cells and crude extracts
The hydrolysis of hydantoin and 5-monosubstituted hydantoin substrates by RU-KM 1 whole
cells and RU-KM 1 crude extract was investigated. The results are shown in Table 3.3.2 and

Table 3.3.3. The substrates are listed in order of decreasing total conversion (%).
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Table 3.3.2 Hydrolysis of hydantoin substrates by RU-KM 1 whole cells

Hydantoin Amino acid NCAA* Amino  acid | %NCAA % Total
substrate (mM) (mM) converted* conver sion*
5-Isopropyl- Vdine 10.93 333 2335 57.04
5-n-Butyl- Norleucine 951 151 13.70 44.08
5-Methyl- Alanine 764 0.63 7.62 33.08
5t-Butyl- tert-leucine 4.08 355 46.53 3052
Hydantoin Glycine 471 212 3113 27132
p-HPH p-HPG* 251 0.92 26.82 2287
5-1sobutyl- Leucine 230 041 15.13 10.84

(The data represent the mean (**SEM) of triplicate determinations, standard errors#0.05)

Table 3.3.3 Hydrolysis of hydantoin substrates by RU-KM 1 crude extract

Hydantoin Amino acid NCAA* Amino acid | % NCAA | %Total
substrate (mM) (mM) converted* conversion*
p-HPH p-HPG* 6.71 117 14.8 5253
5-1sopropyl- Vdine 10.39 133 11.35 45.56
5-n-Butyl- Norleucine 9.50 011 114 3844
5-Methyl- Alanine 7.88 0.66 71.73 34.16
5-t-Butyl- tert-Leucine 5.39 104 16.17 2572
Hydantoin- Glycine 341 222 3943 2252
5-1sobutyl- Leucine 3.06 111 26.62 16.68

(The datarepresent the mean (**SEM) of triplicate determinations, standard errors#0.048)

Key: NCAA* = N-carbamylamino acid

p-HPG* = p-Hydroxyphenylglycine
% NCAA converted* = percentage of NCAA produced by hydantoinase that was converted by

the N-carbamylase
Total conversion* = Total hydantoinase yield
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Table 3.3.4 Comparison of total hydantoin substrate conversion by RU-KM1 whole cells

and crude extract

Hydantoin substrate Total conversion (%) Total conversion (%)
By wholecells by the crude extract
Hydantoin 2732 2252
5Methyl- 33.08 34.16
5-1sopropyl- 57.04 4556
5-n-Butyl- 44,08 3844
5-1sobutyl- 1084 16.68
5t-Butyl- 3052 2572
p-HPH 22.87 5253

RU-KM1 wholecellsand crude extract demonstrated different substrate sel ectivity patterns. The
preferred substrate for whole cellswas 5-isopropylhydantoin, with atotal hydantoin conversion
of 57.04%, whereas the preferred substrate for the crude extract was p-HPH, with a total

conversion of 52.53%. However, the least hydrolyzed substrate in both cases was 5

isobutylhydantoin, with whole cellsand crude extract achieving 10.84% and 16.68% conversion
of this hydantoin, respectively. The results also indicated that, in general whole cells showed
higher hydantoin hydrolyzing activity than the crude extract, with hydantoin, isopropyl hydantoin,
n-butylhydantoin, and t-butylhydantoin (Table 3.3.4). Hydantoi nase and N-carbamylase enzymes
have been suggested, in the literature, to consist of multi-subunits, and investigations in our
laboratory have indicated that these enzymes could be membrane-associated. Thus, French-
pressing could result in the disturbance of the conformational stability of the enzymesin RU-

KM1.
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Hydrolysis of methylhydantoin was achieved to similar extents by both whole cells and crude
extract (33.08% and 34.16%, respectively). Of the seven hydantoin substratestested, only two
were hydrolyzed to a greater extent by the crude extract than by whole cells, viz,
isobutylhydantoin and p-hydroxyphenylhydantoin. The reason for this could be related to the
relatively low solubility of these substrates, or alternatively, because of some impedance to
transporting these substratesinto the cells. Disruption of cell membranes could possibly have
resulted in easier access of these substratesto the enzymes, and hence the higher activity with the

crude extract.

Higher NCAA conversion yields were also observed with whole cells than with the crude
extract. Thisispossibly also related to the disturbance of the conformational stability of theN-
carbamylase enzyme by French-pressing. Whole cells and the crude extract of RU-KM1
achieved 31.13% and 39.43% conversion of N-carbamylglycine, respectively. N-carbamyl-tert-

leucine was also hydrolyzed at high yield by RU-KM1 whole cells (46.53% conversion).

These results suggest that RU-KM1 whole cells would be a feasible biocatalyst for the
production of various amino acidsfrom 5-monosubstituted hydantoin substrates. Thisbiocatalyst
is potentially most suitable for production of glycine (from hydantoin), tert-leucine (fromt-
butylhydantoin), and valine (from 5-isopropylhydantoin). Glycineisused inindustrial synthesis
of peptides, tert-leucineis used in the synthesis of a number of antiviral, antitumor, and anti-
inflammatory agents, whereas valine is used in the production of Fluvalinate, an insecticide

(Drauz et al., 1997).
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3.3.2.2 Hydrolysis of hydantoin substrates by RU-K M 3. whole cellsand crude extract
Theresults of theinvestigation of the substrate selectivity of RU-KM 3, whole cellsand crude
extract are reported in the tables below. The hydantoin substrates are listed in the order of

decreasing total conversionin Tables 3.3.5 and 3.3.6.

Table 3.3.5 Hydrolysis of hydantoin substrates by RU-KM 3 whole célls

Hydantoin Amino acid NCAA* Amino acid | %NCAA % Total
substrate (mM) (mM) converted* conversion*
5-1sobutyl- Leucine 12.32 0.00 0.00 49.28
5t-Butyl- tert-leucine 6.95 173 199 34.72
Hydantoin Glycine 228 249 522 19.08

p-HPH- p-HPG* 107 1.60 599 17.8
5-Methyl- Alanine 393 042 9.66 174
5-Isopropyl- Vdine 3.06 0.60 16.39 14.64
5-n-Butyl- Norleucine 212 0.085 385 12.48

(The data represent the mean of triplicate determinations, standard errors#0.05)

Key: NCAA* = N-carbamylamino acid
p-HPG* = p-Hydroxyphenylglycine
% NCAA converted* = percentage of NCAA produced by hydantoinase that was converted by the N-
carbamylase
Total conversion* = Total hydantoinaseyield
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Table 3.3.6 Hydrolysis of hydantoin substrates by RU-KM 3 crude extracts

Hydantoin Amino acid NCAA* Amino acid | %NCAA % Total
substrate (mM) (mM) converted* conversion*
5t-Butyl- tert-leucine 12.26 0.56 437 51.28
5-Methyl- Alanine 9.37 0.24 250 3844
Hydantoin Glycine 5.87 0.98 1431 274
5-1sopropyl- Vdine 358 168 314 21.04
5-Isobutyl- Leucine 4.70 0.00 0.00 188

p-HPH- p-HPG* 242 0.36 523 1853
5-n-Butyl- Norleucine 264 0.89 2521 1412

(The datarepresent the mean (**SEM) of triplicate determinations, standard errors#0.078)

Key: NCAA* = N-carbamylamino acid
p-HPG* = p-Hydroxyphenylglycine

% NCAA converted* = percentage of NCAA produced by hydantoinase that was converted by the N-
carbamylase
Total conversion* = Total hydantoinaseyield

Table 3.3.7 Comparison of total hydantoin substrate conversion by RU-KM 3. whole cells

and crude extract

Hydantoin substrate Total conversion (%) Total conversion (%)
By wholecells by the crude extract

Hydantoin 19.08 274

5-Methyl- 174 274

5-1sopropyl- 14.64 3844

5-n-Butyl- 1248 14.42

5-1sobutyl- 49.28 188

5t-Butyl- 34.72 51.28

p-HPH 17.8 1853




RU-KM3_ whole cells and crude extract demonstrated different substrate selectivity patterns
(Tables3.3.5and 3.3.6). Wholecells preferentially hydrolyzed 5-isobutylhydantoin (49.28%
conversion) over the other hydantoin substratestested, whereasthe crude extract preferentially
hydrolyzed 5-t-butyl hydantoin (51.28% conversion). However, the least hydrolyzed substratein
both cases was 5 -n-butylhydantoin, with whol e cellsachieving 12.48% conversion and the crude
extract achieving 14.12% conversion of thishydantoin. Theresults showed that RU-KM 3, crude
extract demonstrated higher total hydantoin-hydrolyzing activity than whole cells(Table 3.3.7).
For six of the substratestested, RU-KM 3, crude extract gave higher total conversionthanwhole
cells. The exception was 5-isobutylhydantoin. Thisfinding suggeststhat French-pressing, and
thus cell membrane disruption, increased availability of the enzymesto the substrates, hencethe
higher activity. Thusit may be suggested that the lower activity observed with whole cells might
be dueto difficultiesin transportation of the substratesinto cells, and thiswas overcome by the

disruption of cell membranes.

The N-carbamylase enzyme, on the other hand, demonstrated higher activity inintact cellsthan
inthe crude extract (% NCAA converted). Inintact cells, the hydantoin-hydrolyzing enzymesare
possibly situated such that theN-carbamylase enzyme can gain easy accessto theN-carbamyl -
intermediate, produced by the hydantoinase. The lower activity observed with the crude extract
could thus possibly be due to separation of the enzyme from its substrate, caused by French-
pressing. Thehighest NCAA conversion was observed with N-carbamylhydroxyphenylglycine
(59.9%), with whole cells, whereas with the crude extract it was observed withN-carbamylvdine

(31.94%).
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Higher conversion yieldswere observed with 5-isobutylhydantoin, inthe case of wholecells, and
with 5-t-butylhydantoin, in the case of crude extracts, suggesting that RU-KM 3, would be a
feasible biocatalyst for the production of leucine and tert-leucine, which are used for the
industrial production of an immunostimulant (Bestain) and antiviral and antitumor agents,

respectively.

3.3.2.3 Hydrolysis of hydantoin substrates by RU-K M 3s whole cells and crude extract
Theresults of the investigation of the substrate selectivity of RU-KM3sareillustrated in the
tablesbelow. Thesubstratesarelisted in the order of decreasing total conversionin Tables3.3.8

and 3.3.9.

Table 3.3.8 Hydrolysis of hydantoin substrates by RU-KM 3, whole cells

Hydantoin Amino acid NCAA* Amino  acid | % NCAA | % Total
substrate (mM) (mM) converted* conversion*
5-n-Butyl- Norleucine 1322 110 7.68 57.28
5-1sobutyl- Leucine 12.27 123 911 5.0
5-1sopropyl- Vaine 10.76 107 92.04 47.32
5-Methyl- Alanine 7.59 119 1355 36.12
Hydantoin Glycine 384 262 4056 25.84

p-HPH- p-HPG* 3.00 0.40 11.76 2267
5t-Butyl- tert-Leucine 208 0.20 8.77 912

(The data represent the mean of triplicate determinations, standard errors#0.046)

Key: NCAA* = N-carbamylamino acid
p-HPG* = p-Hydroxyphenylglycine
% NCAA converted* = percentage of NCAA produced by hydantoinase that was converted by the N-
carbamylase
Total conversion* = Total hydantoinase yield
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Table 3.3.9 Hydrolysis of hydantoin substrates by RU-KM 3 crude extracts

Hydantoin Amino acid NCAA* Amino acid | % NCAA | % Total
substrate (mM) (mM) converted* conversion*
p-HPH- p-HPG* 14.13 157 157 100

5-n-Butyl- Norleucine 1651 139 17.77 716

5t-Butyl- tert-Leucine 8.90 161 15.32 204

5Methyl- Alanine 897 054 5.68 3804

Hydantoin Glycine 6.39 142 18.18 3124
5-Isopropyl- Vdine 454 143 2395 23.88
5-Isobutyl- Leucine 358 0.00 0.00 14.32

(The data represent the mean of triplicate determinations, standard errors#0.064)

Key: NCAA* = N-carbamylamino acid
p-HPG* = p-Hydroxyphenylglycine
% NCAA converted* = percentage of NCAA produced by hydantoinase that was converted by the N-
carbamylase
Total conversion* = Total hydantoinaseyield

Table 3.3.10 Comparison of total substrate conversion by RU-KM 3s whole cellsand crude

extract
Hydantoin substrate Total conversion (%) Total conversion (%)
By wholecells By the crude extract

Hydantoin 2584 3124

5-Methyl- 35.12 3804

5-Isopropyl- 47.32 2388

5-n-Butyl- 57.28 716

5-1sobutyl- 54.0 14.32

5t-Butyl- 912 204

p-HPH 22,67 100.0




RU-KM 3swhole cells showed adifferent substrate sel ectivity pattern from that observed with
the crude extract. n-Butylhydantoin wasthe preferred substrate for whole cells, whereasfor the
crude extract, the preferred substrate was p-hydroxyphenylhydantoin. Whole cells and crude
extract of RU-KM 3sachieved 57.28% and 71.6% conversion of n-butylhydantoin, respectively,
which was the most hydrolyzed aliphatic hydantoin in both cases. 5-1sobutylhydantoin was the
substrate least hydrolyzed by the crude extract ( 14.32% conversion), whereasthe second highest

conversion of substrate (54%) was achieved with this substrate in the case of whole cells.

The RU-KM 3s crude extract demonstrated higher activity than whole cells with 5 of the
substrates tested, viz., hydantoin, n-butyl -, t-butyl -, methyl -, and p-HPH (Table 3.3.10). These
results suggest that the RU-K M 3scrude extract would possibly be abetter biocatalyst than whole
cells for the production of glycine, norleucine, tert-leucine, aanine, and p-
hydroxyphenylglycine, which are derived from these hydantoins. The highest activity of theN-
carbamylase enzyme was demonstrated with N-carbamylglycine in whole cells (40.56%
conversion), and with N-carbamylvalinein the crude extract (23.88%). Glycine findsindustrial
application in peptide synthesis, whereastert-leucine is used in the synthesis of a number of

antiviral, antitumor and anti-inflammatory agents (Drauz, 1997).

Aninteresting observation madein these studieswasthe differencein the substrate selectivity
patterns of RU-KM 3, and RU-KM 3g, which are both Pseudomonas putida strains. The preferred
substrate for RU-KM 3, whole cellswas 5-isobutylhydantoin, whereasfor RU-KM3swholecdls
the preferred subsrate wasn-butylhydantoin. RU-KM 3, crude extract preferentially hydrolyzed

t-butylhydantoin, whereas RU-KM 3s crude extract preferentially hydrolyzed p-HPH and n-
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butylhydantoin. However, the two showed similarity by achieving higher conversion rates in
crude extract form than whol e cells. These findings support earlier findingsin our |aboratory that

these strains are different.

3.3.2.4 Hydrolysis of hydantoin substrates by RU-OR whole cellsand crude extract
The results of the investigation of the substrate selectivity of RU-OR are illustrated in the
following tables. The substrates arelisted in the order of decreasing total conversion, in Tables

3.3.11 and 3.3.12.

Table 3.3.11 Hydrolysis of hydantoin substrates by RU-OR whole cells

Hydantoin Amino acid NCAA* Amino acid | % NCAA | % Total
substrate (Mm) (mM) converted* conversion*
5-Methyl- Alanine 9.70 267 2158 49.48
5-1sopropyl- Vdine 955 143 13.02 4392
5-1sobutyl- Leucine 7.30 146 15.98 35.04

5t-Butyl- tert-Leucine 6.76 0.50 6.89 2904

5-n-Butyl- Norleucine 447 0.22 4.69 18.76

p-HPH- p-HPG* 146 0.79 3511 15.00

Hydantoin Glycine 0.81 169 67.6 10.00

(The data represent the mean of triplicate determinations, standard errors#0.030)

Key: NCAA* = N-carbamylamino acid
p-HPG* = p-Hydroxyphenylglycine
% NCAA converted* = percentage of NCAA produced by hydantoinase that was converted by the N-
carbamylase
Total conversion* = Total hydantoinaseyield

82



Table 3.3.12 Hydrolysis of hydantoin substrates by RU-OR crude extract

Hydantoin Amino acid NCAA* Amino acid | % NCAA | % Total
substrate (mM) (mM) converted* converted*
5-Isopropyl- Vdine 11.36 151 11.73 51.48

p-HPH- p-HPG* 6.28 0.97 13.38 4833
5-1sobutyl- Leucine 7.60 3.02 2844 4248

5-Methyl- Alanine 6.76 274 28.84 38.00

5t-Butyl- tert-Leucine 9.13 0.36 3.79 37.96

Hydantoin Glycine 277 312 52.97 23.56

5-n-Butyl- Norleucine 419 0.14 323 17.32

(The data represent the mean of triplicate determinations, standard errors#0.018)

Key: NCAA* = N-carbamylamino acid
p-HPG* = p-Hydroxyphenylglycine
% NCAA converted* = percentage of NCAA produced by hydantoinase that was converted by the N-
carbamylase
Total conversion* = Total hydantoinaseyield

Table 3.3.13 Comparison of total substrate converson by RU-OR whole cdls and crude

extract
Hydantoin substrate Total conversion (%) Total conversion (%)
By wholecells By the crude extract

Hydantoin 100 2356

5Methyl- 4948 380

5-1sopropyl- 4392 5148

5-n-Butyl- 18.76 17.32

5-1sobutyl- 3504 4248

5t-Butyl- 2004 37.96

p-HPH 15.0 4833




RU-OR whole cells showed adifferent substrate selectivity pattern from that observed with the
crude extract (Tables 3.3.11 and 3.3.12). The preferred substrate for whole cells was 5
methylhydantoin, with 49.48% conversion achieved. However, the preferred substrate for the
crude extract was 5-isopropylhydantoin, with 51.48% conversion. RU-OR crude extract
hydrolyzed the aromatic 5-substituted hydantoin, p-HPH to agreater extent than whole cells.
Conversion rateswere 48.33% and 15.0%, respectively. Thisisindicative of the disruption of
cell membranesresulting in the improvement of conversion rates of substrates. Thisisfurther
confirmed by the observation t hat the crude extract achieved higher conversion ratesthan whole
cellswith 5 of thetested substrates, namely hydantoin, 5-methyl -, 5-isobutyl -, 5-t-butyl, andp-
HPH (Table 3.3.13). 5-n-Butylhydantoin was hydrolyzed to similar extents by both wholecells
and crude extract, with conversion rates of 18.76% and 17.32%, respectively. Thelower activity
observed with whole cellsispossibly dueto limited transportation of substratesinto cells, which
might have been overcome by disruption of cell membranes, and hence higher activity was

observed with the crude extract.

Since appreciable levels of hydrolysis of 5-isopropyl-, p-hydroxyphenyl-, and 5-
isobutylhydantoin were achieved by RU-OR crude extract, it may be suggested that this
biocatalyst has great potential for application in the production of the amino acids produced from
the enzymatic hydrolysis of these hydantoin substrates. These amino acids are valine (from
isopropylhydantoin), p-hydroxyphenylglycine (from p- HPH), and leucine (from
isobutylhydantoin). These amino acids have valuable industrial applications. Valineisusedin
the production of Fluvalinate, a pyrethoid insecticide, and Valaciclovir, which is a reverse

transcriptase inhibitor. p-HPH is used in the synthesis of semi-synthetic antibiotics such as



amoxycillin, whereasleucine is used in the synthesis of an immunostimulant, Bestain (Drauz,
1997). RU-OR whole cells, on the other hand, achieved high levels of methyl- and
isopropylhydantoin conversion, and thus have potential application in the synthesis of alanine

and valine. Alanineis used in the synthesis of enalapril, which isan ACE inhibitor.

3.4 CONCLUSIONS

5-Monosubstituted hydantoin substrates were synthesized successfully by the method of

Bucherer-Bergs, and the resulting products were demonstrated to be sufficiently purefor the
purpose of this study, i.e. hydrolysis by hydantoin-hydrolyzing enzymes. The synthesized

substrates were subsequently hydrolyzed by the hydantoi nase-producing bacteriainvestigated in
this study, viz. RU-KM 1, RU-KM 3., RU-KM 3g and RU-OR. All four strains hydrolyzed the
seven substratestested, thus demonstrating rel axed substrate sel ectivity. Thisisan advantageous
featureto havein abiocatalyst, in that it meansthey may be applied to the synthesis of anumber
of commercially important amino acids. The highest conversion of substrateswas observed with
RU-KM 3g confirming the superiority of its hydantoin-degrading enzymesover the other strains

dealt with in this study.

The biocatalytic reaction conditionsfor amino acid production by these hydantoinase-producing
bacteriacould still be optimized further. One of thewaysin which this could be attempted is by
determining the effects of culturing the bacteria in minimal media containing the different
hydantoin derivatives as the sole nitrogen source. Factors such as biomass production and
induction of enzyme activity should be investigated. It would also be beneficial to determine

whether induction with a specific hydantoin derivative resulted in higher conversion of that



substrate in subsequent biocatal ytic reactions. Thereason for the differencein activity between
whole cellsand crude extracts al so needs to be determined. It has been suggested in this study
that French-pressing, in some cases, achieves an increase in enzyme activity by facilitating
transport of substrates to the enzymes by disrupting cell membranes, but this needs further
investigation. The effect of French-pressing on the enzyme conformation also needs to be

elucidated. These investigations may be conducted by purifying the enzymes.

Our laboratory has subsequently been granted an Innovation Fund grant to develop the
production of amino acids (or hydantoin-degrading enzymes) by these bacterial strains to

commercialization, largely on the basis of the results of thisinvestigation.

The possibility of using these bacteria for production of other commercially valuable
compounds, in addition to amino acids, was also investigated, and thisis dealt with in the next

chapter.



CHAPTER 4

Investigation of the nitrile-hydrolyzing activity of

RU-KM1, RU-KM3, and RU-KM3s



4.1 INTRODUCTION

Themajor objective of this study wasthe devel opment of biocatalytic processesfor production
of amino acids. Previous c hapters have dealt with the use of hydantoins as starting substratesfor
amino acid production. This chapter deals with the investigation of the possibility of using

alternative starting substrates, namely nitriles.

Organonitrilesare versatile intermedi atesin organic synthesis, asthey can be prepared relatively
easily, and they can betransformed into avariety of commercially useful compounds (Beard, €.
al., 1993). Amino nitrilesmay be chemically or enzymatically tranformed to amino acids. Hence,
the ability of RU-KM1, RU-KM3,, and RU-KM 3s which are microorganisms that have the
ability to produce amino acidsfrom hydantoins, to hydrolyzenitriles, wasinvestigated. Theaim
of thisinvestigation wasto ascertain that the best enzyme systemin these bacteriawas utilized
for amino acid production. The study of nitrile hydrolysis in these bacteria could provide a
comparison as to whether utilization of the hydantoinase system was suitable for amino acid

production.

The simplest functional group change that a nitrile can undergo, i.e. hydrolysisto an amide or
carboxylic acid, is often difficult to achieve chemically dueto the harshness of the conditions
required (either strongly acidic or strongly alkaline). Another disadvantage of the chemical

hydrolysisof nitrilesisthat racemic products are obtained. For example, the chemical hydrolysis
of ""-aminonitrilesyieldsracemic amino acids (Bhallaet. al., 1992). It hasal so been reported that

during the chemical hydrolysis of nitriles, especially in larger scale transformations, large



guantities of inorganic salts, which result in unfavourable ecol ogical consequences, are always

produced as byproducts (Honicke - Schmidt and Schneider, 1990).

Enzymatic hydrolysis of nitriles has several advantages over chemical syntheses for some
products (Eyal and Charles, 1990). The main advantageisthat milder reaction conditions, viz.,
lower temperature and neutral pH, are required for enzymatic hydration (Honicke- Schmidt and
Schneider, 1990). The ability of enzymesto catalyzenitrile hydrolysisiswell documentedinthe
literature, but considerably under-exploited (H6nicke- Schmidt and Schneider, 1990; Beard, €.
al., 1993). The hydration of nitriles in plants and microorganisms proceeds via two distinct
enzymatic pathways (Amarant, et. al., 1989; Nagasawa and Y amada, 1990; Almatawah et. al.,
1999). One pathway isthe direct hydrolysisof anitrileto acarboxylic acid, whichiscatalyzed
by a nitrilase enzyme (Figure 4.1.1). The second pathway is a two step process in which the
nitrileisfirst converted to an amide, by anitrile hydratase, and subsequently to acarboxylic acid
by an amidase (Figure 4.1.2).
O

R—C=N Nitrilase R W/
OH

Figure4.1.1 Hydrolysis of nitrilesto carboxylic acids by nitrilase

O

0] .

itri Am
R—C=N Nitrile hydratase} R < idase R
NH OH

Figure 4.1.2 Hydrolysis of nitriles catalyzed by nitrile hydratase in combination with

amidase
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One of themajor industrial applications of anitrile hydrolyzing microorganismisthe production
of acrylamidefrom acrylonitrile (Nagasawaet. al., 1990). Enzymatic nitrile hydrolysishasalso
been applied to the production of 2-arylpropionic acids, which areimportant non-steroidal anti-

inflammatory drugs, e.g., S-naproxen from racemic naproxen nitrile (Layh et. al., 1994).

42 MATERIALSAND METHODS

The bacterial strains used were RU-KM1, RU-KM 3., and RU-KM3s which had all been

previously selected for their ability to hydrolyze 5-monosubstituted hydantoins.

4.2.1 Chemicals

Acrylonitrile, acrylamide, acrylic acid, propionamide, propionic acid, and benzonitrile were all
purchased from Sigma-Aldrich Chemical Co. Propionitrile was purchased from Fluka Chemika.
Acetonitrilewas purchased from BDH L aboratory Supplies(S.A.), and acetamide was purchased
from Sigma-Aldrich Chemical Co. For product detection, sodium nitroprusside and potassium
hydroxide were purchased from Saarchem (Pty) Ltd. (S.A.), and sodium hypochlorite was
purchased from Associated Chemical Enterprises (S.A.). Phenol was obtained from NT

Laboratory Supplies (S.A.).

4.2.2 Growth of RU-KM 1, RU-KM 3., and RU-K M 3s in acrylonitrile minimal medium
Themicroorganisms, initially cultured in hydantoin minimal medium, were each inoculated into
100mL minimal medium containing acrylonitrile asthe sole nitrogen source, with glucose asthe

carbon source. Acrylonitrilewas addedto afinal concentration of 1% (v/v) (Appendix 1.2). The



flaskswereincubated at 28°C, with shaking at 200rpm. Growth was monitored by measuring the

change in optical density at 600nm, every 24 hours.

4.2.3 Growth of RU-KM 1, RU-KM 3, and RU-K M 35 on cther nitriles

Theability of thefour bacterial strainsto utilize other nitrilesastheir sole source of nitrogen was
alsoinvestigated. Minimal mediawere prepared as before (Appendix 1.2), except that different
nitrileswere added in place of acrylonitrile, at afinal concentration of 10mM in each case. The
strainswereinoculated into 50mL of brothin 250mL conical flasksand incubated at 28°C, with
shaking at 200rpm. Growth was monitored by observing the changein optical density at 600nm,

every 24 hours.

4.2.4 Growth in nutrient broth supplemented with acrylonitrile

The bacteria were first cultured in hydantoin minimal medium until stationary phase was
reached, giving seed cultures, which were subsequently used to inoculate 400mL nutrient broth
(Biolab) supplemented with 0.1% (v/v) acrylonitrile (in 2L conical flasks) as an inducer of

nitrile-hydrolyzing activity. Theinoculum used was such that the starting OD , in the nutrient

broth was 0.02. The cultures were incubated at 28°C with shaking at 200rpm. This experiment

wasalso carried out using nutrient broth supplemented with 0.01% acrylonitrile asan inducer.

4.2.5 Resting cell reactionswith nitriles
Cells were cultured in 400mL nutrient broth supplemented with 0.01% acrylonitrile by
centrifugation at 7000g for 10 minutes. The pellet thus obtained was resuspended in half the

initial culture volume (200mL) of cold 0.1M potassium phosphate buffer, pH 7.0, and the
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suspension was centrifuged at 8000g for 10 minutes. The cell pellets were subsequently
resuspended in 0.1M potassium phosphate buffer, pH 7.0, to give a 0.1g cells/mL cell

suspension.

For the biocatalytic reactions, 1mL of the respective cell suspension was added to 1mL of a
50mM solution of thenitrile substrate. Thusthefinal cell concentrationin each reaction vessel
was50mg/mL, and thefinal substrate concentration was25mM. Each reaction was carried out in
triplicate. Thefollowing controlswere also prepared: 1mL cell suspension + 1mL buffer; and
1mL substrate solution + 1mL buffer. Thereaction mixturesand controlswere all maintained at
30°Cfor 1.5 hours, with shaking at 200rpm. After the reaction time had |apsed, the sampleswere
transferred to 1.5mL eppendorf tubes and microfuged at 13 000g for 5 minutes. The supernatants
werethen transferred to clean eppendorf tubes, and the concentration of ammoniaproduced from

nitrile hydrolysis was determined colorimetrically, using the phenol-hypochlorite method.

4.2.6 Detection of ammonia produced from nitrile hydrolyssby RU-KM 1, RU-KM 3, and
RU-KM 3s

A colorimetric assay was used to detect the rel ease of ammoniaduring nitrile hydrolysis, viz, the
phenol-hypochlorite assay (Maestracci et al., 1988; Pereiraet al, 1998). The substrates used for
resting cell reactions were acetonitrile, acrylonitrile, benzonitrile, and propionitrile. The cells
were cultured in nutrient broth supplemented with 0.01% acetonitrile as an inducer, and
harvested in the exponential phase of growth by centrifugation at 7000g for 10 minutes. Thecells
were then washed with 0.1M phosphate buffer, pH 7.0, after which they were centrifuged for

another 10 minutes at 8000g. The pelletswereresuspended in the same buffer to get afinal cell
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concentration of 0.1g/ml. Biocatal ytic reaction mixtures consisting of 1mL of therespectivecdll
suspension plus 1mL of the respective substrate solution (50mM, giving 25mM concentration in

the reaction) were prepared and incubated at 30°C for 3 hours, with shaking at 200rpm.

4.2.6.1 Phenol-hypochlorite protocol 1 (Maestracci et al., 1988)

After the biocatalytic reaction time had lapsed, samples were microfuged at 13 000g for 5
minutes. A 1mL aliquot of each of the supernatants thus obtained was transferred to small test
tubes. 0.5mL of solution 1 (Appendix 2.3) was added to the supernatants, which were then
vortexed to mix the contents. 0.1mL of solution 2 (Appendix 2.3) was added to each of the test
tubes, which werethen left to stand for 5 minutes at room temperature, for colour development.
The absorbance of the solutionswas measured at 600nm on an UV-visible spectrophotometer.
The concentration of ammoniaproduced from nitrile hydrolysiswas determined from astandard

curve prepared using ammonium sulfate.

4.2.6.2 Phenol-hypochlorite protocol 2 (Pereiraet al., 1998)

At the end of the biocatalytic reaction time, the samples were microfuged at 13 000g for 5
minutes. A 100uL aliquot of the supernatant was transferred into 1.5mL eppendorf tubes, and
400puL of Solution A (0.59M phenol and 1mM sodium nitroprusside) was added. After mixing,
400uL of Solution B (0.11M sodium hypochlorite and 2.0M sodium hydroxide) was added. The
mixtureswereleft to stand for 30 minutes at room temperature, after which the absorbancewas
measured at 600nm. The concentration of the ammonia produced was determined from a

standard curve prepared using ammonium sulfate (Appendix 3.3).
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4.2.7 Determination of inducer dependence for nitrile hydrolysisby RU-KM 1, RU-KM 3,

and RU-KM 35
The 4 strains were each inoculated into 200mL nutrient broth supplemented with 0.01%
acetonitrile (inducer), and into nutrient broth without acetonitrile. The cultureswereincubated at
28°C. Cells were harvested as before and resting cell reactions were conducted with 25mM
acrylonitrile asthe substrate, at 30°C f or 3 hours. Thereaction mixturesweremicrofuged at 13
000g for 5 minutes, and the amount of ammoniareleased into the supernatant was quantified

using the phenol-hypochlorite method (Section 4.2.6.2).

4.2.8 Investigation of the substrate selectivity of the nitrile-hydrolyzing enzymes of RU-
KM1, RU-KM3,, and RU-KM 3s

The cellswere cultured in 400mL each of nutrient broth supplemented with 0.01% acetonitrile
and incubated at 28°C until the log-phase of growth. They were then harvested as before and
resting cell reactions consisting of 1mL of a0.1g/mL cell suspension plus 1mL of a 50mM
substrate solution (acetonitrile, acrylonitrile, propionitrile, and benzonitrile) were conducted at
30°C for 3 hours. The reaction mixtures were microfuged at 13 000g for 5 minutes, and the
amount of ammoniaproduced in the supernatants, from hydrolysis of the different substrates,

was determined using the phenol-hypochlorite method.

4.2.9 The effect of urea on nitrile hydrolysisby RU-KM 1, RU-KM 3, and RU-KM 3s
The strains were cultured in nutrient broth supplemented with 0.01% acetonitrile (v/v) and
harvested as before. One set of reaction mixtures consisted of ImL of a0.1g/mL cell suspension

(of each strain) plus 1mL of 50mM acrylonitrile. The second set consisted of 1mL cell



suspension prepared in 50mM urea, and 1mL of 50mM acrylonitrile. Thus, thetotal biocatalytic
reaction volume was 2mL. The reactionswere carried out at 30°C for 3 hours, with shaking at
200rpm. The reaction mixtures were microfuged at 13 000g for 5 minutes, and the amount of
ammonia produced quantified in the supernatant using the phenol-hypochlorite method Section

4.2.6.2).

43 RESULTSAND DISCUSSION

4.3.1 Growth of RU-KM 1, RU-KM 3, and RU-K M 3s in nitrile minimal media

The ability of RU-KM1, RU-KM3,, and RU-KM3s to grow in defined media containing
acrylonitrile as the sole nitrogen source wasinvestigated. Theresultsareillustrated in Figure
4.3.1. No growth was observed with RU-OR, and no activity was observed in preliminary
experiments. Thus, no further investigations were conducted on this strain. The differencein
nitrile-hydrolyzing activity between RU-OR and the other strainsis expected, asRU-OR isan

Agrobacterium species, whereas the other three strains are Pseudomonas species.
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Figure4.3.1 Growth of strainsRU-KM 1, RU-KM 3, , and RU-KM 3s in acrylonitrile

minimal medium



The results of this experiment showed that none of the three strains were able to utilize
acrylonitrile, at aconcentration of 1% (v/v), asasole nitrogen source, since none of them were
abletoreach optical densitiesgreater than 0.1, even after 4 days of incubation. However, since
therewasaninitial increasein the optical densitiesof the RU-KM1 and RU-KM3, culturesafter
1 day of incubation, and after two days of incubation in the case of RU-KM 3g it was suggested
that these bacteria possibly did have nitrile-degrading ability. The hindranceto further growth
might be the high concentration of acrylonitrile used, since nitrilesare highly toxic compounds.
Henceit was suggested that alower nitrile concentration betested, and acetonitrile was chosen

due to its simple structure. The results of thisinvestigation are illustrated below.
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Figure 432 Growth of RU-KM1 and RU-KM3_ in minima medium with 10mM

acetonitrile as the sole nitrogen sour ce

Theresults showed poor utilization of acetonitrile asthe sole source of nitrogen by the bacterial
strains, since optical densitiesdid not reach 0.1 even after 5 days of incubation. Propionitrilewas
tested as an alternative nitrogen source, and the results of this experiment are shown in Fig.

4.3.3.
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Figure 4.3.3 Growth of RU-KM 1, RU-KM 3., and RU-K M 3s in propionitrile minimal

medium

RU-KM1 was able to reach an optical density of 0.2 after 2 days of incubation, but no further
increasewas observed. RU-KM 3| and RU-KM 3s, on the other hand, were unableto grow inthis
medium, since their respective optical densities did not even reach 0.1. Due to the poor
utilization of the aliphatic nitrilestested by these strains, it was suggested that the utilization of
an aromatic nitrile, benzonitrile, betested for itsability to support growth of these strains. The

results are shown bel ow.
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Figure4.3.4 Growth of RU-KM 1, RU-KM 3, and RU-KM 3s in benzonitrile minimal

medium

Theresults showed that benzonitrile was apoor source of nitrogen for these strains, asthey were
unableto grow in minimal medium containing thisnitrile asthe solesol e of nitrogen. None of
thenitrilestested were good sources of nitrogen. It was suggested that the ability of thesenitriles
to grow in nutrient broth supplemented with nitrile (acrylonitrile) be examined, as thiswould
give an indication of the ability of the strains to grow in the presence of nitrile compounds.
Growth under these conditions could mean that the strains do possess enzymesthat are ableto

break down these compounds, at |east to non-toxic levels.

4.3.2 Growth of RU-KM 1, RU-KM 3., and RU-K M 3s in nutrient broth with acrylonitrile

The ability of the three hydantoi nase- producing bacteriato grow in nutrient broth supplemented
with 0.1% acrylonitrilewasinvestigated. Theresults showed that these bacteriawere unableto
grow in the presence d 0.1% acrylonitrile. For subsequent experiments nutrient broth

supplemented with 0.01% acrylonitrile was used.



4.3.3 Detection of ammonia produced from nitrile hydrolyssby RU-KM 1, RU-KM 3., and
RU-KM 3s, using protocol 1 (Maestracci et al., 1988)

The hydrolysis of acrylonitrile and propionitrile by RU-KM1, RU-KM 3, and RU-KM 3swas

investigated. Production of ammoniafrom nitrile hydrolysiswas determined using protocol 1.

Theresults are shownin Table 4.3.1.

Table 4.3.1 Production of ammonia from acrylonitrile by RU-KM 1, RU-KM 3., and RU-

KM 3s, asdetermined by protocol 1 (Maestracci et al., 1988)

Strain Ammonia (mM) % Conversion
RU-KM1 3.60"'0.02 14.4
RU-KM 3, 2.59"0.01 10.36
RU-KM3s 3.02"'0.02 12.08

The results showed very low ammonia production from acrylonitrile by all 3 strains. The low
nitrile hydrolyzing activity could be related to one of two factors. Firstly, a precipitate was
observed in the assay mixture, after addition of reagents, possibly carbonate whichwasusedin
the preparation of one of the reagents. Thiscould haveinterfered with the accurate quantification
of ammonia. Secondly, definite colour development was observed with the naked eye, but the
spectrophotometer readings did not correspond with the colour change observed. Hence, the

possible use of amodified version of this method was investigated.



4.3.4 Detection of ammonia produced from nitrile hydrolyssby RU-KM 1, RU-KM 3., and
RU-KM 3s, using protocol 2 (Pereira et al. 1998)
This protocol wastested dueto problems encountered with thefirst protocol. Theresults of this

experiment are shown in Table 4.3.2.

Table 4.3.2 Production of ammonia from 25mM acrylonitrileby RU-KM 1, RU-KM 3, and

RU-K M 3s, as determined by protocol 2

Strain Ammonia (mM) % Conversion
RU-KM1 14.44''0.08 57.76
RU-KM3L 5.42"'0.14 21.68
RU-KM3s 14.42"0.17 57.68

The amount of ammonia produced when detection protocol 2 was used was higher than that
observed with protocol 1. No precipitation was observed in the assay mixtures, and the colour
difference between the controls and the reaction sampleswas high. This method was chosen for

use in subsequent experiments, owing to the fact that the results were considered to be more

reliable.

The total conversion values show that RU-KM1 and RU-K M 3sachieved higher acrylonitrile-
degrading activity than RU-KM 3, the conversion yieldsbeing 57.76%, 57.68%, and 21.68%,
respectively. It wasinteresting to note that there was adifference in conversion rates between
RU-KM 3. and RU-KM 3g since both arePseudomonas putida strains. Thisfurther confirmsthat

these two strains are not identical.
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4.3.5 Inducer dependence of nitrile hydrolysisby RU-KM 1, RU-KM 3., and RU-KM 3s

An experiment was carried out to investigate whether nitrile hydrolysisin RU-KM1,RU-KM3,,
and RU-KM 3sdepended on the presence of anitrile in the growth medium. Acetonitrile, at a
concentration of 0.01%, was added to nutrient broth as an inducer. The results are shown in

Figure 4.3.5.
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Figure 4.3.5 Inducer dependence of nitrile hydrolysisby RU-KM 1, RU-KM 3., and RU-
KM 3s, using acrylonitrile as a substrate. (Key: KM1 = RU-KM1; KM3l = RU-KM3_; KM3s = RU-
KM3s; Induced = Cells cultured in the presence of 0.01% acrylonitrile; Uninduced = Cells cultured in the absence of

acrylonitrile. The data represent amean (*"SEM) of triplicate determinations, with standard errors# 0.1)

The results showed that higher nitrile-converting activity occurred when the bacteria were
cultured in nitrile-containing medium. Induced RU-KM1 resulted in 14.44mM ammonia
(57.76% nitrile conversion), whereas non-induced RU-KM1 was unable to hydrolyze
acrylonitrile. Non-induced RU-KM 3, produced 0.66mM ammonia (2.64% acrylonitrile
conversion), whereas upon induction 5.43mM was formed, i.e., 21.72% conversion was

achieved. Non-induced RU-KM 3salso hydrolyzed acrylonitrile to alesser extent than when
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induced, and the conversion rates were 4.92% (1.23mM) without induction, and 57.68%

(14.42mM) upon induction with acrylonitrile.

For non-constitutive enzyme systems, the presence of asubstrate or asubstrate analogueinthe
growth medium is required for expression of the enzyme responsible for metabolism of that
substrate. This is generally observed with enzyme systems involved in the metabolism of
complex substrates, which are poor nutrient sources. Sinceit hasbeen clearly indicated that the
nitrile-hydrolyzing enzymes of these bacteriaare non-constitutive, acrylonitrilewasadded to the

growth medium in subsequent experiments.

4.3.6 Substrate sdlectivity of the nitrile-hydrolyzing enzymes of RU-KM 1, RU-KM 3., and
RU-KM 3s

This experiment was conducted to investigate the range of nitrile substrates which could be
hydrolyzed by the different bacterial strains. Thiswould shed light on whether the bacteria had
broad substrate selectivities, which isan important characteristic often required of enzymesin
order to be considered for industrial application. The substrates tested were acetonitrile,
acrylonitrile, propionitrile, and benzonitrile, at a starting concentration of 25mM. Table 4.3.3
showsthe structures of the nitrile substrates used in thisinvestigation, and the results are shown

in Figure 4.3.6.
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Table 4.3.3 Structures of the nitriles and the products obtained from their hydrolysis

Nitrile substrate Amide Carboxylic acid
Acetonitrile Acetamide Acetic acid
O 0]
CHs— C=N L i
CH3” "NH, CHy~ “OH

Acrylonitrile Acrylamide Acrylic acid

O O

CHy—CH,—C=N . !

PN

CHZZCHZ N H2

_ O~
CH;=CH; ~OH

Benzonitrile Benzamide Benzoic acid
C=N O @)
cZ cZ
Ej NH, Ej OH
Propionitrile Propionamide Propionic acid
O

CHy—CH,—C=N

N

CHz—CH3 NH,

o
[
Cu
CH3—CH;  OH
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Figure 4.3.6 Substrate selectivity of the nitrile-hydrolyzing enzymes of RU-KM 1, RU-

KM1 KM3I KM3s
Strain

KM3_, and RU-KM 35
(Key: KM1=RU-KM1; KM3l = RU-KM3_; KM3s= RU-KM35 The data represent a mean

(""SEM) of triplicate determinations, with standard errors# 0.17)

Three of the 4 nitrilestested were hydrolyzed by all four strains, viz., acetonitrile, acrylonitrile,
and propionitrile. Benzonitrile was not hydrolyzed by any of the strains, suggesting that these
strains preferentially hydrolyze aliphatic nitriles. This should be confirmed by testing hydrolysis
of alternative aromatic nitriles by these strains. Aromatic nitril e-degradationisnot ascommon as
aliphatic nitrile-degradation, and the reaction is generally catalyzed by nitrilases. Aliphatic
nitrile-degradation, on the other hand, isgenerally catalyzed by nitrile hydratases (Cowanetal.,
1998). RU-KM1 and RU-KM 3swere observed to convert acrylonitrile and propionitrile to a
greater extent than RU-KM 3, , and RU-KM 3sachieved higher conversion of acetonitrilethan the
other strains. Thetotal conversionsof acetonitrile, acrylonitrile, and propionitrile by RU-KM1
were 10.92% (2.73mM ammoniaformed), 57.76% (14.44mM ammoniaformed), and 46.88%

(11.72mM ammoniaformed), respectively. RU-KM 3. achieved conversion yields of 7.16%
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(1.79mM), 21.72% (5.43mM), and 9.44% (2.36mM), with acetonitrile, acrylonitrile, and
propionitrile, respectively. RU-KM 3sachieved conversionyieldsof 32.12% (8.03mM), 57.68%
(14.44mM), and 55.32% (13.83mM), with acetonitrile, acrylonitrile, and propionitrile,

respectively.

RU-KM 3. and RU-K M 3sagain demonstrated differenceswith respect to enzyme activity. Nitrile
hydrolyzing activity was much higher in RU-KM 3sthanin RU-KM 3, which further confirms

the difference between these P. putida strains.

At this stage, it was not yet clear whether ammonia was produced from nitrile hydrolysis by a
nitrilase, or by a nitrile hydratase in combination with amidase. The results observed with
benzonitrile suggest that the enzyme system responsiblefor nitrile hydrolysisinthese bacteriais
the nitrile hydratase-amidase system, sincethissystemishighly unlikely to be ableto hydrolyze
aromatic substrates. However, further investigations were required to confirmthis, asdescribed

in the next section.

4.3.7 The effect of urea on nitrile hydrolysisby RU-KM 1, RU-KM 3, and RU-KM 3s

This experiment was conducted to determine the enzyme system responsible for nitrile
hydrolysisin RU-KM1, RU-KM 3, and RU-KM 3s Ureais a known inhibitor of the amidase
enzymeinvolved innitrile hydrolysis (Cramp and Cowan, 1999). Thus, incorporation of ureain
the reaction mixture allows for the detection of ammonia released specifically from nitrile

hydrolysis, and not that from amide hydrolysis as this would be inhibited. In an organism
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possessing the two-step pathway, one would expect the amount of ammonia produced in the

presence of ureato be about half that produced in its absence.

Theeffect of ureaon nitrile hydrolysisby RU-KM1, RU-KM 3, , and RU-KM 3swasinvestigated

using 25mM acrylonitrile as a substrate, and urea was added to the reaction mixtures and

controls at a concentration of 25mM. The results of this experiment are shown in Fig. 4.3.7.

20

15 +

| | Il

KM1+U KM3l KM3I+U KM 3s+U
Strain

Figure 4.3.7 The effect of urea on the hydrolysis of acrylonitrileby RU-KM 1, RU-KM 3,

Ammonia (mM)

and RU-KM 3g
(Key: KM1= RU-KM1; KM1 + U = RU-KM1 + Urea; KM3l = RU-KM3_; KM3l + U = RU-KM3_ + Urea; KM3s =

RU-KM3s + Urea. The data represent amean (*" SEM) of triplicate determinations, with standard errors# 0.17)

Addition of urea to the reaction mixtures of RU-KM1, RU-KM3,, and RU-KM 3g using
acrylonitrile as a substrate, resulted in a decrease in the amount of ammonia produced. No
ammoniawas detected when ureawas added to reaction mixtures of RU-KM 1 and RU-KM 3.

with acrylonitrile, whereas RU-KM 3s produced Iess ammonia in the presence of urea. This
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suggeststhat the system responsiblefor nitrile hydrolysisin these bacteriaisthetwo -step process
involving anitrile hydratase and an amidase, since ammonia production by this system is

supposed to decrease as aresult of the inhibition of the amidase enzyme.

4.4 CONCLUSIONS

The presence of anitrile-hydrolyzing systemin strainsRU-KM 1, RU-KM 3, , and RU-KM 3shes
been demosntrated. RU-KM1 and RU-KM 3sshowed higher nitrile-hydrolyzing activity than
RU-KM3.. Nitrile hydrolysis in these strains appears to involve the two-step system, which
consistsof anitrile hydratase and an amidase. However, further investigations are necessary to
confirm this. One of the waysin which this may be achieved is by purification of the enzymes

and characterization of the activities of the purified enzymes.

The effect of benzonitrile on enzyme activity in resting cells reactions for hydrolysis of other
nitriles by these strains may also shed light on the enzyme system responsible for nitrile
hydrolysisin these bacteria. Thisis based on previous reports that benzonitrile inhibits some

nitrile hydratases (Cramp et al., 1998).

The stereoselectivities of the nitrile-hydrolyzing enzymes of these strains also need to be
determined, as production of compounds such as profens, which are non-steroidal anti-
inflammatory drugs, from nitrile compounds, requires enantiosel ective processes becausethe

enantiomers generally have different biological activities (Yamamoto et al., 1996).
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Theconditionsfor nitrile hydrolysisby RU-KM 1, RU-KM 3, , and RU-K M 3smay beimproved
by determining the effects of parameters such astemperature, pH, and reactiontime. However,
the purpose of thispreliminary study wasonly to investigate whether RU-KM1, RU-KM3,,ad

RU-KM3scould catalyze nitrile hydrolysis or not.

Theinvestigation described in this chapter has suggested the presence of an amidase enzyme,
whichisinvolvedinnitrilehydrolysis, inRU-KM 1, RU-KM 3, , and RU-KM 3s Thenext chapter
deals with the investigation of the ability of these bacteria to hydrolyze amides, which would

demonstrate whether they are able to produce amidases.
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CHAPTERS

Investigation of the amide-hydrolyzing activity of

RU-KM1, RU-KM3, and RU-KM3s



5.1 INTRODUCTION

Amidases have potential valuein the development of commercial processesfor the production of
useful chemicals, such as 2arylpropionic acids, which are used as non-steroidal non-
inflammatory drugs (Gilliganetal., 1993; Wuet al., 1998). Theability of RU-KM 1, RU-KM3,,
RU-KM 3g and RU-OR to hydrolyze various amideswasinvestigated, with the main objective of
broadening the potential usefulness of these hydantoinase-producing strains in biocatalytic
applications. The advantage of doing this kind of investigation is that one could discover
biocatal ytic applications other than that which the microorganisms had been isolated for, and
thus obtain abiocatalyst for anumber of processesfrom asingleisolation. Amide-hydrolyzing
activity was chosen particularly because it involves hydrolysis of amide bonds, which is

effectively the same reaction that occurs with hydantoin- ring hydrolytic cleavage.

Amidase (linear amide hydrolase) [EC 3.5.1] is an enzyme that hydrolyzes the C-N bond of
aliphatic and aromatic amides (Kagayamaand Ohe, 1990), converting the amidesto carboxylic
acids and ammonia (Maestracci et al., 1988). Amides may be converted chemically, but thereare
a number of disavantages associated with this route, the major one being the production of
racemic products (Hayashi et al., 1997). Enzymatic amide hydrolysis, on the other hand, is
considered to be advantageous over chemical hydrolysis, mainly dueto the enantiosel ectivity of
enzymes, which ensuresthat the products obtained are enantiomerically pure (Hirrlingeretal.,

1996).
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5.2 MATERIALSAND METHODS

5.2.1 Chemicals

The amide substrates. acrylamide, propionamide, acetamide, and prolinamide, were all
purchased from Sigma-Aldrich. Sodium hydroxide and sodium nitroprusside were obtained from
Saarchem (Pty) Ltd. (S.A), whereas phenol was purchased from NT Laboratory Supplies(S.A.).

Sodium hypochlorite was purchased from Associated Chemical Enterprises (S.A.).

5.2.2 Culture conditions

Thefour bacterial strainswere each inoculated into 50mL minimal medium (Appendix 1.3), in
250mL conical flasks, containing either acrylamide or propionamide (20mM) as the sole
nitrogen source. Thesewereincubated at 28°C on an orbital shaker at 200rpm. Bacterial growth
was monitored by measuring optical density at 600nm, every 24 hours on a Shimadzu UV-

Visible spectrophotometer.

5.2.3 Product detection from amide hydrolysisreactions

The hydrolysis of amides was quantified colorimetrically by using the phenol-hypochlorite
method (indophenol assay), to measure the concentration of ammonium ions released by the
hydrolysis of amides (Pereiraet al., 1998). After the reaction time had elapsed, the reaction
mixturesand controlsweretransferred to 1.5mL eppendorf tubes and microfuged for 5 minutes

at 13 000g. The assay was then carried out as follows:

A 100mL aliquot of each of the supernatantswastransferred to another set of eppendorf

tubes.
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400mL of solution A (0.59M phenol and 1mM sodium nitroprusside) was added

the mixture was vortexed to mix

400mL of solution B (0.11M sodium hypochlorite and 2M sodium hydroxide) was added
Samples were allowed to stand at room temperature for 30 minutes

Absorbance at 600nm was measured spectrophotometrically

The concentration of ammoniain the samples was cal culated from a standard curve prepared

using ammonium sulfate (Appendix 3.3).

5.2.4 Hydrolysis of propionamide by cdlls cultured in propionamide minimal medium

Thefour bacterial strainswere each culturedin 200mL of propionamide minimal medium, in 1L
conical flasks, until they reached the exponential phase of growth. The cellswere harvested by
centrifugation at 7000g for 10 minutes, after which the pellet was resuspended in half theinitial
culturevolume of cold 0.1M potassium phosphate buffer, pH 7.0. Thiscell suspension wasthen
centrifuged at 7000g for 10 minutes. The pellet was again resuspended in half theinitial culture
volume of buffer and centrifuged at 8000g. The supernatant was discarded and the cells
resuspended in potassium phosphate buffer, pH 7.0, to give a cell concentration of 0.1g/mL.
Biocatal ytic reaction mixtures consisting of 1mL of thiscell suspension and 1mL of a50mM
propionamide solution were prepared in triplicate. Controls (1mL appropriate cell suspension
plus 1mL buffer; ImL of 50mM propionamide plus 1mL buffer) were also prepared. The

reaction mixtures and controls were incubated at 30°C for 3 hours, with shaking at 200rpm.
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5.2.5 Investigation of theinducer dependence of the amidase enzymes of RU-KM 1, RU-
KM3_, RU-KM 35, and RU-OR

RU-KM1, RU-KM3,, RU-KM 35 and RU-OR were each inocul ated into 200mL nutrient broth
and into 200mL nutrient broth supplemented with 0.1% propionamide, in 1L conical flasks.
These were incubated at 28°C until the bacteria reached the exponential growth phase (as
indicated by ODeoo), after which they were harvested by centrifugation at 7000g for 10 minutes.
The pellets thus obtained were resuspended in half the initial culture volume of cold 0.1M
potassium phosphate buffer, pH 7.0, and subsequently centrifuged at 7000g for 10 minutes. The
cellswere washed once morewith 0.1M potassium phosphate buffer, pH 7.0, and centrifuged at
8000g for another 10 minutes. Cell suspensions of each bacterial strain were preparedin 0.1M
phosphate buffer to get afinal concentration of 0.1g/mL cells. Biocatalytic reaction mixtures,
which consisted of 1mL of the appropriate cell suspension and 1mL of 50mM acrylamide, were
prepared intriplicate. Cellsand substrate controls (1mL cell suspension plus 1mL buffer; 1mL
substrate solution plus 1mL buffer) were also prepared. The biocatal ytic reaction mixtureswere

incubated at 30°C for 3 hours, with shaking at 200rpm.

5.2.6 Investigation of the substrate selectivity of the amidase enzymes of RU-KM 1, RU-
KM3_, RU-KM 35, and RU-OR

Thefour bacterial strainswere each inoculated into 400mL of nutrient broth supplemented with

0.1% propionamide, in 2L conical flasks. These wereincubated at 28°C until they reached the

exponential phase. Cellswere harvested as above (Section 5.2.5) and 0.1g/mL cell suspensions

were prepared in 0.1M potassium phosphate buffer, pH 7.0. Solutions of amide substrates:

acetamide, acrylamide, propionamide, and prolinamide, were prepared at a concentration of
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50mM. A 1mL aliquot of each substrate was reacted with 1mL appropriate cell suspension at
30°C for 3 hours, with shaking at 200rpm. Reactionswere preparedin triplicate. Cell controls

and substrate controls were also prepared and incubated at the same time as the reaction

mixtures.

5.3 RESULTSAND DISCUSSION

5.3.1 Growth of RU-KM 1, RU-KM 3., RU-KM 35, and RU-OR in amide minimal media
Theability of RU-KM 1, RU-KM 3, RU-KM 3sand RU-OR to utilize amides as the sole source
of nitrogen for growth wasinvestigated using 10mM acrylamide and propionamide. Theresults

of these experiments are shown in Figures 5.3.1 and 5.3.2, below.
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Figure5.3.1 Growth of RU-KM 1, RU-KM 3, RU-KM 3s, and RU-OR in acrylamide

minimal medium
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When acrylamide was used as the sol e source of nitrogen in the growth medium, only RU-RU-
KM 3swas observed to grow (Figure 5.3.1, above). RU-KM 1, RU-KM 3, , and RU-OR did not
grow, and this suggeststhat this amide does not support the growth of these bacteria. RU-KM1
and RU-KM 3, only grew up to an ODgg of 0.1, after which no further growth was observed
because the ODggo remai ned approximately the samefrom 1 day up to 5 days of incubation. RU-
OR, however, appeared to have reached the death phase after 2 days of incubation, because the

optical density decreased to zero at day 3.
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Figure 5.3.2 Growth of RU-KM 1, RU-KM 3, RU-KM 35, and RU-OR in propionamide

minimal medium

The investigation of the ability of RU-KM1, RU-KM 3, RU-KM3g and RU-OR to utilize
propionamide as the sole nitrogen source showed that all 4 strainswere all able to assimilate
nitrogen from thisamide (Figure5.3.2). However, RU-KM1 utilized thisamidelessreadily for

growth, since the optical density did not increase after 1 day of incubation, and it remained the
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same until day 5. Thus, all four strains apparently utilized propionamide more readily than
acrylamide, and hence, it was used in the subsequent experiments to determine amide-
hydrolyzing ability. However, due to the low yields of biomass from growth in propionamide
minimal medium, nutrient broth supplemented with 0.1% propionamide asinducer was used as

the culture medium in subsequent experiments, unless otherwise stated.

5.3.2 Hydrolysis of propionamide by cells cultured in propionamide minimal medium
The hydrolysis of propionamide by the different bacteria, cultured in propionamide minimal

medium, was investigated. The results obtained areillustrated in Table 5.3.1.

Table 5.3.1 Production of ammonia from 25mM propionamide by bacteria cultured in

propionamide minimal medium

MICROORGANISM

Ammonia (mM)

% Conversion

RU-KM1 6.84 ' 0.03 27.36
RU-KM3L 24.42 ' 0.08 97.68
RU-KM3s 24.15" 0.05 96.6

Amidase activity was assayed when the bacteria reached the mid-exponential phase in
accordance with previousreportsthat the enzymeisexpressed in this phase of growth (Asanoet.
al., 1982; Collinsand Knowles, 1983). The results from the investigation of the hydrolysis of

propionamide by propionamide-cultured cells (Table 5.3.1) showed that RU-KM 3, and RU-

KM3s were able to achieve almost 100% conversion of this amide (97.68% and 96.6%,

respectively). However, RU-KM1 only achieved a27.36% conversion of thisamide. RU-KM3_
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and RU-KM 3s hydrolyzed propionamide almost to the same extent, thus indicating that the
activity of the amidases of these two bacterial strainsissimilar. This observation could bedueto
the fact that both arePseudomonas putida strains (G.F. Matcher, 1997). Thelow activity of RU-
KM 1 with propionamide may be interpreted in two ways: oneisthat the amidase of RU-KM 1
has low activity; and the second interpretation is that the amidase of RU-KM1 does not

preferentially hydrolyze this particular amide.

5.3.3 Inducer dependence of amide hydrolyssby RU-KM 1, RU-KM 3, RU-KM 3s, and
RU-OR

Theinducer dependence of the amidase of RU-KM 1, RU-KM 3L, RU-KM3S, and RU-OR for

amide hydrolysis was investigated by determining the amount of ammonia production from

acrylamide by induced and non-induced cells. The growth media used were nutrient broth (no

induction) and nutrient broth supplemented with 0.1% propionamide (induction). Theresultsare

shown in Figure 5.3.3 and Table 5.3.2.
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Figure5.3.3 Hydrolysis of acrylamide by noninduced and induced RU-KM 1, RU-KM 3,

RU-KM 35, and RU-OR (Uninduced = Ammonia produced from acrylamide by uninduced

cells; Induced = ammonia produced from acrylamide by propionamide-induced cells)
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Table5.3.2 Total acrylamide conversion (%) by induced and non-induced RU-KM 1, RU-

KM3_, RU-KM 3s, and RU-OR

% Acrylamide converted
Strain Non-induced Induced
RU-KM1 15.0 28.24
RU-KM3, 11.84 15.28
RU-KM3s 15.84 43.6
RU-OR 15.96 22.0

Theresults showed amarked differencein the amount of ammoniaproduced by RU-KM1 and
RU-KM 3snon-induced and induced cells, with theinduced cells producing far more ammonia
from acrylamide than non-induced cells (Figure 5.3.3 and Table 5.3.2). Non-induced cells of
RU-KM1 produced 3.75mM ammonia (15% conversion), whereas induced cells produced
7.06mM ammonia (28.24% conversion). RU-KM 3s produced 3.96mM ammonia (15.84%
conversion) without induction, and 10.89mM ammonia (43.6% conversion) upon induction.
Induced RU-KM 3, and RU-OR cellsalso hydrolyzed acrylamideto agreater extent than non-
induced cells. Non-induced RU-KM 3. produced 2.96mM ammonia(11.84%), whereasinduced
cellsproduced 3.82mM (15.82%). Non-induced RU-OR produced 3.96mM ammonia(15.96%),

whereas induced cells produced 5.50mM (22% conversion).

Theseresultsindicate that the hydrolysis of amides by these bacteriaisincreased by the presence

of an amidein the growth medium, although they still showed some conversion inthe absence of

an inducer. A number of amidases have been reported in theliterature to be inducer dependent
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(Asano et. al., 1982; Ciskanik et. al., 1995; Gilliganet al., 1993; Hayashi etal., 1997). Various
amides are used for induction of amidase activity, for example, ketoprofen amide (Hirrlinger et
al., 1996), benzyl cyanide (Effenberger and Graef, 1998), crotonamide (Gilliganetal., 1993) and
pyrazinamide (Kagayamaand Ohe, 1990). In this study, propionamide was chosen as an inducer
dueto itssupport of the growth of these bacteria. Inducer-independent amidases have al so been

reported (Kagayama and Ohe, 1990; Skouloubriset al., 1997; Fournand et al., 1998).

5.3.4 The substrate selectivity of the amidases of RU-KM 1, RU-KM 3, RU-KM 35, and
RU-OR

The hydrolysis of various amide substrates (acrylamide, acetamide, propionamide, and

prolinamide) by whole cellsof RU-KM 1, RU-KM 3, RU-KM 3s and RU-OR wasinvestigated.

Table 5.3.3 showsthe structures of the amide substrates used in thisinvestigation. Figure 5.3.4

and Table 5.3.4 show the results obtai ned.
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Table 5.3.3 Structures of amide substrates used and hydrolysis products

Amide Carboxylic acid
Acetamide Acetic acid
i 7
C C
CHs™ “NH, CHs~  ~OH
Acrylamide Acrylic acid
O 0O
i L
CH,=CH; “NH, CH,=CH; _~OH
Propionamide Propionic acid
0 i
¢ PN
CHs—CH3 _NH, CHg~CHz  OH
Prolinamide Proline
N ~CONH, N ~COOH
H H
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Figure 5.3.4 The substrate selectivity of the amidases of RU-KM 1, RU-KM 3, RU-KM 3s,

and RU-OR

(The results represent the mean of triplicate determinations, with standard errors# 0.05)

Table5.3.4 Total conversion (%) of amide substratesby RU-KM 1, RU-KM 3., RU-KM 3s,

and RU-OR
Substrate conversion (%)
Strain Acetamide Acrylamide Propionamide Prolinamide
RU-KM1 7.76 15.16 27.4 0.00
RU-KM3, 49.2 27.8 10.0 0.00
RU-KM3s 57.24 46.64 59.2 0.00
RU-OR 5.08 33.92 34.8 0.00

From theresultsof thisinvestigation, it was concluded that none of thefour strainswere ableto

hydrolyze prolinamide, since no ammonia production was detected after reaction with this
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amide. Thisis presumably dueto a steric effect as prolinamideisacyclic amide, whereas the
other are aliphatic amides. Prolinamide was also not hydrolyzed by the amidase from

Comamonas acidovorans KPO-2771-4 (Hayashi et al., 1997).

The bacteriashowed different selectivity patternsasfar asthe other amideswere concerned (Fig.
5.3.4 and Table 5.3.3). The preferred substrate for RU-KM 1 was propionamide, with 27.4%
conversion, whereas acetamide was the least hydrolyzed, with 7.76% conversion. Acrylamide
hydrolysis was achieved by RU-KM1 with a conversion rate almost double that of acetamide
hydrolysis, (15.16%). RU-KM 3, converted acrylamide (27.8%) morereadily than the other two
amides (4.92% for acetamide, and 10% for propionamide), and in this case acetamidewasagain
theleast hydrolyzed. RU-K M 3sshowed high activity and little sel ectivity with the three amides
tested. Acetamide and propionamide were hydrolyzed to similar extents, 56.24% and 59.2%,
respectively, whereas acrylamide was the least hydrolyzed (46.64%), but considerably more
ammonia was produced by this bacterium from acrylamide than the amount produced by the
other bacteria. RU-OR produced approximately equal amountsof anmoniafrom acrylamideand
propionamide, 33.92% and 34.8%, respectively, but produced the |east ammoniafrom acetamide

(5.08%).

It may be suggested that the amidases of RU-KM 1, RU-KM 3, RU-KM3s and RU-OR prefer
straight chain substrates, owing to the fact that prolinamide, which is a cyclic amide, was not
hydrolyzed. The substrate selectivity of RU-KM1 is similar to that reported for the aliphatic
amidase of Helicobacter pylori, where propionamide was the preferred substrate, followed by

acrylamide, and lastly by acetamide (Skouloubriset al., 1997). These results show that thethree



bacteria show relatively relaxed substrate specificities with respect to aliphatic substrates.
Another broad spectrum amidase was reported in Pseudomonas chlororaphis B23, which
hydrolyzed aliphatic amides aswell as some aromatic amides (Ciskanik et al., 1995). A narrow

spectrum amidase was reported by Asano et al. (1982), from Arthrobacter sp. J-1.

Acrylic acid, which is produced from the hydrolysis of acrylamide, isused in the manufacture of

avariety of polymers, including flocculants, adhesives, and thickeners (Brennanet al., 1995).

5.4 CONCLUSION

Thisinvestigation hasillustrated that RU-KM 1, RU-KM 3, , RU-KM 3sand RU-OR all possess
amide hydrolyzing ativity. Of these, RU-KM 3s seems to have higher amide-hydrolyzing
activity under the conditions employed. However, amide hydrolysis by these bacteriastill needs
to be optimized. The conditions used in this study were based on those reported in the literature
for other microorganisms, and may not be optimal for these bacteria. Variousreaction conditions
need to be examined, such as the effects of parameters such as pH, temperature, and other
inducers. However, the purpose of the present study was to elucidate whether these bacteria

possess amidase enzymes, and this has been achieved.

The presence of amidasesin these microorganisms hasimportant implicationsin that it shows
that these bacteria may be used for the production of a variety of industrially important
compounds. They may be used for the production of amino acids from hydantoins, using

hydantoinases (see Chapter 3), or, partially, for production of compounds such as 2



arylpropionic acidsfrom amides, using amidases. RU-K M 3shas again shown its suitability asa

biocatalyst, in that, among the four strains tested, it had the highest amidase activity.

The stereosel ectivity of the amidases of these strains needsto be determined, asthisisimportant
for biocatalytic application of these enzymes since they may be used for production of
pharmaceutically active compounds such as 2 -arylpropionic acids, which are anti-inflammatory

drugs whose enantiomers have different biological activities.

Thediscovery of the amidase activity in these microorganisms| ed to theinvestigation of another
amide-bond hydrolyzing enzyme system, the imide-hydrolyzing enzyme system. This system
involvesanimide-hydrolyzing enzyme aswell asan amidase, and thisinvestigation is described

in the next chapter.
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CHAPTER 6

Investigation of the imide-hydrolyzing activity of

RU-KM1, RU-KM3,, RU-KM3sand RU-OR



6.1 INTRODUCTION

Inthisstudy, the ability of four bacterial strains, namely RU-KM1, RU-KM 3, RU-KM3s and
RU-OR, to hydrolyze cyclicimideswasinvestigated. These bacteriawere previously selected for
their ability to hydrolyze hydantoin and its derivatives, as was the bacterial strain in which
microbial imide hydrolysiswasfirst reported (Ogawaet al., 1996). The main objectiveof this
investigation wasto determinethe presence of alternative potential biocatalytic ability inthese

microorganisms.

Imide-hydrolyzing activity involvestwo enzymes, an imidase (or hydantoinase) and an amidase.
The presence of hydantoinase and amidase enzymes has already been demonstrated in these
bacteria. Since some hydantoinases have been found to possessthe ability to hydrolyze complex
cyclic imides as well as hydantoins (Soong et al., 1999), an attempt was made to elucidate
whether the imide-hydrolyzing activity in these bacteria was related to the hydantoin-

hydrolyzing activity known to be present in these strains.

Thestructuresof cyclicimidesare similar to those of cyclic ureides, and they are known to be
hydrolyzed by mammalian dihydropyrimidinase, which isinvolved in pyrimidine metabolism
(Dudley et al., 1974; Ogawa et al., 1996). Microbial hydrolysis of cyclic imides was first
reported by Ogawaet al., (1996). Imidase, which specifically hydrolyzes simple cyclicimides
and sulfur-containing cyclic imides, catalyzes the first step of cyclic imide metabolism in
microorganisms (Soong et al., 1999). Thisenzymeisdifferent from cyclic ureide-hydrolyzing
enzymes (Soong et al., 1999). Cyclic imide hydrolyzing activity was reported to be widely

distributed in microorganisms, viz., bacteria, yeasts and moulds (Soong €t al., 1998).
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Figure 6.1.1 Diagram illustrating the structures of cyclic imides and cyclic ureides

Imidase catalyzes the conversion of imides to monoamidated dicarboxylates, which are then

converted to dicarboxylates by an amidase (Figure 6.1.2).

NHgs,
H,0 H%O ioz )\
/[ L . /Z COOH HOOC COOH
of N o D g7\, 2
H
Succinimide Succinamic acid Succinate

Figure 6.1.2 Enzymatic hydrolysis of cyclic imides

(Key: (1) = imidase; (2) = amidase)

6.2 MATERIALSAND METHODS

6.2.1 Culture conditionsfor theinvestigation of imide hydrolyssby RU-KM 1, RU-KM 3,
RU-KM 3s, and RU-OR

Bacteria were inoculated from hydantoin minimal medium agar plates into 100mL each of

minimal medium containing 20mM succinimide (Sigma Aldrich) asthe sole source of nitrogen



(Appendix 1.4). These wereincubated at 28°C on an orbital shaker at 200rpm. Bacterial growth
was monitored by measuring theincreasein optical density at 600nm on a Shimadzu UV-Vishble

spectrophotometer.

6.2.2 Resting cell reactions of RU-KM 1 and RU-OR with succinimide

Resting cell reactions were carried out with RU-KM1 and RU-OR only, since they showed
appreciable levels of growth in succinimide minimal medium. Cells were harvested by

centrifugation at 7000g for 10 minutes at 4°C after they had reached the ear ly sationary phase of
growth in succinimide minimal medium (4 days). The pellet thus obtained was washed by

resuspension in 50mL of cold potassium phosphate buffer (0.1M, pH 7.0), and centrifugation at
7000g for 10 minutesat 4°C. The cellswereresuspended in 0.1M potassium phosphate buffer
and centrifuged for another 10 minutes at 8000g at 4°C. Cell suspensions containing 0.1g/mL
cellswere prepared in potassium phosphate buffer (0.1M, pH 7.0). Biocatal ytic reaction mixtures
were prepared by mixing almL aliquot of the appropriate cell suspension with 1mL of a50mM
solution of succinimide, also in potassium phosphate buffer (0.1M, pH 7.0). Cellsand substrate
controls (1mL cell suspension plus 1mL buffer; 1mL substrate solution plus 1mL buffer) were
also prepared. Biocatalytic reaction mixtures and controlswere incubated at 30°C for 3 hours,

with shaking at 200rpm.

6.2.3 Product detection from imide hydrolysisby RU-KM 1 and RU-OR
The second step of both hydantoin and succinimide hydrolysisresultsin therelease of ammonia
from an amide substrate by an amidase enzyme. Thus the phenol-hypochlorite method (see

Chapter 5, Section 5.2.1.5) was used to determine hydrolysis of the substrate. The concentration

128



of ammonia produced was determined from a standard curve prepared using ammonium sulphate

(Appendix 3.3).

6.2.4 Investigation of inducer dependence of imide hydrolysisby RU-KM1 and RU-OR

RU-KM1 and RU-OR were each inoculated into 200mL of either nutrient broth or nutrient broth
supplemented with 0.1% succinimide, in 1L conical flasks. They wereincubated at 28°C on an orbital
shaker at 200rpm, until they reached the early stationary phase (**24 hoursin nutrient broth). Cells
were harvested by centrifugation at 7000g for 10 minutes, and washed with potassium phosphate
buffer (0.1M, pH 7.0). The pellets obtained were used to prepare 0.1g/mL cell suspensions using
0.1M potassium phosphate buffer, pH7.0. Biocatal ytic reaction mixtureswere prepared using 1mL of
appropriate cell suspension (either RU-KM 1 or RU-OR) and 1mL of 50mM succinimide, preparedin
0.1M potassium phosphate buffer, pH 7.0. All biocatal ytic reactions were conducted in triplicate.
Controlswere prepared using either ImL cell suspension (cellscontrol) or ImL 50mM succinimide
(substrate control) plus ImL 0.1M potassium phosphate buffer. The biocatal ytic reaction mixtures
were incubated together with the controls at 30°C for 3 hours. The extent of hydrolysis of

succinimide was determined by measuring the concentration of ammoniaproduced i n thesupernatant

after centrifugation of the biocatalytic reaction mixtures.

6.2.5 Differentiation between imidase and hydantoinase reactionsin RU-KM 1 and RU-OR

In order to investigate whether imide hydrolysis in RU-KM1 and RU-OR was carried out by
hydantoinase or by a separate enzyme system, i.e. an imidase, the two bacterial strains were each
inoculated into 200mL nutrient broth supplemented with either hydantoin or succinimide as an

inducer, in 1L conical flasks. These were incubated at 28°C, with shaking & 200rpm, until they



reached the stationary phase (**24 hours). Cells were harvested by centrifugation at 7000g for 10

minutes. The pelletswere washed with 0.1M potassium phosphate buffer, pH 7.0 (for succinimide-

induced cells), and pH 8.0 (for hydantoin-induced cells).

A 0.1g/mL cell suspension of hydantoin-induced RU-KM1 was prepared using 0.1M potassium
phosphate buffer, pH 7.0, and thiswas used for biocatal ytic reactionswith succinimide. A 0.1g/mL of
hydantoin-induced RU-KM 1 was prepared using 0.1M potassium phosphate buffer, pH 8.0, and this
was used for biocatal ytic reactions with hydantoin. RU-OR cell suspensionswere prepared asabove.
Biocatal ytic reactions consisted of 1mL cell suspension (succinimide- or hydantoin-inducedRU-KM 1

or RU-OR) and 1ImL of 50mM substrate solution, either succinimide or hydantoin.

6.3 RESULTSAND DISCUSSION

6.3.1 Growth of RU-KM 1, RU-KM 3, RU-KM 3s, and RU-OR in succinimide minimal

medium
Theability of RU-KM 1, RU-KM 3, , RU-KM 3g and RU-OR to utilize succini mideasasource of
nitrogen wasinvestigated by growing the microorganismsin minimal medium containing 10mM

succinimide. Figure 6.3.1 shows the results obtained.
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Figure 6.3.1 Growth curvesof RU-KM 1, RU-KM 3, , RU-KM 3s, and RU-OR in succinimide
minimal medium

No lag phase was observed in any of the four cases, asindicated by the optical density, which
had already increased after 14 hours of incubation. The RU-KM 3, and RU-KM 3s cultures
reached optical density valuesof 0.15 and 0.3, respectively, after 14.5 hours of incubation, but
after that no further increase was observed. The RU-KM 1 culture reached an optical density of
0.8 after an incubation period of 6.5 days, while RU-OR reached an optical density of 1.0 after 5
daysof incubation. To our knowledge, thisisthefirst report on the ability of microorganismsto
utilizean imide asthe sole source of nitrogen. Other microorgani sms have been reported to have
the ability to utilize succinimide asthe sol e source of carbon (Ogawaet al., 1996; Soonget al.,
1998). Dueto thefact that these two bacteria showed significant growth in succinimide minimal

medium, they were selected for further experiments on imide hydrolysis.
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6.3.2 Hydrolysis of succinimide by RU-KM 1 and RU-OR cultured in succinimide minimal
medium

The ability of RU-KM1 and RU-OR, which both grew in succinimide minimal medium, to

hydrolyze succinimide and thus produce ammonia, wasinvestigated using resting cells of these

strains, cultured in minimal medium containing succinimide as the sole source of nitrogen.

25mM succinimide was used asthe substrate for the biocatal ytic reaction. Table 6.3.1 showsthe

results obtained.

Table 6.3.1 Hydrolysis of succinimide by RU-KM1 and RU-OR cultured in succinimide

minimal medium

Strain Ammonia (mM)* Total conversion (%)
RU-KM1 11.13"0.01 44.52
RU-OR 12.3270.02 49.28

(Ammonia produced from 25mM succinimide)

Theresults of thisinvestigation showed that RU-OR was slightly more effective than RU-KM 1
with respect to succinimide hydrolysis. This was indicated by the fact that RU-OR achieved
49.28% conversion of succinimide, whereas RU-KM1 achieved 44.52%. However, these
conversionyieldsare not acompl ete representation of succinimide hydrolysisby these bacteria,
since the method of detection used quantifiesonly the activity of the second enzymeinvolvedin
this biocatalytic reaction, the amidase. The total amount of succinimide hydrolyzed would be
represented by the total amount of succinamic acid produced (from succinimide-ring-hydrolyss)

plus the amount of ammonia produced from succinamic acid by the amidase enzyme (See Fig.
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6.1.2 for structure). However, further investigations are required to develop a method for the

detection of succinamic acid produced from succinimide hydrolysis.

6.3.3 Inducer dependence of imide hydrolysisin RU-KM 1 and RU-OR

Theimportance of the presence of succinimidein the growth medium of RU-KM1and RU-OR
for succinimide hydrolysiswasinvestigated. The growth mediaused were nutrient broth (non-
induced) and nutrient broth supplemented with 0.1% succinimide (induced). The results are

shown in Figure 6.3.2.
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Figure 6.3.2 Hydrolysis of succinimide by induced and non-induced RU-KM 1 and RU-OR

(RU-KM1 + S = Induced RU-KM1; RU-OR + S = Induced RU-OR; Ammonia = Amount of ammonia produced
from 25mM succinimide; Total = % Conversion of succinimide. The data represent the mean of triplicate

determinations, with standard errors# 0.05)

When the hydrolysis of succinimide by induced and non-induced cells of RU-KM1and RU-OR
wasinvestigated, it was observed that both RU-KM 1 and RU-OR hydrolyzed thissubstrateto a
greater extent when induced than when succinimide was absent from the growth medium (Figure

6.3.2). RU-KM1 showed a succinimide conversion yield of 26.88% by cells grown in the
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absence of aninducer, whereas 39.36% conversion was achieved by cellsgrown in the presence
of aninducer. RU-OR achieved 4.88% conversion by cellsgrownin the absence of an inducer,
whereas 33.44% conversion was achieved by cellsgrown in the presence of succinimideasan
inducer. However, fairly high level s of ammoniawere detected when non-induced RU-KM1 was
reacted with succinimide. This suggests that an inducer is not strictly required for imide
hydrolysis in this bacterium, i.e. for enzyme expression, but it does enhance succinimide-
hydrolyzing activity. To our knowledge, thisisthe first report of inducer-independent imide
hydrolysisin amicroorganism. Theimidase of Blastobacter sp. Strain A17p-4wasreportedto be
induced by cyclicimides such as succinimide and glutarimide (Ogawaet al., 1996). A different
observation was madewith RU-OR, however. Thereweresignificantly lower levelsof ammonia
when non-induced RU-OR was reacted with succinimide, than when RU-OR was induced. This
suggests that the presence of an imide is required for imidase enzyme expression in this

bacterium.

6.3.4 Investigation of the enzyme system responsible for imide hydrolysisby RU-KM 1 and
RU-OR

The hydrolysis of hydantoin and succinimide by cells which had been induced with either of

these substrates wasinvestigated. Table 6.3.2 showstotal hydantoin and succinimide hydrolysis

(%) by succinimide- and hydantoin-induced RU-KM 1 and RU-OR. Table6.3.2 and Figure 6.3.3

show the production of ammonia by RU-KM1 and RU-OR from succinimide and hydantoin,

after induction with either succinimide or hydantoin.
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Table 6.3.2 Conversion (%) of succinimide or hydantoin by RU-KM 1 and RU-OR induced

with hydantoin or succinimide

Substrate conversion (%)
Strain Hydantoin Succinimide
RU-KM1+H 30.4 21.4
RU-KM1 + S 32.2 22.84
RU-OR+H 10.64 29.56
RU-OR + S 10.64 23.5

(Key: RU-KM1 + H = RU-KM1 induced with hydantoin; RU-KM1 + S=RU-KM1 induced with succinimide;
RU-OR + H = RU-OR induced with hydantoin; RU-OR + S = RU-OR induced with succinimide. The starting

substrate concentration was 25mM)

Ammonia (mM)

10

0 - t
KM1+H

KM1+S

RU-OR+H  RU-OR +S

Hydantoin as substrate

[ ]

Succinimide as substrate

Figure 6.3.3 Ammonia production by RU-KM 1 and RU-OR induced with hydantoin or

succinimide, and using succinimide or hydantoin as substr ate.

(Key: KM1 + H

Hydantoin-induced RU-KM1; KM1 + S = Succinimide-induced RU-KM1; RU-OR + H =
Hydantoin-induced RU-OR; RU-OR + S = Succinimide-induced RU-OR. The data represent the mean of triplicate

determinations, with standard errors# 0.082)
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The hydantoinase of Blastobacter sp. Strain A17p-4 has recently been reported to have the
ability to hydrolyze cyclicimides, aswell as hydantoins (Soonget al., 1999). RU-KM1andRU-
ORwerealsoinitially isolated for t heir ability to hydrolyze hydantoin, thusit was necessary to
determinewhether succinimide hydrolysisin thesetwo strainswas catalyzed by the hydantoinase
enzyme, or by a different enzyme, possibly imidase. The method used was based on the
suggestion that hydantoin-induced cells would hydrolyze succinimide less efficiently, in the
same way that succinimide-induced cells would be less able to hydrolyze hydantoin. This
suggestion would possibly hold only if these bacteria could produce both enzymesindependently

of each other.

The results of this investigation showed that both RU-KM1 and RU-OR could hydrolyze
succinimide and hydantoin, whether induced with hydantoin or succinimide (Fig. 6.3.3). It was
also observed that RU-KM 1 was more active with hydantoin after induction by either inducer, as
indicated by the fact that this bacterium produced more ammonia from hydantoin, whether
induced with hydantoin or with succinimide. The hydantoin conversion yieldswere 30.4% and
32.2% for RU-KM1 induced with hydantoin and succinimide, respectively. The succinimide
conversion percentages were 21.4% and 22.8% for RU-KM1 induced with hydantoin and

succinimide, respectively.

RU-OR, on the other hand, was observed to show higher biocatal ytic activity with succinimide

than with hydantoin, whether induced with hydantoin or succinimide. RU-OR induced with

hydantoin gave 10.6% hydantoin conversion, whereas succinimide conversion was 29.5%. RU-
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OR induced with succinimide gave 10.6% hydantoin conversion, and 23.5% succinimide

conversion.

Theseresults suggest that the hydantoin hydrolysis and succinimide hydrolysis systems, in both
RU-KM1 and RU-OR, may be related to each other, since similar levels of activity were
observed with both substrates were observed, whether hydantoin or succinimidewasused asan
inducer. Thereisalso apossibility that both hydantoin and succinimide induce the expression of
the sameenzyme, i.e. hydantoinase, since these substrates have similar chemical structures (Fig.
6.1.1). However, thisdoes not exclude the possibility that hydantoin and succinimide hydrolysis
by RU-KM1 and RU-OR are catalyzed by two different enzymes, viz., hydantoinase and

imidase, which, due to the similarity of their substrates, are inducible by either substrate.

Table 6.3.3 NCG Production by RU-KM 1 and RU-OR induced with hydantoin or

succinimide
Strain NCG (mM) % Conversion
RU-KM1 +H 3.70"'0.028 14.8
RU-KM1+ S 5.32" 0.01 21.28
RU-OR + H 1.49" 0.12 5.96
RU-OR + S 0.00 ** 0.009 0.00

(Key: + H =induced with hydantoin; + S = induced with succinimide)

Inafurther attempt to elucidate the enzyme system responsible for imide hydrolysisby RU-KM 1

and RU-OR, the amount of NCG produced from hydantoin hydrolysis by hydantoin or
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succinimideinduced cellswasdetermined using Ehrlich’ sassay (Chapter 2). Theresults showed
that RU-KM 1 was ableto catalyze the production of NCG from hydantoin, whether induced with
hydantoin or succinimide (Table 6.3.1). NCG produced by hydantoin-induced RU-KM1 was
3.70mM, whereasthat produced by succinimide-induced RU-KM1was5.32mM. Low levelsof
NCG were detected when RU-OR wasinduced with succinimide. The amount of NCG detected
by hydantoin-induced RU-OR was 1.49mM. This supports the suggestion that hydantoin and
succinimide hydrolysisinthese bacteriamay be at | east partially independent of each other, since

NCG production in RU-KM 1 was induced to different levels by hydantoin and succinimide.

However, thereisalso apossibility that NCG production was higher thanthat detected, as both
strains produce an N-carbamylase enzyme, which hydrolyzes NCG to glycine. The structures of
the intermediates of hydantoin hydrolysis (N-carbamylamino acids) and imide hydrolysis
(monoamidated dicarboxylates) are similar, therefore t hese compounds might be hydrolyzed by
the same enzyme, i.e., N-carbamylase. Futurework onimide hydrolysis should thereforeinclude
investigation of thispossibility. Thus, to further compare hydantoinase activity in RU-KM1and

RU-OR when induced with succinimide or hydantoin, glycine production hasto be determined.

6.4 CONCLUSIONS

Cyclic imide hydrolysis has been studied for the first time in an Agrobacterium tumefaciens
strain (RU-OR) and in a Pseudomonas sp. (RU-KM1). Thereaction conditionsstill need to be
optimized for each of these bacteria. It would be of great importanceto investigate the effects of
parameters such as pH, and temperature on the imide-hydrolyzing activities of RU-KM 1 and

RU-OR. It would also be useful to determine the growth phase where maximum enzyme
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expression occurred. A simple technique for quantification of monoamidated dicarboxylates
produced from cyclic imide-ring opening, €.g. succinamic acid, also needsto be devel oped, since
this, together with ammonia production, would give an indication of the total cyclic imide
conversion. Further work is also required to differentiate between hydantoinase and imidase
activity in these strains, and one of the waysin which thismay be achieved isby purification of

the enzymes.

The stereosel ectivity of theimide-hydrolyzing enzymes of RU-KM 1 and RU-OR also needsto
be determined. Conversionyieldsintheresultsreported in thisstudy were alwayslessthan 50%,
which suggests that the enzymes of the enzymes of these strains are possibly highly
stereosel ective, since 50% (or | ess) conversion of asubstrate could mean that only oneisomer
was hydrolyzed by the enzymes. However, aconclusion cannot be drawn from this observation

alone, as the yields reported here do not include the intermediate of imide hydrolysis.

Thisinvestigation is not complete, as it was a preliminary investigation to determine whether
these strains could hydrolyze imides or not. However, some novel findings have resulted from
thisstudy. Firstly, the utilization of succinimide asanitrogen source, the ability of RU-KM1,a
Pseudomonas sp., to hydrolyze imides without induction, i.e., it isnon inducer-dependent, and
thirdly, the study of imide-hydrolyzing activity in an hydantoinase-producing Agrobacterium
tumefaciens. Soong et al. (1998) mentioned an Agrobacterium tumefaciens and a Pseudomonas
sp. which had imide-hydrolyzing activity, however, no mention was made on either induction
characteristics or which enzyme system was catal yzing hydrolysis of imidesin thesebacteria A

publication reporting these resultsisin preparation.
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CHAPTER 7

General Discussion



7.1 GENERAL DISCUSSION

The main objective of this sudy was to develop biotransformations with potential gpplication in
the production of enantiomericdly pure amino acids and related compounds, usng four
previoudy isolaied hydantoinase-producing bacteria, viz.,, RU-KM1, RU-KM3_, RU-KM3s, and

RU-OR.

The firsd task underteken was characterization of the hydantoin-hydrolyzing enzymes of RU-
KM3s in crude extract preparaions, since this strain was the orly one among the four which had
only been characterized in whole cdls. The effects of various parameters on 5-methylhydantoin
hydrolyss by RU-KM3s crude extract were investigated. The biocataytic reaction time required
for maximum subdtrate converson was found to be between 3 and 5 hours, with detectable levels
of activity observed even after 1 hour of reection. The enzymes of RU-KM3s retained most of
thelr activity after incubation for 3 hours a 40°C. This finding demongrates the potentid of this
microorganism for indudtrid production of amino acids, as dability is one of the prerequistes
when assesang the feeshility of usng a specific biocatdys. Hydantoin hydrolyss in RU-KM3s
was, to an extent, meta-dependent, with meta ions such as M¢f*, M, Zn?*, and Co**
adtivating the enzymes and CU/¥' and Fe?* inactivaing the enzymes However, further
invedigations are required to determine the effects of these metd ions on the activity of the

activity of theindividua enzymes, and this could be achieved by purifying the enzymes.

The hydantoinase of RU-KM3s could hydrolyze D- and L-5-methylhydantoin to the same extent,

and was thus characterized as non-stereoselective. However, the N-carbamylase was found to be

L-sdective. This was an nove finding which has postive implications because most of the
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hydantoin-hydrolyzing microorganisms which have been reported are D-sdective, and thus there
is a need for biocatalydts that are able to produce L-amino acids. This is the first report of an L-
amino acid-producing Pseudomona putida. Further work, such as isolation of amino acid

products, is however required to confirm this finding. Publication of these resultsisin progress.

The four hydantoinase-producing bacterid drains were dl demonsrated to have the ability to
hydrolyze a wide range of hydantoin subdrates, resulting in the production of a wide range of
amno adds namdy, glycne danine vdine leucine norleucing t-leucing and p-
hydroxyphenylglycine, which dl have important indudriad (pharmaceuticd and agriculturd)
goplications. This has led to our laboratory being granted an Innovation Fund by the South
African D.A.CST to conduct further development work on amino acid production by these

bacteria

RU-KM1, RU-KM3,, and RU-KM3s were demondraied to have the ability to hydrolyze
nitriles, in addition to hydantoins. All four strains were dso demondrated to be able to hydrolyze
amides, which suggests that they also produce amidases. Further work needs to be undertaken to
further characterize these enzyme activities in these bacteria Both nitrile hydrolyss and amide
hydrolyss were found to be inducible in these drains, but in this sudy only one compound was
used as an inducer. Thus, effects of various inducers on enzyme activity need to be determined,
as cetan compounds may act as better inducers of enzyme activity than others. The growth
phase a which most enzyme production, and thus activity, occurs aso needs to be established in

these strains. Effects of parameters such as temperature and pH also need to be determined.
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RU-KM1 and RU-OR were demonstrated to possess imide-hydrolyzing activity. This is the firgt
report on the sutdy of imide hydrolyss in ether a Pseudomonas sp. or an Agrobacterium sp.
These microorganisms were demondrated to have the ability to utilize succinimide as a nitrogen
source, which is a novd finding because utilization of imides by microorganisms as nitrogen

sources has not been reported before. A publication of these resultsisin preparation.

This activity needs to be further characterized by invedigating optima conditions for maximum
product converson, such as temperature and pH, and growth phase a which maximum enzyme
production occurs. The subdrate sdectivity of the imide-hydrolyzing enzymes of these bacteria
has yet to be investigated. Further investigations are adso required to determine the enzyme
sysgem responsble for imide hydrolyss in these drains, i.e, determine whether it is the
hydantoinase or imidase sysem. This may be achieved by invedigeaing the subdrate sdectivity
of these drans, as hydantoinases only hydrolyze complex imides whereas imidases only
hydrolyze smple imides. However, a more confirmatory investigation would involve the

purification of these enzymes.

The dereosdectivities of the amide-hydrolyzing enzymes, nitrile-hydrolyzing enzymes, and
imide-hydrolyzing enzymes of the four strains need to be determined, as sereosdectivity is one
of the mgor requirements for the successful application of biocataysts to industrial processes for

production of valuable compounds, particularly biologicaly active compounds.

In concluson, the four srains, RU-KM1, RU-KM3., RU-KM3s and RU-OR, have been

demondirated to have a broad range of amide bond-hydrolyzing enzymes. This has postive
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implications for the indudtrid application of these biocatdyss as they may be used for
production of a number of different commercidly important products, which are manly
carboxylic acids resulting from amide hydrolyss. Products include unusud amino acids such as
tert-leucine, which is used in the production of a variety of antivird, anti-tumor, and anti-
inflammatory drugs, and vdine, which is used in the production of some insecticides. Other
products include acrylic acid, which is usad in the synthess of a number of polymers including
flocculants, adhesives, and thickeners. These strains may aso be applied to the production of 2
arylpropionic acids, which are non-geroidal, anti-inflammatory drugs produced from hydrolyss

of nitriles
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APPENDIX AND BIBLIOGRAPHY



1. Media

1.1 Hydantoin minimal medium

ddH,O 115mL
1M CaCl; 200
1M MgCl, 200t
4% Hydantoin 250mL
40% Glucose 25mL

10x M9 Salts® 100mL
Trace elements” 10mL

10x M9 Salts?

NaPO4 300g
KH,PO,4 1509
NaCl 25g

(per litre ddH20, autoclaved seperately)

Trace elements”

Boric acid 50mg
MnSQO47H20 40mg
ZnSOy4 40mg
(NH4)sM 0702 4H,0 20mg
Kl 10mg
CuSO,4 4mg

Dissolve all componentsin 990mL ddH»O and autoclave.

Add 20mg FeCl; to 10mL ddH,0, autoclave separately. Add to the solution above.
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1.2 Nitrileminimal media

1% Acrylonitrile minimal medium

e Components prepared asin 1.1, except 4% acrylonitrile used in place of hydantoin

Minimal media containing 10mM nitrile

» Components preparedasin 1.1, except 40mM nitrile used in place of hydantoin

1.3 Amide minimal media

» Components prepared asin 1.1, except 40mM amide used in place of hydantoin

1.4 Succinimide minimal medium

* Asin 1.1, except 40mM succinimide used in place of hydantoin

2. Reagents
2.1 Ehrlich’sreagent

Make up 10% p-dimethylaminobenzal dehyde solution in 6N HCI.

2.2 Ninhydrin reagent
Dissolve 0.8g Ninhydrin and 0.12g hydrindantin in 30mL methoxyethanol. Add 10mL 4M

acetate buffer, pH5.5. Prepare fresh, in a brown bottle.

2.3 Phenol-hypochlorite assay reagents
Solution 1: 20g Phenol in 100mL 95% ethanol
Solution 2 Dissolve 25g calcium hypochlorite in 300mL hot ddH,O. Add 135mL of a

200g/L K2CO3 solution. Heat and make up to 500mL with ddH-»O.
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3. Analytical

3.1 Colorimetric quantification of N-carbamylamino acids

Prepare N-carbamylglycine standards ranging from 0—50mM using a100mM stock solution.
Aliquot 1mL of eachinto test tubes, and add 0.5mL of 12% trichloroacetic acid. Add 3mL
ddH20, and then 0.5mL Ehrlich’s reagent. Allow to stand at room temperature for 20
minutes. Read absorbance at 420nm. Product concentrations in samples cal culated using

Quatrro Pro. v.7.0.
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Figure 1. NCG sgandard curve for determination of N-carbamylamino acid production.

R? = 0.99797. (The datarepresent the mean+ SEM of duplicate determinations)

3.2 Colorimetric quantification of amino acids

PreparealmM stock of alanine, and use thisto prepare standards ranging from 0—0.5mM.

Add 20nL of each to 0.980mL of 0.1M potassium phosphate buffer, pH 8.0. Add 1mL

ninhydrin reagent. Boil for 15 minutes and cool at room temperature. Add 3mL 50% ethanol

and allow to stand at room temperature for 10 minutes. Read absorbance at 570nm.
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Figure 2. Alanine standard curve used for determination o amino acid production. R? =

0.9967. (The data represent the mean + SEM of duplicate determinations)

3.3 Colorimetric quantification of ammonia (Phenol-hypochlorite protocol 2)

Standard sol utions ranging from 0—25mM ammonium sul fate prepared using a50mM stock
solution. To 100nL of each, add 400nL of solution A (0.59M phenol and 1mM sodium
nitroprusside), vortex, and then add 400nL of solution B (0.11M sodium hypochlorite and

2M NaOH). Leave at room temperature for 30 minutes, then read absorbance at 600nm.
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Figure 3. Standard curve used for determination of ammonia production.

R? = 0.9916. (The data represent the mean + SEM of duplicate determinations)
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4. "MNMR Spectra of synthesized 5-monosubstituted hydantoins

5-Methylhydantoin:

(* 10.5 (O=C-NH-C=0); * 7.8 (O=C-NH-CH); * 4.0 (q, H,C-CH); * 1.2 (d, H,C-CH))

5-1sopropylhydantoin:

(*10.5 (O=C-NH-C=0); * 7.9 (O=C-NH-CH); * 3.9 (NH-CH-C=0); * 1.0, (m, H3C-CH-
CH,); * 0.8 (2xd, H,C-CH-CH,)

5-n-Butylhydantoin:

(*7.7 (O=C-NH-C=0); * 5.5 (O=C-NH-CH); * 3.9 (m, H ,C-CH-C=0); * 14(m,H2C-CH,-
CH); * 1.2 (g, H3C-CH,-CH,), * 0.8 (t, H,C-CH.))

5-1sobutylhydantoin:

(* 10.5 (O=C-NH-C=0); * 8.0 (O=C-NH-CH); * 4.0 (g, NH-CH-CH,); * 1.7 (m, (H,C),-
CH-CH,); * 1.3 (m, CH-CH,-CH) * 0.8 (m, H,C-CH-CH))

5-t-Butylhydantoin:

(* 10.5 (O=C-NH-C=0); * 7.9 (O=C-NH-CH); * 3.6 (NH-CH-C(CH),); * 1.1 (H,C-
C(CH,),); * 0.9 (H,C-(CH,),-CH))

5-pHydroxyphenylhydantoin:

(* 10.6 (O=C-NH-C=0); * 9.4 (OH-Phe); * 8.2 (O=C-NH-CH); * 7.1 (d, OH-C(CH.,),); *

6.7 (d, (CH,),-CH); * 5.0 (NH-CH-Phe))
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