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CHAPTER 1: Introduction

Chirality has become a major theme in the design, discovery, development and
marketing of new drugs [1-3]. The role of chirality in efficacy and safety of drugs has
been thoroughly identified and implicated globally by pharmaceutical industries as
well as concerned regulatory agencies. Thus, in order to accomplish efficacious and
safe medication and also compliance with the guidelines set by the regulatory
agencies, pharmaceutical industries are compelled to move towards manufacturing
and marketing of chiral drugs essentially in single-enantiomer dosage forms. The
worldwide sales of chiral drugs in single-enantiomer dosage forms continued growing
at about 13% annual rate over past few years [3]. To respond the rising industrial
demand of enantiopure drugs, search of new efficient methods of asymmetric
synthesis and the strategic development of the available methods have been the
center-stage of academic as well as industrial pharmaceutical research over the recent
years [4].

The biocatalytic enantioselective synthesis of highly versatile chiral entities
having prospective as drugs or drug intermediates is attempted in the present thesis.
This chapter outlines the basic concepts of chirality, mechanism of chiral
pharmacology and toxicity, various methods of enantioselective synthesis and the
importance of biocatalysis in enantioselective synthesis. Further, this chapter

delineates the scope of thesis and elaborates the specific research objectives.

1.1. ROLE OF CHIRALITY IN PHARMACEUTICALS
1.1.1. Basic concepts of chirality

Chirality (also sometimes called stereoisomerism or dissymmetry) is a
property of an object which is non-superimposable with its mirror image. The word
chiral is derived from Greek word ‘cheir’, which means ‘handedness’. When a
molecule cannot be superimposed on its mirror image, this molecule and its image are
called chiral. It is like a pair of hands which are otherwise appear identical but in fact
are non-superimosible on each other as demonstrated in Fig. 1.1 [5]. A chiral
molecule contains at least one chiral center or asymmetric center, which is a central
carbon atom to which four different atoms (or group of atoms) are attached. Carbon is
not the only atom that can act as an asymmetric center. Sulfur, phosphorus and
nitrogen can sometimes form chiral molecules such as omeprazole, cyclophosphamide

and methaqualone, respectively [6].
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Fig. 1.1: Non-superimposible mirror images (enantiomers) of a chiral molecule

[Source: Adapted from ref. 7]

The origin of the chirality lies in stereoisomerism. Stereoisomers are isomers
which differ from each other only by way of orientation of atoms (or group of atoms)

in a three dimensional space. The classification of stereoisomers is given in Fig. 1.2.

Stereoisomers
(Isomers that differ only in the
spacial arrangement of atoms)

Conformational isomers Configurational isomers
(Interconversion is possible by (Interconversion is not possible by
rotation around single bond) mere rotation around single bond)
Optical isomers Geometrical isomers
(Exhibit optical activity i.e. (Differ in the arrangement at the

rotates plane polarized light) carbon carbon double bond)

Enantiomers Diastereomers
(Non-superimposable (Not mirror images
mirror images) of each others)

Fig. 1.2: Classification of stereoisomers

Stereoisomers which are non-superimposable mirror images of each others are
called as enantiomers. Compounds which are chiral may exist as enantiomers while

those which are achiral (non chiral) cannot exist as enantiomers. Thus chirality is the

3
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necessary and sufficient condition for the existence of enantiomers [9]. The ability of
chiral molecules to rotate plane polarized light is termed as optical activity.
Enantiomers are therefore also sometimes referred as optical isomers. Two
enantiomers of the same compound rotate plane polarize light in opposite direction.
Depending on whether they rotate the plane-polarized light towards right (+) or left (-
), the two enantiomers of compound may be classified as dextrorotary (d-isomer) or
levorotary (/-isomer) respectively.

Enantiomers have identical physical properties (e.g melting point, boiling
point, density etc.) except for the direction of rotation of plane polarized light and
identical gross chemical properties (e.g. reactivity towards achiral acids and bases)
except towards chiral (i.e. enantioselective) reagents/catalysts. An equimolar mixture
(50:50) of the two enantiomers of a chiral compound is called a racemic mixture
(racemate) that does not exhibit optical activity. Racemic mixture is denoted with sign
(x) or (dI) or with prefix rac [5]. The arrangement of atoms (or group of atoms) that
characterizes a particular stereoisomer is called its configuration. The configuration is
indicated by use of prefixes R and S according to the Sequence Rule proposed by R.S.
Cahn, C. Ingold and V. Prelog [9]. This system is based on a set of rules for ordering
the priority to the substituents attached to the asymmetric atom. If the counting from
the highest priority (highest atomic number or highest mass) to the lowest one, goes in
a clockwise direction, the configuration is designated as R (Latin: Rectus means
right); otherwise if counting goes in a counter clockwise direction, the configuration
is designated as S (Latin: Sinister means left). A racemate is designated as RS.
Depending upon the direction of plane polarized light towards right (+) or left (-),
each R- and S-enatiomer is designated as R(+) or R(-) and S(+) or S(-) [5].

The stereoisomers that are not mirror images of each other are called as
diastereomers. Unlike enantiomers, diastereomers exhibit different physical and
chemical properties. Epimers are a special category of diastereoisomers. They are a
pair of stereoisomers with more than one stereogenic center that differs in chirality at

one and only one chiral center.

1.1.2. Chirality and biological activity
Although chirality is not a prerequisite for the biological activity, the chirality

of bioactive compounds causes distinct differences in the biological activities of the

4
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individual enantiomers. This is a general phenomenon and applies to all other
bioactive substances, such as drugs, fragrances, flavours, insecticides and herbicides
etc. [4]. For instance, (i) d-Popoxyphene (marketed as Darvon) has narcotic analgesic
effects while /-propoxyphene (marketed as Novrad) has antitussive properties. (ii) (+)-
Ascorbic acid has antiscorbic property while its optical isomer, (-)-ascorbic acid is
inactive. (iii) S,S-Aspartame has sweet taste while its R,R-isomer is bitter. (iv) R-(-)-
Limonene has orange-like flavour while S-(+)-limonene gives lemon-like flavour. (v)
S-(+)-Carvone smells like caraway while R-(-)-carvone smells like spearmint. (vi) d-
Bermethrine is potent insecticide while /-bermethrine is almost inactive. Thus, despite
having identical chemical composition, the enantiomers of chiral bioactive

compounds surprisingly exert dissimilar biological responses [6, §].

1.1.3. Mechanism of chiral pharmacology and toxicity

Drugs work by binding to the specific biological sites (or drug binding sites),
such as proteins (receptors, enzymes), nucleic acids (DNA and RNA) and
biomembranes (phospholipids and glycolipids) present in the body. The
pharmacological activity of drugs depends mainly on their interaction with these
biological sites. All these sites are composed of homochial biomolecules having
complex three-dimensional structures, capable of recognizing the chirality of the drug
molecule [5]. Whereas, only one enantiomer of a chiral drug preferentially interacts
with the binding site, the other enantiomer has a weak interaction with that receptor or
interacts with some other receptor(s) in body. The enantiomer which gives a desirable
therapeutic effect is termed as ‘eutomer’ while its antipode is termed as ‘distomer’
which is either less potent, inactive, or even exhibits severe side effects or drug
toxicity [10]. The molecular mechanism of chiral pharmacology and toxicity is
illustrated in Fig. 1.3, using a hypothetical example of a chiral drug and its chiral
binding site. For the drug to have its desirable pharmacological effect, the portions of
the drug labelled as A, B, and C must interact with the corresponding regions of the
binding site labelled a, b, and c respectively. As shown in the Fig. 1.3, among the two
enantiomers, only one enantiomer of the drug has a 3-dimensional structure that can
be aligned with the binding site to allow A to interact with a, B to interact with b, and
C to interact with c. In contrast, another enantiomer of the same drug cannot bind in

the same manner no matter how it is rotated in space. Thus, the difference in their 3-
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dimensional structures allows the eutomer while prevents the distomer to exert a

desirable pharmacological effect [6].

Mirror plane
Eutomer Distomer
D A
Rotation
/K K —O—
B /
A i C A i B C
— + — X

/Q\ /5?5\ /' ST
(O D@ @ (&)

Drug blndlng 5|te Drug blndlng site Drug blndlng site Drug binding site-2

Interaction with

Preferential interaction Weak interaction A .
unusual binding site

Desired No therapeutic effect Undesirable biclogical
therapeutic effect or low potency effects (drug toxicity)

Fig. 1.3: Mechanism of chiral pharmacology and toxicity: the eutomer has a 3-
dimensional structure that allows drug domain ‘A’ to interact with binding site
domain ‘a’, ‘B’ to interact with ‘b’, and ‘C’ to interact with ‘c’ and therefore exerts a
desirable biological effect (an active enantiomer). In contrast, the distomer cannot be
aligned to bind these three binding sites simultaneously. As a result, it fails to exert a
desirable effect (inactive or less active enantiomer or in few cases distomer interacts
with an unusual binding site leading to undesirable biological effects i.e. drug

toxicity). [Source: Adapted from ref. 6]

In rare cases, the chiral center(s) of a drug does not play an active role in drug-
receptor interaction. In these instances, the individual enantiomers may display very
similar or even identical pharmacological behaviour at their target site. However, the
enantiomers may differ in their metabolic profiles as well as their affinities for other
receptors, transporters, or enzymes. Hence, for a given chiral drug, it is appropriate to
consider the two enantiomers as two separate drugs with different properties unless
otherwise proven experimentally [6]. The examples of differential enantiomer potency
and differential enantiomer toxicity of chiral drugs are enlisted in Table 1.1 and Table

1.2 respectively.
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Table 1.1: Differential isomer potency of enantiomers of chiral drugs

Specific

examples

Therapeutic action and

application

Isomer potency

Case 1: One enantiomer is active while another is (almost) inactive

Albuterol, Bronchodilators used in the [-Isomer is active whereas d-isomer is
Salmeterol treatment of asthma inactive [11,12]

Hexobarbital, Hypnotics or sedative used in  [-Isomer is active whereas d-isomer is
Secobarbital psychiatric treatment inactive [13,14]

Ketamine, Anesthetic d-Isomer is active whereas [-isomer is
isoflurane almost inactive [15,16]

Case 2: One enantiomer is therapeutically active while another is less active

Verapamil, Calcium channel antagonists /-Isomer is 10-20 times more active
Nicardipine used for cardiovascular therapy  than d-isomer [17, 18]

Captopril, ACE inhibitors used as [-Isomer is more potent than d-isomer
Benazepril antihypertensive [19]

Methadone Analgesic for treatment of [/-Isomer is 25-50 times more potent

opiate dependence and cancer

pain

than d-isomer [20, 21]

Case 3: Both enantiomers having equal therapeutic potency

Cyclo- Antineoplastic Both  enantiomers exhibit equal

phosphamide therapeutic activity [22]

Flecainide Antiarrhythmic Both  enantiomers exhibit equal
therapeutic activity [22]

Fluoxetine Antidepressant Both  enantiomers exhibit equal

therapeutic activity [22]

Case 4: Both enantiomers having different pharmacological activities

Propranolol

d-isomer  reduces  plasma
concentrations of T3 cells and
used to treat hyperthyroidism
while /[-somer is [-blocking

drug used as antihypertensive

d-Isomer can inhibit the conversion of
thyroxin (T4) to triiodothyronin (T3)
which is opposite to the /-isomer [23,

24]

Propoxyphene

d-Propoxyphene (Darvon) is
painkiller, whereas the [-
propoxyphene (Novrad) is a

cough suppressant.

d- and /-Isomers of propoxyphene have
independent pharmacological activities

[25]
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Table 1.2: Differential isomer toxicity of enantiomers of chiral drugs

Specific examples  Therapeutic application of Isomer toxicity

the eutomer

Case 1: Eutomer is non-toxic while distomer shows toxic effect(s)

[-DOPA Treatment of parkinsonism  d-Isomer gives agranulocytosis (or

grave toxicity) [26, 27]

S, S-Ethambutol Treatment of tuberculosis R,R-Isomer causes optical neuritis that

can lead to blindness [5]

Case 2: Eutomer is less toxic than distomer

[-Tetramisole (or Nematocide Toxicity (i.e. vertigo, vomiting,
Levamisole) headache etc.) of /-isomer is less than

d-isomer [27]

/-Bupivacaine Local anaesthetic /-Bupivacaine is less toxic than d-

isomer [8]

Case 3: Eutomer is more toxic than distomer

I-Secobarbital Anaesthetic [-Isomer is a more potent and also

more toxic than d-isomer [28]

Case 4: Eutomer and disomer are equally toxic

Cyclophosphamide  Antineoplastic Both enantiomers exhibit same degree

of toxicity [22]

1.1.4. Effect of chiral inversion

Some chiral drugs undergo in vivo and/or in vitro interconversion of
enantiomers called as chiral inversion. This phenomenon greatly affects the
differential potency and toxicity of such chiral drugs. Chiral inversion is categorized
into two types: unidirectional inversion and bidirectional inversion [5].

2-Arylpropionic acids (ibuprofen, ketoprofen, fenprofen, benoxaprophen, etc.
and collectively called as profens) are non-steroidal anti-inflammatory agents which
undergo unidirectional in vivo chiral inversion. The S-enantiomer is therapeutically
active (eutomer) while the R-enantiomer is weakly active or inactive (distomer). For
example, (S)-ibuprofen is over 100-fold more potent as an inhibitor of cyclo-
oxygenase | than (R)-ibuprofen. However, in the human body, only inactive R-
enantiomer undergoes chiral inversion by hepatic enzymes into the active S-

enantiomer and not vice-versa. This unique inversion process enhances the
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effectiveness of racemic profen drugs. However, recent findings have revealed the
undesirable biological effects of the R-enantiomer and thus emphasized the use of S-
profens for a safe and effective treatment [26].

3-Hydroxy-benzodiazepines (oxazepam, lorazepam, temazepam) and
thalidomide undergo bidirectional chiral inversion whereby the R and S enantiomers
undergo racemization. 3-Hydroxy-benzodiazepines can racemize in vitro by aqueous
solutions at elevated temperatures and thalidomide (a former sedative withdrawn from
the market in the 1960s due to severe teratogenic effects) exhibits in vitro as well as in

vivo bidirectional chiral inversion [5].

1.1.5. Potential advantages of using single enantiomer of drug [29]

= Improved therapeutic index — low (quantity and frequency of) dosage required
= Less complex pharmacokinetic profile

» Less complex pharmacodynamic profile

= Less complex relationship between plasma concentration and therapeutic effect
= Nil or less side effects/ drug toxicity

= Reduced potential for complex drug interactions

1.1.6. Emergence of chiral drugs

In view of heightened awareness regarding the differential biological and
therapeutic behaviour of two enantiomers and the severe side effects associated with
the non-functional enantiomer in the racemic drug, the drug stereochemistry has
become an issue for the pharmaceutical industry as well as the regulatory authorities.

The first policy statement regarding the development of new stereoisomeric
drugs was published by United States Food and Drug Administration in 1992 [30],
which was closely followed by European guidelines in 1993 [31], which came into
force in 1994. At present the decision regarding the stereoisomeric form, i.e. single
enantiomer or racemic mixture, to be developed is left to the drug company. However,
the decision taken requires scientific justification based on quality, safety and
efficacy, together with the risk-benefit ratio and may be argued on a case-by-case
basis [32, 33]. Further, the Food and Drug Administration (FDA) demands detailed
documentation of pharmacological and pharmacokinetic behaviour of each

enantiomer as well as their combined effects and permits only single-enantiomer
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drugs to enter the market when the individual enantiomers show differences [34].
Indeed, the FDA guidelines had a major impact on the pharmaceutical industry
resulting in the emergence of single-enantiomeric drugs from 1990’s (Fig. 1.4).
However it is interesting to note that, well before the enforcement of FDA guidelines

— roughly since 1980’s the single enantiomers were a significant component of

approved drugs [1].

50+

40

30—)
20 |

% of total
approved drugs

Single enantiomers

1983-1986 *
1987-1990 1991-1994 Racemates

1995-1998

1999-2002

Year range

Fig. 1.4: Distribution of worldwide-approved drugs according to chirality character in

four-year ranges; *data including diastereomeric mixtures. [Source: Adapted from ref. 1]

Since 1990’s the chiral drugs have dominated the pharmaceutical business.
More than 40% of all marketed drugs are currently sold in an enantiopure form [3].
The market share of chiral drugs is expected to rise sharply in the near future as
approximately 80% of total drugs under development are chiral. About 70% of the
new small-molecule drugs which received the approval by Food & Drug
Administration in 2007 were chiral [35]. Past two decades have witnessed a
significant expansion in the production of chiral drug molecules. A worldwide sinerio

of emergence of single enantiomeric drugs over 20 years is given in Fig. 1.5.
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Racemate* Single enantiomer Achiral

0 20 40 60 80 100
% of approved new drug entities worldwide

Fig. 1.5: Emergence of single enantiomeric drugs: A worldwide sinerio for 20 years;
single enantiomers have dominated racemates since 1990; * data include

diastereomeric mixtures. [Source: Adapted from ref. 36]

Besides development of new pharmaceuticals in single enantiomeric form,
chiral technology (i.e. chirotechnology) has a crucial role in re-evaluation and re-
marketing of single enantiomeric forms of existing racemic drugs (called Racemic
switching) which permits additional years of market exclusivity (patent protection)
[29]. According to Frost & Sullivan, worldwide revenues from chiral compounds
destined for the drug industry amounted to $4.8 billion in 1999 and will be triple to
$14.9 billion by 2009, with the average annual growth of 12% [37]. The global
growth in revenues of pharmaceutical sector driven by chirotechnology over last 10
years is given in Table 1.3.

Today chiral technology is mainly driven by pharmaceutical industries.

Besides pharmaceuticals, the ‘chirality’ is receiving attention from several business
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Chiral Separation of Drugs and Drug intermediates by Immobilized Biocatalyst



CHAPTER 1: Introduction

sectors such as biochemicals, agrochemicals, aroma and flavour compounds, dyes and
pigments and polymers. The industrial demand of enantiopure chemicals is therefore

expected to show explosive growth in the coming years [3].

Table 1.3: The global growth in revenues of pharmaceutical sector from chiral

technology

Year Revenue ($ Billions) Annual growth (%)
1999 4.80 -
2000 5.40 12.5
2001 6.10 13.0
2002 7.00 14.8
2003 7.74 10.6
2004 8.57 10.8
2005 9.53 11.1
2006 10.61 11.3
2007 11.85 11.7
2008 13.28 12.1
2009 14.94%* 12.5

* predicted value; [Source: Adapted from ref 37]

1.2. METHODS OF ENANTIOSELECTIVE SYNTHESIS
The synthesis of enantiopure compound is generally initiated from (i) chiral
pool; (ii) prochiral substrates; or (iii) racemates [34, 38]. The different methods of

enantioselective synthesis from these three substrates are summarized in Fig. 1.6.

1.2.1. Chiral pool

The term ‘chiral pool’ refers to the many naturally available chiral molecules
that exist in high enantiomeric purity. The most versatile chiral starting materials
obtained from natural resources, in order of their industrial production per annum, are:
carbohydrates, a-amino acids, terpenes, hydroxy acids and alkaloids. Other
inexpensive chiral natural products are ascorbic acid, dextrose, ephedrine, limonene,
quinidine and quinine, etc. [5, 34].

Further, these enantiopure compounds can be incorporated into the molecule

to provide the desired chiral centre or to induce the desired chiral centre during
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synthesis (chiral induction or diastereoselective synthesis). For example, naturally
occurring enantiopure amino acids can be converted into antibacterials, cytotoxic

agents and protease inhibitors (e.g. ritonavir) using this technology [39].

Substrate Method Sub-method
{ Isolation
Synthesis

Chiral auxiliary —»
Prochiral . Asymmetric {

substrates synthesis Asymmetric
catalysis

v

Chiral pool

v

— Preferential
crystallization

v

[ Enantiopure

| Diastereometric compounds

salt formation

v

Chromatographic
resolution

Racemates

Chemocatalytic —»

| Kinetic | Biocatalytic ———»
resolution

Membrane-based —»

| Inclusion
resolution

»
' o

| Dutch
resolution

v

Fig. 1.6: Methods for synthesizing enantiopure compounds

1.2.2. Starting from prochiral substrate - Asymmetric synthesis
The term asymmetric synthesis refers to stereoselective synthesis of chiral

product staring from non-chiral (or prochiral) substrate(s). Early innovations in
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asymmetric catalysis were contributed by both industry and academia. The Nobel
Prize-winning work of W. S. Knowles, R. Noyori, and K. B. Sharpless fostered many
subsequent innovations in this field. Knowles’s efforts led to the first industrial use of
a chiral transition-metal complex to asymmetrically hydrogenate a prochiral substrate
with high enantiomeric excess [35]. The asymmetric synthesis can be achieved either

by means of a chiral auxiliary or using asymmetric catalyst [34].

(a) Chiral auxiliary

Chiral auxiliaries are a class of compounds which are used to modify the
substrate molecule to introduce a stereogenic center. In the chiral auxiliary approach,
the auxiliary is attached to the substrate, then stereoselective reaction is carried out

and finally the auxiliary is removed or recycled.

(b) Asymmetric catalysis

An asymmetric catalyst as its name suggest catalyzes asymmetric reactions.
Here no modification of the substrate is required (i.e. number of steps are reduced).
Asymmetric catalysis can be achieved either by using a chemocatalyst or a

biocatalyst.

1.2.3. Starting from the racemate — Resolutions

The separation of enantiomers of a compound from the racemic mixture is
termed as resolution. It can be achieved by preferential crystallization, distereomeric
salt formation, chromatographic resolution, kinetic resolution or inclusion resolution

[34].

(a) Preferential crystallization

This method is based on the different crystallization pattern of two
enantiomers. Only one enantiomer from the racemic mixture under specific conditions
preferentially crystallizes in the form of a simple salt (e.g. hydrochloride). A mixture
of crystals of individual enantiomers that can in principle be separated mechanically is
termed as a conglomerate. Since approximately 7% of the racemic compounds form
conglomerates and the manual ‘crystal picking’ is highly inconvenient and time

consuming this method has poor industrial relevance. This method can be used for the
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resolution of few tartarate salts and glutamate salts [34].

(b) Diastereomeric salt formation

The most practical and widely used technique via a ‘classical’ resolution of
enantiomers is by diastereomeric salt formation. In this method, an acid-base reaction
is involved between a racemate and a resolving agent, where two diasterecomeric salts
having dissimilar physical and chemical properties are formed. These two
diastereomers obtained can be easily separated either by crystallization or by filtration
if one is soluble and the other is insoluble. Finally, the salt is decomposed by
treatment with either acid or base, when pure enantiomer is obtained [40]. The two
diastereomers formed can also be separated by classical achiral liquid
chromatography. This method has been used in the resolution of a-methyl-L-3.4-
dihydroxy phenylalanine, aspargine and glutamic acid [8].

(c) Chromatographic resolution

The use of chromatographic techniques in the resolution of enantiomers to
obtain large quantities of enantiomerically pure drugs and drug intermediates is a
growing field. Chromatographic separation relies on a difference in affinity between a
chiral stationary phase and a mobile phase. Simulated moving bed chromatography
(SMBC) is a continuous chromatographic multi-column separation process wherein
six to eight columns are run in series. In recent years, SMBC has become an
alternative approach for the separation of enantiomers in quantities ranging from
grams to several hundred kilograms [41,42]. A successful example of SMBC is in the
commercial scale synthesis of enantiopure (R)-miconazole (used in treatment of skin

diseases and tuberculosis) from a racemic intermediate.

(d) Kinetic resolution

Kinetic resolution can separate two enantiomers on the basis of their different
reaction rates with a chiral entity. The chiral entity can be a chemocatalyst (e.g., a
metal complex or an organic chiral catalyst) [43] or a biocatalyst (e.g., an enzyme or a
microorganism) [44]. The main disadvantage of a kinetic resolution is the theoretical
yield of the desired enantiomer can never exceed the limit of 50% of mole ratio. The

Sharpless epoxidation and the lipase catalyzed kinetic resolution of racemic sec-
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amines are the examples of chemocatalytic resolution and biocatalytic resolution
respectively [45].

Kinetic resolution aided with in-situ racemization of slowly transformed
enantiomer is called as ‘Dynamic Kinetic Resolution’ (DKR) which can, in principle,
convert 100% of the racemate to the desired product. The in-sifu racemization can be
spontaneous or can be induced by using a racemization catalyst (transition metal
catalyst or racemase enzymes) [34]. Industrial production of enantiopure D-amino
acids currently practiced by DSM is based on a dynamic kinetic resolution process
[45].

Enantioselective membranes can be employed for the kinetic resolution of
enantiomers. These membranes are able to resolve optical isomers because of their
chiral recognition sites (e.g., chiral side chains, chiral backbones, or chiral selectors).
They act as selective barriers in the resolution process, and they selectively transport
one enantiomer due to the stereospecific interaction between the enantiomer and
chiral recognition sites, thereby producing a permeate solution enriched with one
enantiomer. The separation of two enantiomers could result due to one or combination
of following mechanisms viz. hydrogen bonding, hydrophobic, Coulombic forces, van

der Waals interactions and steric effects with the chiral sites [46].

(e) Inclusion resolution

Inclusion resolution is a relatively novel method which is based on chiral
discrimination and recognition in the crystalline phase [47]. A chiral host molecule
forms an inclusion complex preferably with one of the enantiomers especially by
means of hydrogen bonds. The most widely applied chiral host molecules are the
derivatives of tartaric acid, succinamide and lactic acid. Recently, both enantiomers of
9,9’-spirobifluorene-1,1’-diol (used in synthesis of chiral ligand) were conveniently
obtained by inclusion resolution with 2,3-dimethoxy-N,N,N’,N’-tetracyclohexyl-

succinamide [48].

(f) Dutch resolution
The crucial step in the development of a resolution procedure is to find a
suitable resolving agent. The choice of resolving agent has been done by trial-and-

error based on the prior experience rather than any mechanistic approach. In 1998, a
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new approach to classical resolution was reported whereby, instead of using one
resolving agent, mixtures of structurally closely related resolving agents (called as
families of resolving agents) were added to the racemic mixture. This method was
coined “Dutch Resolution”- a name which has been widely adopted [49]. Structurally
related enantiopure derivatives of sulphonic acid, mandelic acid, 1-phenylethylamine
etc. have been known to constitute families of resolving agents. With these families
many resolutions have been carried out readily whereas with single resolving agents
resolutions were either poor or failed. Dutch Resolution certainly has something of
combinatorial characteristics in it; upon the simultaneous addition of a family of
resolving agents, higher de (diastereomeric excess) values of the first salts were
obtained via this method.

DL-threo-(4-methylthiophenyl) serine amide could be successfully resolved
by using 1 mol equivalent of the family of cyclic phosphoric acids. The resolved
amide can be used as an intermediate in the synthesis of thiamphenicol [50], which is
an antimicrobial substance used for the treatment of infectious diseases in cattle, pigs

and poultry.

1.2.4. Comparison of chiral pool, asymmetric synthesis and resolution processes

Each method of enantioselective synthesis has specific advantages and
disadvantages. The selection of appropriate method depends on several factors such as
availability of substrate, scale of synthesis, cost of synthesis, desired enantiopurity
and use of the chiral product.

The need of enantiopure compounds in bulk amount with considerably high
optical purity at low cost can be accomplished easily via chiral pool. In the early
1990s, almost 80% of chiral drugs were derived from chiral-pool materials, whereas
today, just 25% come from the chiral pool and rest use different chiral technologies
viz. asymmetric synthesis or resolution procedures [51].

Asymmetric synthesis, either by chiral auxiliaries or by asymmetric catalysis,
should be the most cost-effective method for producing single enantiomers since it
has a theoretical yield of 100%. However use of chiral auxiliary is hampered by
several factors viz. (i) unavailability of both enantiomers of the chiral auxiliary, (ii)
additional steps required for attachment-detachment of an auxiliary to the substrate

and (ii1) difficulties in the removal of the auxiliary. Synthesis by asymmetric catalysis
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often requires lengthy procedures such as selection of suitable catalyst and
optimization of process parameters. Furthermore, the chemocatalytic process gives
low enantiopurity. On the other hand, requirement of very low quantity of the catalyst
and high efficiency of the process are some of the attractive features of asymmetric
catalysis. Recently, the introduction of high-throughput experimentation has
drastically accelerated the screening procedures for choosing the appropriate catalyst
for certain process [52].

Despite the theoretical yield being 50%, resolution is one of the most common
methods for laboratory or industrial scale synthesis of enantiopure compounds.
Almost all resolution methods are simple, easy to scale up and therefore can be
readily incorporated into an industrial process. If the unwanted isomer can find a
profitable use or can be racemized in situ (e.g. dynamic kinetic resolution), the

resolution method becomes even more advantageous.

1.3. BIOCATALYSTS FOR ENANTIOSELECTIVE SYNTHESIS

Enzymes are remarkable catalysts in terms of selectivity, specificity and
efficiency. In the last decade, employing biocatalysts (enzymes) for organic synthesis
has proved to be a valuable alternative to conventional chemical methods. Enzymes
quite often catalyze reactions with exceptionally high chiral (enantio-) and positional
(regio-) selectivities without formation of (unwanted) by-products. As a result,
biocatalysts can be used in both simple and complex transformations without the need
for the tedious blocking-deblocking steps that are common in enantio- and
regioselective chemo-catalytic organic synthesis. The high selectivity and specificity
of enzymes make them attractive catalysts especially for synthesis of pharmaceuticals,
where the demand for enantiomerically pure molecules is continuously increasing
[53].

Moreover, enzyme-catalyzed reactions are carried out generally under mild
conditions (of pH temperature and pressure) that minimize problems like
isomerization, racemization or epimerization of product. Enzymes are far more
efficient than chemical catalysts. The initial reaction rates of enzymatic
transformations are roughly 10'° to 10?° times higher than that of chemo-catalyzed
reactions. In addition, biocatalytic processes are less hazardous, less polluting

(environmentally benign) and consume less energy than conventional chemo-catalytic
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processes, especially those which use heavy-metal catalysts [54].

Further, the recent advancements in the field of molecular biology is causing a
revolution in the industrial utilization of biocatalysts due to following reasons: (i)
availability of a wide range of expression hosts to produce biocatalysts cost
effectively; (ii) rapid discovery of enzyme tool boxes through genome mining as a
result of widespread availability of gene sequences; (iii) robust directed evolution
(rational, semi-rational or random) and screening technologies to improve enzyme
properties to meet process requirements [55].

In spite of the promising features, the industrial applications of many enzymes
are hindered because of two inherent limitations (which are exhibited by almost all
enzymes): (i) lack of (operational and storage) stability and (ii) high cost. The
immobilization of enzyme is simple but equally effective method to overcome these

limitations [56].

1.3.1. Immobilized enzyme

Immobilized enzymes are used as heterogeneous catalyst which can be easily
recovered and reused. Immobilized enzymes are defined as enzymes that are
physically confined or localized, with retention of their catalytic activity [57]. The
physical confinement remarkably alters the physical, chemical, mechanical, catalytic
and kinetic properties of an enzyme.

Immobilization is also useful in providing stability to the enzyme against
denaturation by preventing conformational changes and protecting it in a confined
microenvironment. Besides enhanced stability, immobilization of enzymes provides
several advantages such as ease of separation from a reaction mixture, repeated or
continuous use, possible modulation of the catalytic properties, prevention of
microbial contaminations, easy handling and extended storage life, enabling greater

control over catalytic processes and process economics [58].

1.3.2. Immobilization methods

A wide range of methods (e.g. non-covalent adsorption, covalent binding,
entrapment, encapsulation etc.) and support materials (e.g. inorganic clays, polymer
beads, membranes, nanoparticles etc.) has been proposed and used for the

immobilization of enzymes [59, 60]. Immobilized enzymes can be broadly classified
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as carrier-bound immobilized enzyme and carrier-free immobilized enzyme (Fig. 1.7).

Enzyme immobilization

|
| I

Carrier-bound Carrier-free
immobilization immobilization

|

| | | Cross-linked

Attachment to ' Encap}llation or enzyme (CLE)
pre-fabricated carrier inclusion
: Cross-linked enzyme
| Adsorptive | Micro- —
binding encapulation crystals (CLEC)
. Cross-linked enzyme
I Membrane —
B b(i)illzicing [ devices aggregates (CLEA)
| Covalent | Reverse micelles/
binding liposomes
| Affinity
binding

Fig. 1.7: Methods of enzyme immobilization

In carrier-bound immobilized enzyme, the enzyme is immobilized on/inside
(non-porous/porous) physical support or carriers. Carrier-bound immobilized enzymes
can be obtained by two ways:
= Attachment of an enzyme to the pre-fabricated support by means of hydrophobic
interactions and hydrogen bonds (adsorptive binding), electrostatic bonds (ionic
binding), covalent binding or affinity binding.

= Encapsulation or inclusion of enzyme in microcapsules, membrane devices (e.g.
hollow fibers) or in reverse micelles.

The cross-linking of enzyme molecules by bifunctional reagents (cross-linking
agent) results in gelation/solidification of the soluble enzyme without losing their

catalytic activity (provided binding does not affect the catalytic site). Owing to their
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insoluble nature in both organic and aqueous media, cross-linked enzymes can be
used as heterogeneous biocatalysts. Since the molecular weight of the cross-linking
agent is negligible, compared with that of the enzyme, the resulting biocatalyst
essentially comprises 100% wt of protein. Thus compared to carrier-bound
biocatalyst, cross-linked enzymes express high catalytic activity per volume thereby
maximizing volumetric productivity and space-time yields. [61].
Depending upon their method of preparation, the cross-liked enzymes can be
classified as:
» Cross-linked enzyme (CLE) prepared by direct cross-linking of soluble enzyme
= Cross-linked enzyme crystals (CLEC) prepared by cross-linking of crystalline
enzyme and
* Cross-linked enzyme aggregates (CLEAs) prepared by cross-linking of physically
aggregated enzyme
In spite of this clear division, the procedure used in many cases requires a
combination of two or more methods such as adsorption of the enzyme onto a suitable

support followed by intermolecular cross-linking.

1.3.3. Enantioselectivity of an engyme

When a racemic substrate is subjected to an enzymatic reaction (e.g.
hydrolysis), a chiral discrimination occurs due to the difference in the rate of
transformation of the two enantiomers. Owing to the three dimensional structure of
the active site of the enzyme, one enantiomer fits betters into the active site and is
therefore transformed at higher rate than its counterpart. The selectivity of an enzyme
towards chiral discrimination of two enantiomers is called as ‘enantioselectivity’.
Initially the enantioselectivity was expressed in terms of ‘stereoselectivity factor’
which was defined as ratio of rate of transformation of individual enantiomers [62-
64].

For instance, assuming that the rate of transformation of S-substrate (ks) is
greatly higher than that of R-substrate (kz) and the transformation proceeds with
retention of configuration, S-substrate will be selectively transformed into S-product
and transformation of R-substrate will begin after transformation of S-substrate. If the
reaction is terminated at ~ 50% conversion then, the product formed gets enriched

with S-enantiomer while the (un-transformed) substrate gets enriched with R-
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enantiomer. On the other hand, if kg = kg, distinct enantio-enrichment of product and
substrate cannot occur [65].

Ideally, the ratio of the rates of transformation of two enantiomers should be
infinite so that an enzymatic transformation will automatically stop at 50% conversion
— where only one enantiomer of substrate will be transformed into enantiopure
product while another enantiomer of substrate remained un-transformed. However,
often in practice the ratio of the rates of transformation of two enantiomers is not
infinite but measurable. In such cases, the enzymatic transformation needs to be
(manually) stopped at certain point where maximum enantio-enrichment of product
and unreacted substrate can be achieved.

Later, Chen et al. introduced a new dimensionless parameter, ‘enantiomeric
ratio’ to describe the enantioselectivity of irreversible enzymatic resolution reaction
[66]. It is an intrinsic property of the enzyme which remains constant through out the
reaction. By definition, £ can be expressed as ratio of specificity constants i.e.

(Vinax/Ko) of the two enantiomers (Eq. 1.1).
Vo /K2

— max

— —Eqg. 1.1
V3 1K) 1

Where, VX and K are respectively the maximum reaction velocity and

Michaelis constant for R-enantiomer. ¥ and K’ are respectively the maximum

max

reaction velocity and Michaelis constant for S-enantiomer.

The measurement of £ using Eq. 1.1 needs pure enantiomers of substrate
which are often not available. Hence the Eq. 1.1 is not commonly used in practice.
Chen et al. have also derived useful mathematical expressions (Eq. 1.2, Eq. 1.3 and
Eq. 1.4) for experimental determination of enantiomeric ratio [66]. These expressions
are based on the dependence of ees and ees on the extent of conversion. During an
irreversible chiral resolution process, the rate of transformation of each enantiomer
varies with time, as the relative concentration of the two enantiomers is continuously
changing. Hence, the enantiopurity of substrate (expressed as ees) and the
enantiopurity of product (expressed as eep) becomes a function of the extent of
conversion.

e In[1-C(1+ee})]
CIn[1-C(1-ece,)]

—Eq. 1.2
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p_In[(1-C)1-eey)]
CIn[(1-C)(1+eey)]

—Eq. 1.3

Ee In[(1-eeq)/(1+eeg/ee,)]

= —Eq. 1.4
In[(1+eeg)/(1+eeg/ee,)]

Where, C is conversion ratio and, ees and eep are enantiomeric excess of
substrate and that of product respectively. C can be determined by using Eq. 1.5 while
ees and eep can be determined by using Eq. 1.6 and Eq. 1.7 respectively.

S R
Cs T Csq

N

C=1- s
Cs0) T Cs0)

~Eq. 1.5

Where, ¢g, and cg, are concentration of S-enantiomer and concentration of

R-enantiomer of substrate respectively at time, t. ¢g, and cg, are concentration of

S-enantiomer and concentration of R-enantiomer of substrate respectively at t = 0.

s R
ce ‘Cs _Cs‘
S R ~Eq. 1.6
cs +Cg
e
e E—— —Eq. 1.7
cy +cf d

Where, c¢; and c¢f are concentration of S-enantiomer and R-enantiomer of

. . R . .
substrate respectively while ¢; and ¢, are concentration of S-enantiomer and R-

enantiomer of product respectively.

The interdependence of enantiomeric ratio and enantio-enrichment of product
and unreacted substrate is illustrated in Fig. 1.8. Here, three hypothetical
biotransformation reactions viz. A, B and C having respective E values of 2
(indicating poor enantioselectivity), 20 (indicating good enantioselectivity) and 200
(indicating excellent enantioselectivity) are taken into consideration. The profiles of
eep and eeg for A, B and C as a function of extent of conversion were obtained from
the ‘Selectivity’ software. (A free version of software was downloaded from the URL.:
http://borgc185 kfunigraz.ac.at/index.htm). At 50% conversion, values of ees and eep
for the biotransformation were close to 22 while that for the biotransformation B were
close 79 and that for the biotransformation C were close to 97. Thus, higher

enantiomeric ratios indicate better enantio-enrichment of substrate and product.
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Fig. 1.8: Relationship between ees and eep as a function of extent of conversion (%)

at different enantiomeric ratios

The enantiomeric ratio is the prime parameter for describing the
enantioselectivity of an enzyme. As a rule of thumb, £ below 15 is unacceptable for
any practical purpose. £ in the range of 15 to 30 is regarded as acceptable, that in the
range of 30-100 is regarded as good while above 100 is excellent [67].

It must be emphasized that determination of £ is very sensitive to values of eeg
and eep. In general low E values can be determined more accurately. In fact, when E
values are above 200 even a very small variation in ees or eep (arising from
experimental errors in the analytical method) causes a large difference in numerical
values of the former [67]. Hence, when experimental value of E exceed 200, it is
usually represented as >200 instead of the exact value. Furthermore, the accuracy of £
value estimates based on a single-point evaluation is inherently poor. Hence averaging

of E values from multiple data points must be performed [68].
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1.4. SCOPE OF THE THESIS
The present thesis deals with enantioselective synthesis of commercially
important chiral drug intermediates (unnatural amino acids and vicinal diols) using a

suitable immobilized biocatalyst.

1.4.1. Unnatural amino acids - critical components of drugs and drug intermediates

Amino acids have always played a crucial role in drug discovery. Further, due
to renewed interest in peptides as therapeutics, the amino acid market is growing
steadily. This has led to the development of several marketed drugs composed of or
derived from amino acids. The annual market of protein-based therapeutics is
expected to surpass $50 billion by 2010 [69]. Besides pharmaceuticals, there is great
demand for amino acids and amino acids derivatives in foods, agrochemicals and
synthetic organic chemistry as a source of chiral materials. According to reports,
about 20% of all new drugs launched during 1995-2001 have one or more amino acid
residues incorporated into them. Most of these new drugs have an unnatural amino
acid as a structural element [70-72].

Unnatural amino acids are non-genetically-coded amino acids that either occur
naturally or are chemically synthesized. They are becoming very important tools for
modern drug discovery led research. Due to their structural diversity and functional
versatility, they are widely used as chiral building blocks and molecular scaffolds in
constructing combinatorial libraries. While the total amino acid market is expanding
at annual rate of roughly 10-15%, the market for natural amino acids is only growing
at an annual rate of about 1-2% — evidently indicative of the increasing demand for
unnatural amino acids [70].

Many of these unnatural amino acids are used as drugs or drug intermediates.
Unnatural amino acids can be valuable pharmaceuticals. For example, L-DOPA (i.e.
L-3,4-dihydroxy phenylalanine) is used in symptomatic treatment of Parkinson's
disease, particularly to alleviate trembling, rigidity, and slow movements; D-
penicillamine is used for symptomatic treatment of arthritis [71].

Numerous therapeutically relevant compounds with an unnatural amino acid
moiety in their structures have been reported. In view of their dual functionality
(carboxylic and amino), unnatural amino acids are recognized as highly versatile

chiral synthons (drug intermediates) that are widely used to introduce chirality in the
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drug molecule. Unnatural amino acids are components of several known drug
molecules as well as those being developed. For example, (R)-phenylglycine and (R)-
4-hydroxy-phenylglycine are used in the semisynthetic broad-spectrum antibiotics
Ampicillin and Amoxicillin. (R)-2-Naphthylalanine is found in peptide drug
Nafarelin, a LHRH analogue used for the symptomatic treatment of endometriosis. A
very important class of antihypertensive drugs (Benzpril, Enalapril, Lisinopril etc.)
contains (S)-homophenylalanie [71].

Unnatural amino acids are vital in future peptide related drug discovery. If the
use of peptide is associated with side effects arising from the conformational freedom
of the flexible peptide, rendering a peptide more rigid would result in the selective
peptide interactions with only one receptor, thereby producing fewer side effects.
Incorporation of conformationally constrained unnatural amino acids has become a
useful strategy in the design and development of selective peptide drugs [72].
Moreover, the possibility of protein engineering as a method of creating improved
enzymes has infinitely widened the scope of enantioselective synthesis of diverse

unnatural amino acids [73].

1.4.2. Vicinal diols - versatile chiral building blocks

The epoxides as well as their corresponding vicinal diols are highly versatile
chiral building blocks used in synthesis of a variety of bioactive compounds, for
example: B-3-adrenergic receptor agonists, anti-obesity drugs, N-methyl D-aspartate
receptor antagonists, nematocides and anticancer agents [74-77]. In view of their
commercial potential, the enantioselective synthesis of these compounds is of great
interest in synthetic organic chemistry. In the past few years, different methods have
been reported (mainly based on transition metal catalysis) for synthesis of chiral
epoxides and vicinal diols. However, the environmental concerns and the regulatory
constraints faced in the chemical and pharmaceutical industries have spurred the need
of alternative biological methods that can offer cleaner and milder synthetic
processes. One of the most promising methods to produce enantiopure vicinal diol
involves kinetic resolution of racemic epoxide with epoxide hydrolases [78]. Epoxide
hydrolases (EC 3.3.2.3) catalyze the addition of a water molecule to the oxirane ring
of epoxides leading to formation of the corresponding 1,2-diols [75]. Epoxide

hydrolases are widespread in nature. Recently, they have been obtained from
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microbial sources and hence can be produced in bulk quantities as per demand for
industrial applications. The enzyme does not require renewable co-factors and is
therefore suitable for operation at large scale [79, 80].

Among the several types of biocatalytic reactions, kinetic resolution of
racemates is dominant in the majority of applications. Despite their widespread
applications, classic kinetic resolutions are impeded by several inherent limitations,
the most crucial being — a restriction of the theoretical yield of each enantiomer to
50%. Enantioconvergent strategy is one of the most effective methods to overcome

the 50% yield limitation [81].

An enantioconvergent process:

In an enantioconvergent process, two enantiomers of substrate are converted
into single enantiomer of product and 100% theoretical yield is possible. As far as
epoxide hydrolases-catalyzed reactions are concerned, ‘de-racemization’ can be
achieved by making use of two independent reactions, which transform each of the
enantiomers in an enantioconvergent manner. As demonstrated in Scheme 1.1, one
enantiomer could be converted into product in an enantioselective way through
retention of configuration whereas its antipode is transformed with inversion of

configuration to give the same enantiopure vicinal diol.

Scheme 1.1: Principle of enantioconvergent process from racemic epoxides, leading

to a theoretical yield of enantiopure diol to 100%
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The different approaches to accomplish an enantioconvergent process are:

. Chemo-enzymatic approach;
. Bi-enzymatic approach;
. Mono-enzymatic approach

A ‘chemo-enzymatic approach’ is based on the consecutive use of an enantio-
and regio-selective enzymatic hydrolysis followed by an opposite regio- and stereo-
selective chemical hydrolysis of the residual epoxide [82]. The chemo-enzymatic
enantioconvergent process finds application in synthesis of (R)-p-nitro-phenylethane
diol (a chiral intermediate of (R)-Nifenalol having B-blocker activity). Enzymatic
hydrolysis was carried out using Aspergillus niger epoxide hydrolase and chemical
hydrolysis was carried out using H,SO,.

‘Bi-enzymatic approach’ involves the use of two enantio-complementary
epoxide hydrolases having an opposite regioselectivity towards the oxirane ring
opening [83]. For example, the sequential use of Solanum tuberosum epoxide
hydrolase and Aspergillus niger epoxide hydrolase enabled the enantioconvergent
preparation of the corresponding (R)-p-chloro-phenylethane diol (a component of
NMDA receptor antagonist: Eliprodil).

The most elegant enantioconvergent method reported use of the ‘Mono-
enzymatic approach’. It is based on the use of only one epoxide hydrolase having a
characteristic opposite regioselectivity towards two enantiomers of the same substrate
1.e. starting from racemic mixture of epoxide, 100% conversion to a single enantiomer
of diol is possible. For example, enantioconvergent production of (R)-phenylethane

diol is possible using Solanum tuberosum epoxide hydrolase [83, 84].

1.5. RESEARCH OBJECTIVES
1.5.1. Enantioselective synthesis of unnatural amino acids [rnamely: phenylglycine
(PG), 3,4-dihydroxy phenylalanine (DOPA), homophenylalanine (HPA) and 2-
naphthylalanine (NA)] using immobilized enzymes (viz. lipases, amidase and
aminoacylase).

(R)-Phenylglycine is used in the semisynthetic broad-spectrum antibiotics
Ampicillin and Amoxicillin. (S)-3,4-Dihydroxy phenylalanine is used as a drug in
symptomatic treatment of Parkinson’s disease, particularly to alleviate trembling,

rigidity, and slow movements. A very important class of antihypertensive drugs
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(namely: Benzapril, Enalapril and Lisinopril) contains (S)-homophenylalanie (Scheme
1.2). (S)-2-Naphthylalanine is found in peptide drug Nafarelin, a LHRH analogue
used for symptomatic treatment of endometriosis. Being components of high selling
drugs, all these unnatural amino acid have high commercial potential especially in

pharmaceutical and medicinal chemistry.

Scheme 1.2: L-Homophenylalnine as component of antihypertensive drugs (namely:

benzapril, lisinopril and enalapril) [85, 86]
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Prior art:

Specific details of previous reports regarding the enantioselective biocatalytic
synthesis of phenylglycine, 3,4-dihydroxy phenylalanine, homophenylalanine and 2-
naphthylalanine are summarized in Table 1.4, Table 1.5, Table 1.6 and Table 1.7
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respectively. Most of the reports mention preliminary work that involves use of

soluble enzyme. Detail reports on enantioselective biocatalytic synthesis of unnatural

amino acids from the perspective of ‘industrial biocatalysis’ are scant.

Table 1.4: Reports on the enantioselective biocatalytic synthesis of phenylglycine

(PG)

Enzyme Substrate

Process details

Different lipases

PG-ethyl ester

Kinetic resolution, ester hydrolysis,
porcine pancreatic lipase gave maximum

enantioselectivity (£ =1.9) [87].

Candida antarctica lipase B PG-esters

(Novozym 435)

Dynamic  kinetic  resolution,  ester
hydrolysis, (E = 20, for butyl ester) [88,

89].

Candida antarctica lipase B PG-esters

(Novozym 435)

Kinetic resolution, ester hydrolysis, (£ =

43, in ionic liquid) [90, 91].

Penicillin-G acylase PG

Kinetic resolution, ester synthesis [92].

Rhodococcus cells PG-nitrile
(nitrile hydratase +

amidase)

Kinetic resolution, PG-nirile is
hydrolyzed to PG-amide (by nitrile
hydratase) which was kinetically resolved

by amidase [93-96].

Table 1.5: Reports on the enantioselective biocatalytic synthesis of 3,4-dihydroxy

phenylalanine (DOPA)
Enzyme Substrate Process details
Different lipases DOPA-ethyl Kinetic resolution, ester hydrolysis,
ester porcine pancreatic lipase gave maximum
enantioselectivity (£ = 43.2) [87].
Proteases (a-chymotrypsin, DOPA-ethyl Kinetic resolution in acetonitrile-water
subtilisin) ester medium [97].

a-Chymotrypsin N-protected

DOPA

Transesterification, ester synthesis in

organic solvents [98].

Tyrosinase and a-

chymotrypsin

Tyrosine ester

Tyrosine ester was converted into DOPA

ester by tyrosinase which  was
subsequently kinetically resolved by a-

Chymotrypsin [99].
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Table 1.6: Reports on the enantioselective biocatalytic synthesis of

homophenylalanine (HPA)

Enzyme Substrate Process details

Different lipases HPA-ethyl Kinetic resolution, ester hydrolysis,
ester Rhizopus  lipase  gave  maximum

enantioselectivity (£ = 5) [87].

Alcalase N-protected Kinetic resolution, ester hydrolysis (ee =
HPA-methyl 98%) [100].
ester
Aminoacylase from (sheep, N-acetyl HPA  Kinetic resolution, (ee = 94-99%) [101].
beef, hog) Kidney
B. licheniforms alcalase HPA-ethyl Kinetic resolution; reaction medium:
ester organic solvents and ionic liquids; ionic
liquids gave better results than organic
solvents [102, 103].
B. caldolyticus 5-[2- Kinetic resolution, (RS)-5-[2-
hydantoinase and phenylethyl]- phenylethyl]-imidazolidine-2,4-dione  is
B. kaustophilus 1.-N- imidazolidine-  hydrolyzed to (S)- 4-phenyl-2-
carbamoylase 2,4-dione ureidobutanoic acid by hydantoinase
which was further transformed into (S)-
HPA by L-N-carbamoylase [104].
Porcine pancreatic lipase N-acylated Kinetic Resolution, reaction medium:
HPA-ethyl ionic liquids [105].
ester
Different lipases and N-BOC- Ammonolysis reaction wherein protected
proteases protected HPA  methyl ester is transformed into amide;

methyl ester

Thermomyces lanuginosus lipase and

Bacillus  licheniformis protease gave

maximum enantioselectivity (£ = 15 and

>100 respectively) [106].

Aromatic amino acid 2-0x0-4- Asymmetric synthesis, (ee >99) [107].
transaminase phenylbutyric
acid
Aminoacylase HPA-amide, N- Kinetic Resolution, (£ >200) [108].
acetyl HPA
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Table 1.7: Reports on the enantioselective biocatalytic synthesis of 2-naphthylalanine
(NA)

Enzyme Substrate Process details

a-Chymotrypsin and N-acetyl NA Kinetic resolution, subtilisin offered high

subtilisin enantioselectivity than a-chymotrypsin
[109].

Immobilized subtilisin N-acetyl NA Kinetic resolution, 92% yield of L-NA,

subtilisin was immobilized on alumina

support [110].

Pronase (a mixture of DL-NA methyl Kinetic resolution, the biotransformation
several proteolytic enzymes ester gave optically pure L-NA (ee = 100%)
obtained from Streptomyces with 87% yield [111].

griseus)

Thermitase (an alkaline N-Boc-NA Kinetic resolution, high yield (> 90%) of
serine protease from methyl esters L-NA was obtained [112].
Thermoactinomyces

vulgaris)

1.5.2. Preparative scale enantioselective synthesis of (R)-phenylethane diol and (R)-m-
chloro-phenylethane diol, based on a mono-enzymatic enantioconvergent strategy
using immobilized Solanum tuberosum epoxide hydrolase.

Enantiopure phenylethane diols and their halo-substituted derivatives are
useful for the synthesis of pharmaceutically active compounds [113-115]. (R)-
Phenylethane diol, for example, is component of B-adrenoreceptor agonists (e.g.
isoproterenol and its analogues used in treatment of cardiac arrest) [113]. In addition
to this, enantiopure phenylethane diol is useful to synthesize (R)-1,3-amino alcohol
and the latter is a chiral intermediate of (R)-norfluoxetine and (R)-fluoxetine
(pharmaceuticals which are used in the treatment of psychiatric disorders like
depression, anxiety and alcoholism) [114]. (R)-m-chloro-phenylethane diol is a key
chiral intermediate for the synthesis of B-3 adrenalin receptor agonists (Scheme 1.3)
namely SR 58611A or A-9677 (developmental drug compounds having potential to
treat anxiety and depressive disorders) [116]. Enantiopure phenylethane diols and
their halo-derivatives are also useful to synthesize chiral catalysts [117, 118],

macrocyclic polyether—diester ligands [119] and liquid crystals [120].
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Scheme 1.3: (R)-m-Chloro-phenylethane diol as chiral synthon for -3 adrenalin
receptor agonists namely SR-58611A, AJ-9677.

OH

Cl OH
(R

(R)-m-Chloro-phenylethane diol

A« SA
on rCOOEt A o g
CI\©%)\/NH" : : 0 AN\, /
HoC
SR-58611A AJ-9677

Prior art:

Limitations of substrate solubility and inherent complex nature of the
enantioconvergent transformations present serious limitations for use of high substrate
concentrations in reactions. This is why enantioconvergent processes are difficult to
practice on commercial scale. The maximum reported substrate concentration in
process of enantioconvergent production of (R)-phenylethane diol is 6 g/L [115] and
that of (R)-m-chloro-phenylethane diol is 10 g/L [116]. In this context, the present
work was undertaken to explore the preparative scale enantioconvergent production of

(R)-phenylethane diol and (R)-m-chloro-phenylethane diol.

1.6. OUTLINE OF THE THESIS
Chapter 2: Enantioselective synthesis of unnatural amino acids using covalently
immobilized lipase on porous beaded polymers

Five commercial lipases from different sources were screened for chiral
resolution of unnatural amino acid esters. The Candida rugosa lipase (CRL) and

porcine pancreatic lipase (PPL) were immobilized on epoxy activated functional
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polymers. More than 50 functional polymers of different monomer-cross-linking
agent compositions were screened for lipase immobilization. The effect of cross-link
density and porogen on lipase immobilization was evaluated. The acrylic functional
polymers containing allyl glycidyl ether (AGE) monomer units synthesized by using
lauryl alcohol as a porogen, gave higher lipase binding and therefore thoroughly
analyzed for their catalytic performance, stability and reusability. Under the optimum
conditions, AGE-(L)-100 gave 96.64% activity recovery for CRL binding and 74.35%
activity recovery for PPL binding. The immobilized CRL and immobilized PPL were

employed for the kinetic resolution of unnatural amino acid ethyl esters.

Chapter 3: Chiral resolution of unnatural amino acid esters using immobilized
lipase in membrane bioreactor

The Candida rugosa lipase (CRL) and porcine pancreatic lipase (PPL) were
immobilized on poly(urethane methacrylate -co- glycidyl methacrylate)-supported-
polypropylene biphasic membrane. A polypropylene membrane was hydrophilized by
coating followed by UV curing of a blend of 2-hydroxyethyl methacrylate terminated
polyurethane prepolymer and glycidyl methacrylate. This allows formation of a
hydrophobic membrane with increased surface hydrophilicity, biocompatibility and
stability. Immobilized membranes were treated with 5% glutaraldehyde as a cross-
linking agent for post immobilization stabilization of enzyme on membrane. Under
the optimum conditions, the biocatalytic membranes retained >90% of initial lipase
activity. The biocatalytic membrane was characterized for its catalytic performance,
stability and reusability. The immobilized membranes were placed in membrane

reactor where enantioselective synthesis of unnatural amino acids was studied.

Chapter 4: Chiral resolution of unnatural amino acid amides using immobilized
resting cells of Rhodococcus erythropolis MTCC 1526

Statistical experimental methodology was used to enhance the production of
amidase from Rhodococcus erythropolis MTCC 1526. R. erythropolis MTCC 1526
was selected through screening of seven strains of Rhodococcus species. The Placket—
Burman screening experiments suggested that carbon source (sorbitol), nitrogen
sources (yeast extract and meat peptone) and amidase inducer (acetamide) are the

most influential media components. The concentrations of these four media
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components were optimized using face centered design of Response Surface Method
(RSM). Use of RSM increased the production of amidase from R. erythropolis MTCC
1526 by 6.88 fold. The cells of R. erythropolis MTCC 1526 having enhanced amidase
activity were immobilized by different entrapment methods. The immobilized cells of
R. erythropolis MTCC 1526 were used for chiral resolution of unnatural amino acid

amides.

Chapter 5: Use of immobilized Aspergillus melleus aminoacylase for
enantioselective synthesis of unnatural amino acids

Macroporous functional polymers containing surface epoxy groups were
synthesized for immobilization of Aspergillus melleus aminoacylase. The effect of
cross-link density of polymer on enzyme immobilization was studied. The novel
styrenated acrylic ter-polymers gave maximum aminoacylase activity recovery
(75.47%). Immobilized polymers were characterized for pH, temperature and storage
stability. Immobilization of aminoacylase on styrenated ter-polymers gave excellent
thermal stability to the enzyme. A kinetic model of thermal inactivation was derived
to quantify the extent of thermal stability conferred to aminoacylase by
immobilization. Immobilized aminoacylase catalyzed enantioselective synthesis of

unnatural amino acids was studied.

Chapter 6: Preparation of cross-linked enzyme aggregates of Aspergillus melleus
aminoacylase for enantioselective synthesis of unnatural amino acids

The cross-linked enzyme aggregates (CLEA) of aminoacylase were prepared
via co-aggregation of the enzyme with polyethyleneimine (PEI). The PEI-enzyme co-
aggregates were stabilized by cross-linking between primary amino groups of the PEI
and the primary amino groups of enzyme using glutaraldehyde. The method described
gave physically stable CLEAs and no release of enzyme was found upon prolonged
storage. The process parameters such as PEl:enzyme ratio, glutaraldehyde
concentration and time of glutaraldehyde treatment necessary to form stable CLEA
were optimized. Under the optimum conditions, PEI-aminoacylase CLEA expressed
74.90% activity recovery with 81.20% aggregation yield. The thermal inactivation
kinetics of soluble enzyme and PEI-aminoacylase CLEA was studied. The results

suggest that the co-aggregation gave excellent thermal stability to the enzyme.
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Finally, PEl-aminoacylase CLEA were employed for synthesis of enantiopure

unnatural amino acids.

Chapter 7: Preparative scale enantioselective synthesis of vicinal diols using
immobilized Solanum tuberosum epoxide hydrolase

The recombinant plasmid (pGEF-SfEH) containing functional gene of
Solanum tuberosum epoxide hydrolase was inserted in Escheria coli BL21(DE3)
strain. The recombinant E. coli cells were grown in LB medium at 37°C for about 16
h in a 5L fermenter. The extracellular enzyme was isolated from the fermentation
broth. The enzyme was immobilized by multipoint covalent attachment on glyoxyl-
agarose support. Immobilized enzyme gave ~ 150 units epoxide hydrolase activity per
gram of support. Further, the immobilized enzyme was characterized with respect to
pH stability, temperature stability and miscible/immiscible solvent stability. The
immobilized epoxide hydrolase was used for enantioselective production of two
vicinal diols (namely: phenylethane diol and m-chloro-phenylethane diol) via
hydrolysis of their corresponding epoxides (namely: styrene oxide and m-chloro-
styrene oxide respectively). The effect of incorporation of ionic liquids and organic
solvents in aqueous reaction medium on enzymatic hydrolysis of epoxides was
studied. The ‘Regio-selectivity constants’ for enzymatic hydrolysis of styrene oxide
and m-chloro-styrene oxide were calculated. The preparative scale production of (R)-
phenylethane diol and (R)-m-chloro-phenylethane diol (on gram scale) was studied
using stirred cell bioreactor. The bioreactor performance was evaluated over 10

repeated cycles for production of each diol.

Chapter 8: Conclusions
This chapter recapitulates the significant findings of the present work and

delineates the concluding remarks.
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2.1. INTRODUCTION

Lipases (triacylglycerol ester hydrolase, EC 3.1.1.3) are important enzymes in
biological systems, where they catalyze the hydrolysis of triacylglycerol to glycerol
and fatty acids. The enzyme is widely distributed among higher animals, plants and
microorganisms in which it plays a key role in lipid metabolism. Besides their natural
substrates, lipases are also able to catalyze a wide range of unnatural chemical
reactions [1, 2]. Depending on the nature of substrate and reaction conditions, lipases
catalyze a wide range of enantio- and regio-selective reactions such as hydrolysis,
esterifications, transesterifications, aminolysis and ammoniolysis. Due to their
catalytic versatility, lipases have emerged as unique industrial biocatalyst in
pharmaceutical, food and flavouring and recently in cosmetics and perfumery
industries [3].

Many attempts have been made over the years to improve the catalytic activity
and operational stability of industrial enzymes through the use of genetic engineering,
immobilization and/or process alterations. Enzyme immobilization is the most
commonly used strategy to impart the desirable features of conventional
heterogeneous catalysts onto biological catalysts [4]. Besides enhanced stability,
immobilization is also known to offer several advantages such as reusability, ease of
product separation, greater control over catalysis and process economics. Lipases
have been immobilized on various supports either by physical adsorption [5, 6],
covalent binding [7-9], ionic interactions or by entrapment [10, 11].

The extent of enzyme stabilization and the operational cost of biocatalytic
reaction can be significantly manipulated by selection of appropriate immobilization
method and choice of suitable support [10]. Compared to other immobilization
methods, covalent immobilization protocols are straightforward, easy to scale-up and
generally give higher immobilization yields whereby large quantities of enzyme can
be immobilized per unit weight of support. Moreover, the physical properties of
polymeric supports (such as surface area, porosity, density of functional groups) can
be easily tailored according to specific needs. Hence the covalent immobilization is
the preferred method at both laboratory and industrial scale [12].

Polymers having reactive epoxy groups on their surface (commonly known as
epoxy activated supports) are of technical interest as they provide almost ideal

conditions for stable immobilization of enzymes. Epoxy groups are stable at neutral
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pH conditions even in wet conditions enabling the long-term storage of epoxy
activated supports (in dry or wet form) before enzyme immobilization. While most of
other immobilization protocols may cause great alterations to the protein surface,
yielding labile enzyme-support attachments (e.g., in case of cyanogen bromide
activated supports) [13, 14], epoxy activated supports are able to form extremely
strong linkages (such as secondary amino bonds, ether bonds, thioether bonds by
selectively reacting with amino, hydroxy, thiol moieties respectively) with minimal
chemical modification of the protein e.g., pK values of the new secondary amino
groups are very close to those of the pre-existing primary amino ones [15]. More
importantly, the interaction of epoxy-groups with different protein groups (amino,
hydroxyl or thiol) can readily occur at ambient conditions of pH and temperature. At
the end of the immobilization process, epoxy groups can be easily blocked by reaction
with different thiol or amine compounds under mild conditions, preventing further
uncontrolled reaction between the support and the enzyme that could decrease
stability of the latter [12,15].

Derivatization of support surface with various activating agents (such as
cyanogen bromide, epichlorohydrin or carbodiimide) and preparation of support by
copolymerization of different monomers containing reactive groups (such as glycidyl
methacrylate, 2-hydroxyethyl methacrylate) are two commonly used methods for
preparation of functional support materials. The latter reduces the number of steps
involved in the preparation of functional support and the desired amount of functional
groups can be easily altered by adjusting the mole ratio of functional group carrying
monomer during the process of polymerization [16].

Glycidyl methacrylate (GMA) and allyl glycidyl ether (AGE) are the most
preferred monomers as they can be easily modified into various functional groups for
synthesis of epoxy-activated polymers. GMA and AGE are bifunctional molecules
containing terminal epoxy groups. Besides the terminal epoxy group, GMA monomer
has an acrylic functionality whereas AGE monomer contains an allyl functionality.
The allyl/acrylic functionality allows copolymerization with a variety of other vinyl
monomers in aqueous and non-aqueous systems and the resulting polymers give a
unique combination of epoxy functionality with an acrylic backbone. As
polymerization of GMA or AGE proceeds, the epoxy groups on the polymer surface

become useful for the introduction of various functional groups, such as amino group
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and hydroxyl group [17-21]. Moreover, these copolymers can also be employed for
grafting of natural/synthetic polymers as reported in the literature for immobilization
of a variety of enzymes like lipase [22, 23], urease [24], polyphenol oxidase [25] and
trypsin [26], etc.

The present chapter deals with kinetic resolution of unnatural amino acid
esters by immobilized lipase. Initially, different commercial lipases were screened for
kinetic resolution of unnatural amino acid esters. Due to their better
enantioselectivity, Candida rugosa lipase (CRL) and porcine pancreatic lipase (PPL)
were selected for further experiments. A series of epoxy activated acrylic copolymer
supports (having different monomer—cross-linker—porogen composition) were
synthesized by suspension polymerization and were used for CRL and PPL
immobilization. The immobilized lipases were evaluated for pH, thermal and storage
stability. Finally the immobilized lipases were employed for enantioselective

hydrolysis of amino acid esters.

2.2. MATERIALS AND METHODS
2.2.1. Materials

Glycidyl methacrylate (GMA), allyl glycidyl ether (AGE), ethylene glycol
dimethacrylate (EGDM) and poly vinyl pyrrolidone (PVP, K-90) were purchased
from Sigma-Aldrich, USA. 2,20-azobis(isobutyronitrile) (AIBN), cyclohexanol,
hexanol, lauryl alcohol were procured from S.D. Fine Chemicals, India. Candida
rugosa lipase (CRL), Pseudomonas cepacia lipase (PCL) and Alcaligens lipase
(Lipase 20) were purchased from Europa Chemicals, UK. Porcine pancreatic lipase
(PPL) and Thermomyces languginous lipase (TLL) were purchased from Sigma
Chemicals, USA. Unnatural amino acids namely phenylglycine (PG), 3,4-dihydroxy
phenylalanine (DOPA), homophenylalanine (HPA), and 2-naphthylalanine (NA); and
homophenylalanine ethyl ester (HPA-ester) were purchased from Bachem Chemicals,

Switzerland. All other chemicals were of analytical grade from Merck India Ltd.

2.2.2. Synthesis of polymer beads
The porous GMA-EGDM and AGE-EGDM copolymer beads were
synthesized by suspension polymerization in a jacketed cylindrical polymerization

reactor under conditions amenable to scale-up [27]. The continuous phase comprised
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250 mL of a 1% by weight aqueous solution of PVP. The discontinuous organic phase
consisted of 21.4 mL of GMA and EGDM or AGE and EGDM along with equimolar
quantity of porogen (cyclohexanol or hexanol or lauryl alcohol). 0.2 g of 2,20-
azobis(isobutyronitrile), i.e. AIBN was used as initiator. The combined volume of the
two liquid phases was chosen such that the height of the liquid was almost equivalent
to the inner diameter of the reactor [28].

The agitator was a six bladed Rushton disc turbine capable of radial mixing to
prevent ingress and entrapment of air in the droplet, which could otherwise create
artefacts due to uncontrolled additional voids/pores. The diameter of the Rushton disc
turbine was 0.3 times the reactor diameter. The disc was maintained at a liquid height
one-third from the bottom. Stirring was maintained at 300 rpm by using a power
compensation DC motor and the temperature was maintained to 70°C under a
nitrogen overlay by circulating water through the jacket. Polymerization was allowed
to proceed to 100% conversion in about 3h. The polymer beads obtained were
filtered, washed thoroughly with water and methanol to remove residual contents of
porogen. The polymer beads were dried under vacuum and sieved through 80-100
mesh.

The polymerization reactions involved in the formation of poly(GMA-co-
EGDM) and poly(AGE-co-EGDM) are schematically represented in Scheme 2.1(a)
and Scheme 2.1(b) respectively. The composition of poly(GMA-co-EGDM) and
poly(AGE-co-EGDM) at different cross-link densities (50-200%) is presented in
Table 2.1(a) and Table 2.1(b) respectively.

The cross-link density (CLD) of polymer beads is defined as a percentile
molar ratio of cross-linking agent to monomer (Eq. 2.1).

Moles of cross - liking agent (EGDM) y
Moles of monomer (GMA or AGE)

Cross - link density (%) = 100 —Eq.2.1

Polymer beads were coded based on monomer, porogen and CLD. For
example, poly(GMA-co-EGDM) synthesized using cyclohexanol as porogen were
termed as GMA-(C) polymers. Poly(AGE-co-EGDM) synthesized using cyclohexanol
as porogen were termed as AGE-(C) polymers. Poly(AGE-co-EGDM) synthesized
using hexanol as porogen were termed as AGE-(H) polymers. Poly(AGE-co-EGDM)

synthesized using lauryl alcohol as porogen were termed as AGE-(L) polymers.
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Scheme 2.1(a): Synthesis of GMA polymers
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Scheme 2.1(b): Synthesis of AGE polymers
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Table 2.1: Composition of poly(GMA-co-EGDM) and poly(AGE-co-EGDM)

polymers

(a) Composition of poly(GMA-co-EGDM) beads

No. Cross-link density (%) GMA (mole) EGDM (mole)
1 50 0.0352 0.0176
2 75 0.0300 0.0225
3 100 0.0249 0.0249
4 150 0.0198 0.0297
5 200 0.0161 0.0322

(b) Composition of poly(AGE-co-EGDM) beads

No. Cross-link density (%) AGE (mole) EGDM (mole)
6 50 0.0388 0.0194
7 75 0.0312 0.0234
8 100 0.0269 0.0269
9 150 0.0202 0.0303
10 200 0.0168 0.0336

Further, depending on their respective CLDs, GMA-(C) polymers were termed
as GMA-(C)-50, GMA-(C)-75, GMA-(C)-100, GMA-(C)-150 and GMA-(C)-200.
Similarly, depending on their respective CLDs, AGE-(C) polymers were termed as
AGE-(C)-50, AGE-(C)-75, AGE-(C)-100, AGE-(C)-150 and AGE-(C)-200; AGE-
(H) polymers were termed as AGE-(H)-50, AGE-(H)-75 ... AGE-(H)-200 and AGE-
(L) polymers were termed as AGE-(L)-50, AGE-(L)-75 ... AGE-(L)-200.

2.2.3. Method of lipase immobilization

To dried polymer beads (1 g), 20 mL of 0.1% Tween-20 solution was added
and kept for 3 h with occasional shaking. Tween-20 solution was removed by
filtration and wetted polymer beads were washed thoroughly with 0.5 M sodium
phosphate buffer (pH 7). In a 100 mL stoppered conical flask, 1 g wetted polymer
beads were suspended in 40 mL lipase solution prepared in 0.5 M sodium phosphate
buffer (pH 7). The flask was incubated at 30°C at 120 rpm. After 12-18 h, enzyme
immobilized polymer beads were separated by filtration and washed thoroughly with

0.05 M sodium phosphate buffer (pH 7). The supernatant and washings were assayed
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for protein content. The difference between protein loaded and that remaining
unbound indicates quantity of protein bound on the polymer beads. The covalent

immobilization of lipase on the epoxy activated support is schematically represented
in Scheme 2.2.

Scheme 2.2: Covalent immobilization of lipase on epoxy activated polymer support
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0~ CH - CH; NH—@
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support
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Covalently immobilized lipase

Immobilized polymer beads were treated with 20 mL of 3 M glycine solution
(for 12 h at 30°C on an oscillatory shaker) to block the unreacted epoxide groups of
the polymer support. Glycine treated immobilized polymer beads were thoroughly
washed with 0.05 M sodium phosphate buffer (pH 7) and were subsequently
incubated in 20 mL of 5% glutaraldehyde solution (for 3 h at 40°C on an oscillatory
shaker) to attain stable enzyme binding onto the support. Glutaraldehyde treated
immobilized polymer beads were thoroughly washed with 0.05 M sodium phosphate
buffer (pH 7) and analyzed for lipase activity as described in Section 2.2.7(b).
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2.2.4. Characterization of immobilized lipase
(a) pH stability

The pH stability of free lipase and immobilized lipase on AGE-(L)-150
polymer beads was studied by incubating the enzyme in buffer solutions of different
pH in the range of 4-10 for 30 min at 20°C and then determining the catalytic activity
as described in Section 2.2.7(b). The residual activity was calculated as a percentile
ratio of the activity of the enzyme after incubation to its initial activity. Residual

activities of free and immobilized lipases were plotted against pH.

(b) Temperature stability

The thermal stability of free lipase and immobilized lipase on AGE-(L)-150
polymer beads was evaluated by incubating the enzyme at different temperatures in
the range of 20-80°C for 30 min at pH 7 and determining the catalytic activity as
described in Section 2.2.7(b). Residual activities of free and immobilized lipases were

calculated as mentioned above and plotted against temperature.

(c) Storage stability

The solution of free lipase (prepared in phosphate buffer, pH 7) and
immobilized AGE-(L)-150 polymer beads (suspended in phosphate buffer, pH 7)
were stored at 4°C. The storage stability was evaluated by determining the lipase

activity of free and immobilized lipase at regular time intervals up to 30 days.

(d) Determination of kinetic parameters

The kinetic parameters, Ky, and Vy.x of the free and immobilized lipase were
determined by measuring initial rates of hydrolysis using p-nitro-phenyl palmitate (p-
NPP) as substrate (1-5 mM) at 30°C. The K, and V. values for the free and

immobilized lipases were calculated from the Lineweaver-Burk plot using Eq. 2.2.

e (;{ i ]'[S]l Vs —Eq.22

Where, [S] is the concentration of substrate, v and Vi, represents the initial
and maximum rate of reaction, respectively. K, is the Michaelis constant. Eq. 2.2

represents a straight line, slope of which is K, /Vimax and Y-intercept is V!

max *
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2.2.5. Synthesis and characterization of substrates
(a) Chemical synthesis of rac-amino acid ethyl esters

Rac-amino acid esters were chemically synthesized by esterification of rac-
amino acids with ethanol in presence of thionyl chloride [29]. Amino acid (1.5 mmol)
was suspended in absolute ethanol (20 mL) and cooled to -10°C in an ice-salt bath.
Then, 2.5 mmol of thionyl chloride was added dropwise and the reaction mixture kept
initially at -10°C for 1 h and then at 40°C for about 24 h. Then the solvent was
evaporated to dryness under vacuum using a rotatory evaporator (Buchi Rotapovor”
R-124, Switzerland). The solid was then collected and dissolved in the minimum
amount of cold water, which was subsequently made alkaline with sodium
bicarbonate. The alkaline solution was extracted with ethyl acetate (3%x20 mL), dried,
and evaporated to dryness (Scheme 2.3). The resultant amino acid ethyl ester was
purified by recrystallization using ethyl acetate.

Phenylglycine ethyl ester, 3,4-dihydroxy phenylalanine ethyl ester and 2-
naphthylalanine ethyl ester are termed as PG-ester, DOPA-ester and NA-ester

respectively.

Scheme 2.3: Chemical synthesis of rac-amino acid ethyl ester

HZN\(COOH Ethanol, thionyl chloride HZN\(COOCZ%

R R
Amino acid Amino acid ethyl ester
PG DOPA NA

o [P e
HO

(b) Characterization

(i) Phenylglycine ethyl ester (PG-ester): White solid powder, melting point range
199-201°C; Percent practical yield: 82.2%; Analysis: Calculated for C,0H;3NO,: C
67.02%, H 7.31%, N 7.82%; Found C 66.88%, H 7.35%, N 7.86%. 'H-NMR (200
MHz, DMSO-ds): 7.36-7.43 (5SH, aromatic H), 5.10 (2H, NH,), 4.82 (1H, Ph-CH),
4.02 (2H, COO-CH,), 1.21 (3H, CHs).
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(ii) 3,4-Dihydroxy phenylalanine ethyl ester (DOPA-ester): white solid powder,
melting point range 87-89°C; Percent practical yield: 76.1%; Analysis: Calculated for
C11H;sNOy: C 58.66%, H 6.71%, N 6.22%; Found C 58.41%, H 6.67%, N 5.56%. 'H-
NMR (200 MHz, DMSO-ds): 6.81-6.96 (3H, aromatic H), 5.85 (2H, Ph-OH), 5.41
(2H, NH>), 4.11 (2H, COO-CH,), 4.01 (1H, Ph-CH,-CH), 3.54 (2H, Ph-CH,), 1.22
(3H, CHs»).

(iii) 2-Naphthylalanine ethyl ester (NA-ester): white solid powder, melting point
range 141-143°C; Percent practical yield: 74.6%; Analysis: Calculated for
C1sH17NO,: C 74.05%, H 7.04%, N 5.74%; Found C 74.1%, H 7.07%, N 5.65%. 'H-
NMR (200 MHz, DMSO-d): 7.43-8.12 (7H, aromatic H), 5.20 (2H, NH>), 4.16 (2H,
COO-CH,), 4.07 (1H, Naphthyl-CH,-CH), 3.65 (2H, Naphthyl-CH,), 1.20 (3H, CH3).

2.2.6. Chiral resolution of unnatural amino acid esters using immobilized lipase
The biotransformation reactions were conducted in 25 mL stoppered flasks.
Racemic substrate (0.01 g) was suspended or dissolved in 10 mL of 0.05 M phosphate
buffer (pH 7). The biotransformation reaction was initiated by adding 0.05 g of
immobilized lipase. The flask was incubated on an oscillatory shaker at 30°C at 120

rpm. The samples were periodically withdrawn and analyzed by HPLC.

2.2.7. Analytical methods
(a) Copolymer characterization
(i) Mercury porosimetry
The porosity of polymer beads was determined by mercury intrusion
porosimetry with the help of Auto scan 60 mercury porosimeter (Quantachrome,

USA) in the range of 0-4000 kg/cm®.

(ii) Scanning electron microscopy (SEM)
Micrographs were taken on a JEOL-JSM-5200 SEM instrument. Dried

polymer beads were mounted on stubs and sputter-coated with gold.

(iii) FT-IR spectroscopy

A Shimadzu 8300-Fourier transform infrared spectrophotometer with a

1

resolution of 1 cm™ in the transmission mode was used to study the infrared
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absorption. The polymer beads (2 mg) was milled, mixed with potassium bromide
(100 mg), and pressed into a solid disk of 1.2 cm diameter prior to the infra-red

measurement.

(b) Enzyme activity assay
(i) Activity assay for CRL

The activities of free and immobilized CRL were analyzed
spectrophotometrically measuring the increment in the absorption at 410 nm
promoted by the hydrolysis of p-nitro-phenyl palmitate (p-NPP) [30]. The reaction
mixture consisted of 0.1 mL of diluted CRL solution (or 0.05 g of immobilized
polymer beads), 1.0 mL of p-NPP substrate solution (prepared by dissolving 0.5 g p-
NPP in 100 mL ethanol) and 1 mL of 0.05 M phosphate buffer (pH 7.0). It was
incubated at 37°C under reciprocal agitation at ~ 120 strokes per minute. After 10 min
of reaction, agitation was stopped and the reaction was terminated by adding 2.0 mL
of 0.5N Na,COs; followed by centrifuging for 10 min (8400%g). The supernatant of
0.50 mL was appropriately diluted with de-ionized water and the absorbance was
measured at 410 nm in an UV-visible spectrophotometer (Spectrascan UV-2600,
Chemito, India) against an enzyme-blank. The reaction rate was calculated from the
slope of the absorbance versus time curve.

One lipase unit (U) of CRL was the amount of enzyme liberating 1.0 pmol p-
nitro-phenol (p-NP) per min under the above assay conditions. The specific activity

was defined as the number of lipase units per mg of protein.

(ii) Activity assay for PPL

The hydrolytic activity of free and immobilized PPL was analyzed
titrimetrically using olive oil as substrate [31]. The substrate was prepared by mixing
50 ml of olive oil with 50 ml of gum arabic solution (7% w/v). The reaction mixture
consisting of 5 mL of substrate emulsion, 2 mL of 0.1 M sodium phosphate buffer
(pH 7.0) and 1 mL of diluted PPL solution (or 0.25 mg immobilized polymer beads),
was incubated for 15 or 30 min (depending upon the enzyme activity) at 37°C. The
reaction was terminated by adding 10 mL of acetone-ethanol solution (1:1). The
liberated fatty acid was titrated with 25 mM aqueous NaOH solution using

phenolphthalein as an indicator.
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One lipase unit (U) of PPL was the amount of enzyme liberating 1.0 pmol of
free fatty acids per min under the above assay conditions. The specific activity was

defined as the number of lipase units per mg of protein.

(c) Protein estimation
The protein estimation was done by Folin-Lowry method [32] with bovine

serum albumin as a standard.

(d) HPLC analysis

All reaction profiles were monitored by HPLC (Thermo Separation Products,
Fremont, CA, USA). The quantitative analysis of different amino acids and their
esters was carried out using a reverse phase C-18 column (125%4 mm, prepacked
column supplemented with a 4x4 mm guard column procured from LiChrospher®,
Merck, Darmstadt, Germany) eluted isocratically using acetonitrile-water mobile
phase (30:70 v/v, pH adjusted to 3.0 with 50% v/v o-phosphoric acid), at a flow rate
of 0.6-1.0 mL/min. Peaks were detected using an UV detector at 215 nm. The peak
identification was made by comparing the retention times with those of authentic
compounds. Peak area was used as a measure to calculate the respective
concentration. The reaction conversion was estimated from the ratio of the substrate
consumption to its initial concentration. The enantiomeric excess (e.e.) of the product
was determined by using a CHIROBIOTIC-T® column (250x4.6 mm prepacked
column supplemented with 20x4 mm guard column procured from Astec Inc. USA)
eluted isocratically using water-methanol mobile phase (40:60 v/v, pH adjusted to

2.3-2.5 with 50% v/v glacial acetic acid), at a flow rate of 0.6-0.8 mL/min.

(e) Determination of enantiomeric ratio

Enantiomeric ratio (£) is the prime parameter for describing the enzyme’s
enantioselectivity. Enantiomeric ratio was determined by using Eq. 2.3 as described
earlier [33].

e In[1-C(1+ee})]
CIn[1-C(1-ee,)]

—Eq. 2.3

Where, C is conversion ratio and eep is enantiomeric excess of product. C and

eep were calculated by using Eq. 2.4 and Eq. 2.5 respectively.
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s R
Csn T Csq

S

C=1- -
Cs) T Cs0)

—Eq.24

Where, ¢g, and cg, are concentration of S-enantiomer and concentration of

R-enantiomer of substrate respectively at time, t. ¢g,, and cg, are concentration of

S-enantiomer and concentration of R-enantiomer of substrate respectively at t = 0.

s R
Cp —Cp
CCp =—F——F— —Eqg.2.5
p 2.
cy +ep q

. . . R .
Where, ¢; is concentration of S-enantiomer of product and ¢ is

concentration of R-enantiomer of product.

2.3. RESULTS AND DISCUSSION

More than 50 different acrylic polymer beads of varying composition of
monomer, cross-linker and porogen were synthesized. The meso- or macro-porosity
of the polymer is prerequisite to achieve better enzyme immobilization. The porosity
of polymer greatly depends on its CLD. A low CLD gives hard and non-porous
polymer beads (which are not suitable for the enzyme immobilization). On the other
hand, high CLD gives highly porous but fragile polymer beads which disintegrate
easily even by very low shear forces. Therefore, our preliminary experiments were
carried out to establish the optimum range of CLD where an appropriate balance
between porosity and mechanical stability of resulting polymer beads is achieved. We
observed that, below 50% CLD, the polymer beads were largely microporous while
above 200% CLD the polymer beads were macroporous but fragile. The CLD in the
range of 50-200% gave optimum results with respect to porosity and mechanical
stability and therefore these polymers were selected for the immobilization
experiments. Prior to the lipase immobilization experiments, the polymers were
thoroughly characterized for their physical properties viz. total surface area, pore size

and pore size distribution.

2.3.1. Characterization of beaded polymers
(a) Surface area and pore size distribution

The surface area is a key parameter that governs the extent of enzyme binding
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on porous particles. Mercury porosimetry provides a good estimate of surface area
and pore size distribution. The surface areas for different GMA and AGE polymer
beads are given in Table 2.2. In each polymer series, surface area was found to
increase with cross-link density. For given cross-link density, the total surface area of
GMA-(C) polymers < AGE-(C) polymers < AGE-(H) polymers < AGE-(L) polymers.

Thus, AGE-(L) polymers were observed to have maximum surface area.

Table 2.2: Effect of cross-link density on surface area for GMA and AGE polymers

No. Cross-link Surface area (m%/g)
density (%) GMA-(C)- AGE-(C)- AGE-(H)-  AGE-(L)-
polymers polymers polymers polymers
1 50 85.06 92.03 101.42 110.32
2 75 105.78 122.45 129.49 135.75
3 100 111.69 127.72 139.21 151.93
4 150 141.25 128.98 148.11 168.81
5 200 148.58 139.88 185.23 198.37

The pore size distributions of GMA and AGE polymer series are given in Fig.
2.1. The pore size distribution data revealed that the percent fraction of macro-pores
was maximum in AGE-(L) polymers, moderate in AGE-(H) polymers, AGE-(C)
polymers and minimum in GMA-(C) polymers.

The polarity of a porogen is one of the crucial factors which decide the
porosity of synthetic polymers. In general, during polymerization of acrylic
monomers, a non-polar porogen maintains the phase separation for a longer time
period and gives macro-porous polymer beads. A polar porogen, on the other hand,
causes early precipitation of monomer resulting in less pronounced phase separation
that gives micro-porous polymer beads [34, 35].

In the present study, three porogens (viz. cyclohexanol, hexanol and lauryl
alcohol) were used. The non-polarity (i.e. hydrophobicity) of these porogens is in
order of: lauryl alcohol (Log P = 4.31) > hexanol (Log P = 1.8) > cyclohexanol (Log
P = 1.27). Owing to its highly non-polar nature, lauryl alcohol introduced highest

macro-porosity in the resultant AGE-(L) polymers.
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Fig. 2.1: Pore size distribution of GMA-(C), AGE-(C), AGE-(H) and AGE-(L)
polymers. [The light and dark blue bars (O, ®) indicate micro-pores, green bar (O)
indicates meso-pores, and light and dark pink bars (O, ) indicate macro-pores; the
percent of macro-pores gradually increases from GMA-(C), AGE-(C), AGE-(H) to
AGE-(L) polymers.]

(b) Porous surface morphology

The SEM micrographs of GMA-(C)-100 and AGE-(L)-100 are given in Fig.
2.2 which confirm the porous surface morphology and the spherical nature of GMA
and AGE polymer beads.
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Fig. 2.2: Scanning electron micrographs showing (a) spherical nature and (c) porous
surface morphology of GMA-(C)-100 polymer beads; (b) spherical nature and (d)
porous surface morphology of AGE-(L)-100 polymer beads. [(a) and (b) are at 500%

magnification while (c) and (d) are at 30000x magnification. |

(c) FT-IR spectrum

The IR spectra of GMA and AGE polymers were used to ensure the presence
of epoxy groups. The IR spectrum of GMA polymer beads (Fig. 2.3) gave
characteristic peaks at 1722 and 1196 cm™ due to C=0 of ester group and C—-O—C of
epoxy group, respectively. The intensity of the band at 1636 cm™ (characteristic band
of C=C stretching) was significantly weakened. This ensured the presence of the
epoxy groups and consumption of vinyl double bonds. Similarly, the IR spectrum of
AGE polymer beads (Fig. 2.4) gave the characteristic peaks at 1731 and 1150 cm’™
due to stretching vibrations of C=0O of ester and C-O-C of epoxy groups,
respectively. The intensity of the band at 1636 cm™ (characteristic band of C=C
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stretching) was significantly weakened. This indicated that the epoxy groups are intact

and complete consumption of vinyl double bond has occurred.
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Fig. 2.3: FT-IR spectra of (a) GMA and EGDM mixture before polymerization and

(b) after polymerization
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Fig. 2.4: FT-IR spectra of (a) AGE and EGDM mixture before polymerization and (b)

after polymerization
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2.3.2. Screening of lipases for chiral resolution of unnatural amino acid esters

The enantioselectivity of different lipases are listed in Table 2.3. Among the
five lipases screened, CRL gave higher enantioselectivity towards hydrolysis of PG-
ester, DOPA-ester and HPA-ester while PPL gave higher enantioselectivity towards
hydrolysis of NA-ester. Hence CRL and PPL enzymes were selected for further

immobilization experiments.

Table 2.3: Screening of lipase for chiral resolution of unnatural amino acid esters

No. Lipase “ Source Enantioselectivity, E

PG DOPA HPA NA
1 AL Europa Chemicals, UK 8.6 7.6 7.5 11.2
2 CRL Europa Chemicals, UK 10.7 10.5 135 33
3 PCL Europa Chemicals, UK 8.6 6.9 8.3 5.6
4 PPL Sigma Chemicals, USA 6.4 4.1 3.2 14.6
5 TLL Sigma Chemicals, USA 2.2 34 1.3 4.8

[“ AL: Alcaligens lipase; CRL: Candida rugosa lipase; PCL: Pseudomonas cepacia

lipase; PPL: porcine pancreatic lipase; TLL: Thermomyces languginous lipase.]

2.3.3. Selection of polymer for lipase immobilization

The efficiency of polymer support to bind and express the lipase activity was
calculated in terms of ‘activity recovery’, which is defined as: the percentile ratio of
lipase activity expressed by 1 g of immobilized polymer support to the total lipase

activity of free enzyme used for immobilization (Eq. 2.6).

’*I&jxmo ~Eq.2.6

Total
Free

Activity recovery (%)= (

Where, Ajmmo. 18 activity of 1 g of immobilized polymer (U/g of support) and
Total o - . is total activity of free enzyme loaded on 1 g of polymer. Totalp o o is a
product of activity (U/mL) and volume (mL) of free enzyme loaded on 1g of polymer.
AGE polymer beads were found to give better binding and expression of CRL

and PPL than GMA polymer beads (Table 2.4 and 2.5). Among different AGE

polymers, an increasing trend of activity recovery was observed in order of AGE-(C),

AGE-(H) and AGE-(L). AGE-(L) polymers gave maximum activity recovery.
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Table 2.4: Selection of polymer support for CRL immobilization

Polymer CRL activity  Protein  Specific Activity Activity
(U/ g of (mg/ g of (Ux107/g of recovery
support) support) support) (%)

Free CRL“ 0.48° 2.26°¢ 21.37 100.00

GMA-(C) polymers:

GMA-(C)-50 7.23 46.52 15.55 37.43
GMA-(C)-75 7.73 47.25 16.36 40.01
GMA-(C)-100 8.25 47.37 17.42 42.70
GMA-(C)-150 8.28 47.43 17.46 42.86
GMA-(C)-200 8.40 47.45 17.70 43.48
AGE-(C) polymers:

AGE-(C)-50 11.14 69.75 15.97 57.66
AGE-(C)-75 11.27 70.47 15.99 58.33
AGE-(C)-100 11.38 70.60 16.12 58.90
AGE-(C)-150 11.53 70.65 16.32 59.68
AGE-(C)-200 11.42 70.67 16.16 59.11
AGE-(H) polymers:

AGE-(H)-50 12.55 75.19 16.69 64.96
AGE-(H)-75 13.82 73.80 18.73 71.53
AGE-(H)-100 14.03 74.37 18.87 72.62
AGE-(H)-150 14.22 75.56 18.82 73.60
AGE-(H)-200 14.20 75.38 18.84 73.50
AGE-(L) polymers:

AGE-(L)-50 17.13 87.58 19.56 88.66
AGE-(L)-75 18.08 88.53 20.42 93.58
AGE-(L)-100 18.67 88.53 21.09 96.64
AGE-(L)-150 18.35 86.64 21.18 94.98
AGE-(L)-200 18.21 85.69 21.25 94.25

[“ Free enzyme solution containing Smg/mL of commercial CRL enzyme powder

(Europa Chemicals, UK); b U/mL; “ mg/mL.]
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Table 2.5: Selection of polymer support for PPL immobilization

Polymer PPL activity Protein  Specific Activity Activity
(U/ g of (mg/ g of (Ux107/g of recovery
support) support) support) (%)

Free PPL“ 2.14° 0.58 ¢ 3.69 100.00

GMA-(C) polymers:

GMA-(C)-50 27.42 10.20 2.69 32.03
GMA-(C)-75 29.16 10.34 2.82 34.07
GMA-(C)-100 31.90 11.28 2.83 37.27
GMA-(C)-150 26.64 11.02 242 31.12
GMA-(C)-200 29.38 11.36 2.59 34.32
AGE-(C) polymers:

AGE-(C)-50 39.86 16.14 247 46.57
AGE-(C)-75 41.60 16.38 2.54 48.60
AGE-(C)-100 40.34 16.72 2.41 47.13
AGE-(C)-150 40.08 16.66 241 46.82
AGE-(C)-200 40.18 16.41 245 46.94
AGE-(H) polymers:

AGE-(H)-50 44.70 17.08 2.62 52.22
AGE-(H)-75 43.96 17.12 2.57 51.36
AGE-(H)-100 47.22 17.76 2.66 55.16
AGE-(H)-150 45.48 17.41 2.61 53.13
AGE-(H)-200 45.74 17.44 2.62 53.43
AGE-(L) polymers:

AGE-(L)-50 49.26 18.62 2.65 57.55
AGE-(L)-75 50.52 18.76 2.69 59.02
AGE-(L)-100 52.78 18.80 2.81 61.66
AGE-(L)-150 52.04 18.74 2.78 60.79
AGE-(L)-200 47.30 18.58 2.55 55.26

[“ Free enzyme solution containing 2mg/mL of commercial PPL powder (Sigma

Chemicals, USA); b U/mL; ¢ mg/mL.]
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The extent of activity recovery can be co-related with the specific surface area
and porous nature of the polymer beads. The specific surface area of AGE polymer
beads is relatively higher than that of GMA polymer beads. The high specific surface
increased the number of surface epoxy groups thereby increasing the binding capacity
of the polymer.

Moreover, the mercury porosimetry results showed that the percentage of
mesopores (50-100 nm) and macropores (> 100 nm) gradually increases from GMA-
(C), AGE-(C), AGE-(H) to AGE-(L) polymer beads. The presence of meso- and/or
macroporous morphology in the polymer beads is highly desirable for using them as a
support for immobilization of biological macromolecules like enzymes. Macroporous
polymer structures primarily facilitate the easy diffusion of globular enzyme
molecules inside the pores thereby enhancing the interaction of the latter with the
reactive epoxy groups of the polymer. In addition to this, during the assay procedures,
macroporous structures effectively reduce the diffusional limitations of substrate as
well as product thereby facilitate the catalytic expression of the immobilized enzyme.
The reduction in diffusional limitations also assists the rapid biocatalytic reactions by
inhibiting substrate or product accumulation within the pores.

Immobilized AGE-(L)-100 gave maximum activity and activity recovery for
CRL as well as for PPL. The activity of CRL immobilized on AGE-(L)-100 was
18.67 U/g of support which corresponds to 96.64% activity recovery (Table 2.4). The
activity of PPL immobilized on AGE-(L)-100 was 52.78 U/g of support which
corresponds to 61.66% activity recovery. Hence, AGE-(L)-100 was selected for

further experiments.

The covalent immobilization of lipase on different epoxy activated acrylic
supports have been reported by several authors. For example, Bayramoglu and Arica
studied the immobilization of CRL on poly(glycidyl methacrylate—
methylmethacrylate) magnetic beads and the maximum activity of immobilized lipase
was 935 U/mg of bound protein with 81% activity recovery (determined in terms of
olive oil hydrolysis) [36]. Poly(glycidyl methacrylate — hydroxylethyl methacrylate —
ethyleneglycol dimethacrylate) were studied for immobilization of CRL and the
immobilized support gave activity of 7570 U/g of support with 45% activity recovery

(determined in terms of olive oil hydrolysis) [16]. Immobilization of CRL on
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poly(methylacrylate — divinyl benzene) gave activity of 997 U/g of support
(determined in terms of olive oil hydrolysis) [37]. Xi and Xu studied CRL
immobilization on polymer of glycidyl methacrylate — ethylene dimethacrylate — TiO,
where 0.112 U/g activity (calculated by ketoprofen ester hydrolysis) and 5.8% activity
recovery was reported [38]. Immobilization of CRL on poly(methyl methacrylate)
polymers gave esterification activity in the range of 0.8-1.0 U/g of support
(determined by esterification of oleic acid with butanol) [39]. Kartal ef al. evaluated
the polyvinyl alcohol grafted glycidyl methacrylate polymers for PPL immobilization
where 1 g of support expressed 80 U lipase activity (determined by trybutyrin
hydrolysis) with 58% activity recovery [40].

Immobilization of lipase on these acrylic supports were performed under
different conditions. Moreover, the lipase activity assays were performed using
different substrates. Therefore, it is difficult to compare the immobilization results on
the basis of activity and activity recovery. However, comparing the protein binding
capacities of supports could be a more rational approach. The protein binding capacity
of different acrylic polymers was roughly in the range of 10 - 85 mg/g of support [36-
40]. The high protein binding capacity of AGE-(L) polymers (~ 88 mg/g for CRL
binding) appears to be comparable if not better than that reported earlier.

Immobilization of an enzyme usually results in some loss in its catalytic
activity. This could be ascribed to the minor modifications in the three-dimensional
structure of enzyme that may lead to the distortion of amino acid(s) residues at the
catalytic site. Further the random immobilization often involves embedding of active
site of some enzyme molecules thereby preventing expression their catalytic activity.
Another possible reason of decreased enzyme activity can be ascribed to the mass

transfer limitations of substrate or/and product [41].

2.3.4. Optimization of the lipase immobilization
(a) Cross-linking with glutaraldehyde

The catalytic activity of immobilized lipase (CRL and PPL) was found to
decline gradually with time, either due to enzyme leaching or denaturation upon
storage or a combination of both. To overcome enzyme leaching and to obtain stable
binding of lipase, 5% glutaraldehyde was used to cross-link amino groups of bound

enzyme. Our studies indicated that glutaraldehyde treatment for 3 h was optimum.
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Glutaraldehyde treatment beyond 3 h resulted in decrease of lipase activity (results
not shown). This could be due to excessive cross-linking and consequent

conformational changes in the three dimensional structure of enzyme [42].

(b) Optimization of immobilization time

The time required for CRL immobilization on AGE-(L)-100 was optimized. It
can be observed from Fig. 2.5 that the CRL activity (U/g of support) and CRL activity
recovery (%) of immobilized AGE-(L)-100 attained equilibrium in 12 h. After 12 h
CRL activity and CRL activity recovery of immobilized AGE-(L)-100 were found to
remain almost constant. Similarly, time required for PPL immobilization on AGE-(L)-
100 was optimized. At 18 h, PPL activity (U/g of support) and PPL activity recovery

(%) were reached to maximum (Fig. 2.5).
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B8 Immobilized CRL activity Imr’nobilized PPL activity
—a— Activity recovery of immobilized CRL —a— Activity recovery of immobilized PPL

Fig. 2.5: Optimization of time for CRL and PPL immobilization on AGE-(L)-100
polymer beads
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(c) Optimization of enzyme loading

AGE-(L)-100 polymer beads were loaded with different concentrations of
CRL and the resultant immobilized CRL was analyzed for expression of lipase
activity and protein binding. The results are shown in Table 2.6. The CRL activity
recovery of immobilized AGE-(L)-100 increased with increase in enzyme loading
from 50 to 200 mg/g of polymer support. However, the CRL activity recovery was
found to decrease beyond 200 mg. Enzyme loading beyond 200 mg probably might
have resulted in embedding of active sites of lipase molecules during the
immobilization process by increased stacking and also by increased diffusion
limitations.

Likewise, different concentrations of PPL were immobilized on AGE-(L)-100
polymer beads. The activity recovery increased with increase in enzyme loading from

60 to 80 mg/g of polymer support and decreases gradually thereafter (Table 2.7).

Table 2.6: Optimization of CRL loading on AGE-(L)-100 polymer

CRL Activity of Protein of Activity of Protein Activity
(mg) free CRL free CRL immobilized CRL bound recovery
(U/mL) (mg/mL)  (U/gof support)  (mg/g of support) (%)
50 0.12 0.565 4.56 22.34 95.60
100 0.25 1.130 9.12 44.76 96.51
150 0.36 1.695 13.62 65.13 93.61
200 0.49 2.260 18.67 88.53 96.64
250 0.59 2.825 19.56 96.14 81.81

Table 2.7: Optimization of PPL loading on AGE-(L)-100 polymer

PPL  Activity of Protein of Activity of Protein Activity
(mg) freePPL free PPL immobilized PPL bound recovery
(U/mL) (mg/mL)  (U/gof support)  (mg/g of support) (%)

60 1.08 0.43 32.12 15.76 74.35

80 2.12 0.58 56.58 20.01 65.49

100 3.20 0.72 62.37 22.45 48.13

120 431 0.87 63.58 22.13 36.79
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2.3.5. Stability of immobilized lipase
(a) pH stability
(i) CRL immobilized AGE-(L)-100

The effect of pH on the catalytic activity of free and immobilized CRL was
studied over a pH range of 4-12 (Fig. 2.6). Immobilization of lipase on AGE-(L)-100
polymer beads resulted in excellent stabilization of enzyme over a broad pH range.
Whereas, the free CRL retained 17.78% and 40.46% residual activity at pH 4 and pH
5 respectively, under identical pH conditions immobilized CRL retained 77.22% and
86.63% residual activity respectively. The free CRL retained 48.56% and 14.80%
residual activity at pH 9 and pH 10 while at identical pH conditions immobilized CRL
retained 88.64% and 85.09% residual activity respectively. These results indicate that
this procedure of immobilization has improved the stability of CRL in the acidic as

well as in the alkaline region.
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Fig. 2.6: pH stability of immobilized CRL

(i) PPL immobilized AGE-(L)-100
The effect of pH on the catalytic activity of free and immobilized PPL in pH
range of 4-12 is represented in Fig. 2.7. Immobilization of PPL on AGE-(L)-100
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polymer beads resulted in moderate stabilization of enzyme over a broader pH range.
At pH 4 and 5, the free PPL retained 28.53% and 36.81% residual activity
respectively, while at identical pH conditions, immobilized enzyme retained 36.71%
and 64.85% residual activity respectively. At pH 9 and pH 10 the free PPL retained
61.60% and 33.60% residual activity, while at identical pH conditions, immobilized
enzyme retained 90.24% and 57.71% residual activity respectively. Thus, this
procedure of immobilization has improved the stability of PPL in the acidic as well as

in the alkaline region.
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Fig. 2.7: pH stability of immobilized PPL

(b) Temperature stability
(i) CRL immobilized AGE-(L)-100

The stability of free and immobilized CRL was determined by measuring
residual enzyme activity as a function of temperature in the range of 20-70°C. The
activity profiles of free and immobilized CRL at different temperatures are
graphically represented in Fig. 2.8. The immobilization of CRL on AGE-(L)-100
polymer beads has significantly improved the thermal stability of the enzyme. For
instance, at 50°C the free enzyme retained only 21.18% residual activity while

immobilized enzyme found to retain 100% activity. Similarly at 70°C the free enzyme
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retained only 5.41% residual activity while immobilized enzyme was found to retain

58.22% of its initial activity.
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Fig. 2.8: Temperature stability of immobilized CRL

(i) PPL immobilized AGE-(L)-100

The temperature stability of free and immobilized PPL was studied in the
range of 20-70°C (Fig. 2.9). The immobilization of PPL on AGE-(L)-100 polymer
beads has improved the thermal stability of the enzyme. For instance, at 50°C the free
enzyme retained only 63.17% residual activity while immobilized enzyme retained
95.66% of its initial activity. Likewise, at 70°C the free enzyme retained only 14.42%
residual activity while immobilized enzyme was found to retain 37.28% of its initial
activity.

Upon increase in temperature, enzyme molecule unfolds which disturbs its
active site conformation. Depending upon the severity of the conformational changes,
partial or complete loss of catalytic activity (i.e. thermal inactivation) is observed. At
elevated temperature, free enzymes unfold easily and readily undergo thermal
inactivation. Under the identical condition, immobilized enzymes, because of the

additional stabilizing linkages (e.g. enzyme-support covalent linkages in the present
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case), maintain their conformation and therefore exhibit improved thermal stability.
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Residual PPL activity (%)
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10 20 30 40 50 60 70 80 90

Temperature, °C

—— Free PPL —a— Immobilized PPL

Fig. 2.9: Temperature stability of immobilized PPL

(c) Storage stability

The storage stability of immobilized CRL was determined and compared with
that of free CRL. The plot of log residual activity vs. storage time is shown in Fig.
2.10. The linear trend lines were drawn for the activity profiles of free and
immobilized CRL. The storage half-life of each lipase preparation was determined
from its respective trend line equation. The storage half-life of free CRL was found to
be ~ 6 days while that of immobilized CRL was found to be ~ 67 days. Thus, upon
immobilization there was significant improvement in the storage stability of the
enzyme. Similarly, the storage activity profiles of free and immobilized PPL were
studied to calculate their storage half-lives (Fig. 2.10). The storage half-life of
immobilized PPL (~ 38 days) was observed to be much higher than that of free PPL
(~ 4 days).

Amongst the previous reports on immobilization of CRL and PPL on acrylic
supports, few have evaluated the storage stability of immobilized enzyme. The results

reported in the literature indicate a significant increase in enzymes’s storage stability
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upon immobilization. For example, Bayramoglu and Arica reported 80% increase in
the storage stability of immobilized CRL over that of the free enzyme [36].
Immobilization of CRL on poly(glycidyl methacrylate — hydroxylethyl methacrylate —
ethyleneglycol dimethacrylate) retained 67% of its initial activity after 12 week
storage [16]. Immobilization of PPL on polyvinyl alcohol grafted glycidyl
methacrylate polymers retained 50% of initial activity after 22 days storage [40].

2
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>
© y =-0.055x + 2
n
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S
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Linear (Free CRL)

Linear (Immobilized CRL)

—a— Free PPL

—=®— Immobilized PPL

Linear (Free PPL)

Linear (Immobilized PPL)

Fig. 2.10: Storage stability of soluble and immobilized lipases [The trend line
equations were used to calculate the respective storage half-lives. The horizontal line

(—) at log(50) was drawn only for a graphical illustration of the storage half-lives.]

2.3.6. Kinetic behaviour of immobilized CRL

The effect of substrate concentration on the initial rate catalyzed by free and
immobilized CRL was studied using p-NPP as substrate. Michaelis constant (K,,) and
the maximum reaction velocity (Vmax) of the free and immobilized enzymes were
calculated from Lineweaver-Burk plot (Fig. 2.11). The kinetic parameters of free and

immobilized CRL are presented in Table 2.8. K, values for free and immobilized
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CRL were 0.60 mM and 1.31 mM respectively. Vyax values for free and immobilized
CRL were 32.79 U/mg and 14.1 U/mg respectively. Thus, immobilized enzyme was
observed to have higher K, and lower Vy,x values than that of free lipase. Similar
observations (i.e. increase in Ky, and decrease in Vp,y of lipase upon immobilization)

have been reported by many authors [30, 36, 41, 43].

0.18
0.16
0.14
0.12 Immobilized CRL
y=0.0930x + 0.07092
0.1
vl
0.08 -
.06 -
0041 Free CRL
0.02 | y=0.0183x + 0.03050
‘ 0 ! T T T T )
-0.2 0 0.2 0.4 0.6 0.8 1 1.2
S -1

Fig. 2.11: Lineweaver-Burk plots of soluble and immobilized CRL [Y-intercept

indicates value of 1/Vyax and the slope indicates value of K/ Viax. ]

Table 2.8: Kinetic parameters of free and immobilized CRL

Parameter Free CRL Immobilized CRL
Michaelis constant, Ky, (mM) 0.60 1.31°
Maximum reaction velocity, Vmax (U/mg) b 32.79 14.1
Catalytic efficiency, Vimax/Km (min" -mg™) 54.65 10.75
Catalytic constant, kcy (s'l) 72.54 159.27
Specificity constant, kea/Km (MM -s™) 120.91 122.51
Efficiency coefficient, # - 0.43
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[“ Kin, app.; considering the possibility of interactions of substrate with beaded polymer
support, there could be difference in the substrate concentrations in the bulk solution
and near the enzyme. This phenomenon is known as ‘substrate partition’ [44]. Hence,

the term ‘apparent’ is used for the K, of the immobilized enzyme (which is
symbolized as K, app.); b Vmax 18 expressed per mg of protein for the free lipase and per

mg of polymer beads for the immobilized lipase.]

The kinetic behaviour of an enzyme can be precisely described using catalytic
efficiency (Vmax/Km). The catalytic efficiency of immobilized CRL was found to be ~
5 times lower than that of free CRL. The increase in the K, and decrease in Vyax
values could be either due to the conformational changes of the enzyme (upon
immobilization) resulting in a lesser efficiency of substrate-enzyme complex
formation or due to lower accessibility of the substrate to the active site of the
immobilized enzyme caused by the increased mass transfer limitations [44, 45].

The catalytic constant (kcy, Which is also known as turnover number) was
estimated from the V. value using 60 kDa molecular mass of CRL. The k., values
for free CRL and immobilized CRL were 72.54 s and 159.27 s™' respectively. The
specificity constant (k./Km) of free CRL and immobilized CRL were 120.91 mM s
and 122.51 mM™"s" respectively. Upon immobilization, the catalytic constant
increased by ~ 2-fold while the specificity constant remained unchanged.

The efficiency coefficient (r7) can be calculated from the ratio of maximum
reaction rate of the immobilized enzyme to that of the free enzyme [46] as denoted in
Eq. 2.7.

n= s oo _Eq.2.7
max (Free)

Where, Viax (immo.) 1S the maximum reaction rate of the immobilized enzyme
and Vimax (Free) 18 that of the free enzyme. The # value of immobilized CRL was

observed to be 0.43.

2.3.7. Chiral resolution of unnatural amino acid esters
Both CRL and PPL were observed to preferentially hydrolyze the S-

enantiomer of unnatural amino acid ethyl esters. The chiral resolution of unnatural
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amino acid ethyl esters catalyzed by immobilized lipases is represented in Scheme

2.4.

Scheme 2.4: Chiral resolution of unnatural amino acid ethyl esters by immobilized

lipases
OC,Hs Immobilized CRL OH OC,Hs
R (or Immobilized PPL) )\/R R
0] > O : + o]
NH NH, NH
(RS)-Amino acid ester (S)-Amino acid (R)-Amino acid ester
PG DOPA HPA NA
CH,—
HO CH,— 2
R- < > - </ )—CH, < >~C2H i—
HO

(a) Chiral resolution by immobilized CRL

The results of stereoselective hydrolysis of unnatural amino acid ethyl esters
using immobilized CRL are summarized in Table 2.9. The enantioselectivity of
immobilized CRL towards hydrolysis of PG-ester, DOPA-ester and HPA-ester was
higher (£ = 11.9, 9.6 and 15.6 respectively) than that towards hydrolysis of NA-ester
(E=4.3).

Table 2.9: Chiral resolution of ethyl esters of unnatural amino acids using

immobilized CRL

Substrate Preferred configuration Time (min) eey (%) C (%) E

PG-ester S 30 76.4 382 119
DOPA-ester S 30 80.1 7.1 9.6
HPA-ester S 30 86.7 11 15.6
NA-ester S 30 59.9 11.6 4.3

(b) Chiral resolution by immobilized PPL
The results of stereoselective hydrolysis of unnatural amino acid ethyl esters

using immobilized PPL are summarized in Table 2.10. The enantioselectivity of
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immobilized PPL towards hydrolysis of NA-ester (£ = 17.9) was higher than that
towards hydrolysis of PG-ester, DOPA-ester and HPA-ester (£ = 4.6, 4.5 and 4.9

respectively).

Table 2.10: Chiral resolution of ethyl esters of unnatural amino acids using

immobilized PPL

Substrate Preferred configuration Time (min) eep(%) C(%) E

PG-ester S 30 62.4 9.2 4.6
DOPA-ester S 30 61.5 10.7 4.5
HPA-ester S 30 64.2 8.4 4.9
NA-ester S 30 88.4 10.1 17.9

Several authors have studied enantioselective synthesis of different unnatural
amino acids using different enzymes. For example: Hydrolysis of PG-esters using
PPL (E = 1.9) is reported by Houng et al. [47], that using Candida antarctica lipase B
(E = 20) is reported by Wegman et al. [48] and Du et al. [49]. Use of Candida
antarctica lipase B for enantioselective hydrolysis of PG-methyl esters in presence of
ionic liquids is also reported [50, 51]. Enzymatic transformations of DOPA esters e.g.
using PPL (DOPA-ester hydrolysis, £ = 43.2) [47], using a-chymotrypsin and
subtilisin (DOPA-ester hydrolysis, £ not determined) [52] and a-chymotrypsin
(DOPA-ester synthesis in organic solvents, £ not determined) [53] are reported in the
literature. Hydrolysis of HPA esters by different lipases has been studied by Houng et
al. Here among different lipases, Rhozopus lipase gave maximum E value i.e. 5 [47].
Besides lipases, alcalase (for hydrolysis of N-protected HPA-methyl ester, £ not
determined) [54], PPL (for hydrolysis of N-acetylated HPA-ethyl ester, £ not
determined) [55] and PPL (for hydrolysis of N-protected HPA esters, £ not
determined) [56] are reported in the literature. To the best of our knowledge, lipase
catalyzed enantioselective synthesis of NA ester has not been reported so far. Few
proteases namely o-chymotrypsin [57], subtilisin [57, 58], thermitase [59] and
pronase [60] have been studied so far for synthesis of (S)-NA. However, none of these

articles reported any data on enantiomeric ratio of the protease used.
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2.4. CONCLUSIONS

Epoxy-activated porous polymer beads of allyl glycidyl ether with ethylene
glycol dimethacrylate as cross-linking agent and lauryl alcohol as porogen provided
an excellent support for lipase immobilization. The immobilization of lipases (CRL
and PPL) on AGE-(L)-100 polymer beads resulted in improved pH and temperature
stability and extended storage half-life. Among the different lipases screened, CRL
exhibited highest enantioselectivity towards hydrolysis of PG-ester, DOPA-ester and
HPA-ester (£ = 11.9, 9.6 and 15.6 respectively) while PPL exhibited highest
enantioselectivity towards hydrolysis of NA-ester (£ = 17.9). Both CRL and PPL
preferentially hydrolyzed the S-enantiomer of unnatural amino acid ethyl esters. The
immobilization of lipases (CRL and PPL) on AGE-(L)-100 polymer beads did not

alter their enantioselectivity towards hydrolysis of unnatural amino acid ethyl esters.
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3.1. INTRODUCTION

There is a growing interest in immobilization of enzymes on semi-permeable
membranes where transport of reaction substrates and products through a catalyst
support are studied [1]. Enzyme-immobilized membranes can function both as a
catalyst and a means of separation in such enzyme membrane bioreactors (EMB).
They offer support to the biocatalysts, control transport of reactant/product and act as
a phase barrier for biphasic reactions. On this account they have wide applications in
biotechnology [2, 3]. Membrane reactors have numerous advantages such as high
enzyme loading, prolonged enzyme activity, high flow rates, ease of scale up and
reduction in cost, energy and side products [4, 5].

There are three strategies for immobilization of enzymes on membranes: (1)
entrapment of biocatalyst within membrane pores, (ii) gelation of biocatalyst on
membrane (iii) bonding of biocatalyst to the membrane by physical adsorption, ionic
binding or covalent binding [6]. The first two methods are not commonly practiced as
they lead to enzyme leaching. The third is the method of choice and widely used due
to a broad choice of membrane materials and better performance in EMB. Non-
covalent binding processes are simple but have the disadvantage of weak binding of
enzyme. Covalent binding is preferred over physical or ionic binding. However,
covalent attachment requires the activation of membrane surface if active groups on
the surface are unavailable [7].

Lipases (EC 3.1.1.3) are able to catalyze reactions such as enantio- and regio-
selective hydrolysis, esterification, trans-esterification, aminolysis and ammoniolysis.
They have become important as versatile biocatalysts for the hydrolytic and synthetic
reactions in industrial applications [5]. Lipases have been widely used for
biotechnological applications in the dairy industry, oil processing, production of
surfactants, and preparation of enantiomerically pure pharmaceuticals. As of today, at
least 134 enzyme biotransformation processes have already been developed on an
industrial scale of which approximately 25% of the enzymes use lipases [1, 8]. The
ability of lipases to act in the presence of aqueous/hydrophobic interfaces has
attracted membrane scientists and biotechnologists to synthesize a variety of
polymeric membranes as efficient carriers for the lipase immobilization.

A large number of reports are available in literature on use of biphasic EMB

for lipase catalyzing reactions ranging from oil hydrolysis to enantioselective
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separations. Various membrane materials are reported in the literature [9-13], which
can be broadly classified into either hydrophobic or hydrophilic materials. Cellulose,
polyamides, PVA/chitosan, zeolites membranes are hydrophilic while polypropylene
membranes are hydrophobic. Activation at interface is the characteristic property of
lipases, which was first reported by Sarada and Desnuelle [14]. In the absence of
interface, lipase has some element of secondary structure (termed as ‘lid’) covering its
active site and making it inaccessible to substrates. However, in the presence of
hydrophobic interfaces, the conformational rearrangements occur and lipase is said to
be in an ‘open state’. As a result, exposure of hydrophobic surfaces and the
corresponding functionality of enzyme are observed. Therefore, strongly hydrophobic
membranes are widely adopted for lipase immobilization [15]. However, these
membranes have poor wettability, thereby causing low contact between enzyme and
substrate leading to poor enzyme utilization. On the other hand, hydrophilic
membranes can be readily wetted by water and other polar solvents, whereby higher
contact between the aqueous and organic phases at the membrane surface is achieved.
Therefore, for reasons of economy, hydrophilic membranes are preferred since
smaller quantity of enzyme is required [16]. Though hydrophobic surfaces are
required to improve lipase activity by interfacial activation, a certain degree of
hydrophilicity is essential for high enzyme utilization.

The current trend is to look for new membranes, which have stability,
biocompatibility and improved hydrophilicity. One approach to achieving this goal is
facile surface modification of membranes in the EMB. Deng et al. have reported
poly(a-allyl glucoside) modified polypropylene [17], Bayramoglu et al. [18] have
reported a poly(2-hydroxyethyl methacryl-co- 2-methacrylamido phenylalanine)
membrane, hybrid membranes based on poly(2-hydroxyethyl methacryl-co-ethylene
glycol dimethacrylate) filled with clay, and epoxy-derived poly(2-hydroxyethyl
methacrylate) membrane are also reported [19, 20]. Polyurethanes (PUs) are one of
the industrially important polymers. They possess excellent characteristic in their
toughness, abrasion resistance, and flexibility. They have been widely used for
making elastomers, foams, coatings [21] or used as biocompatible materials [22]. The
block copolymer structure of PU having soft and hard segments results from the
polycondensation reaction of the PU precursor formulation. Properties of PU can be

tailored by the variation of these soft/hard segments [23].
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To the best of our knowledge, poly(urethane methacrylate)-glycidyl
methacrylate (PUA-GMA) blend has not been explored in EMB. The idea behind
using a PUA-GMA blend is its hydrophilicity and transparency. We synthesized
prepolymer (PUA) by a solventless method, which produced no by-products. Bonding
of PUA-GMA after coating on PP forms a surface hydrophilized hydrophobic
membrane. We employed a flat PP membrane of 0.2 pum pore size (AK30 ENKA)
with well-defined and controlled pore matrix for surface modification. Adsorption of
lipase on PP membrane is well reported [18], however, PP cannot be easily
functionalized. Methods like plasma irradiation or tethering are to be used so that
functionalization takes place through grafting [17]. The work strategy involved
synthesis of polyurethane (meth)acrylates by conventional isocyanate-polyol
condensation reaction followed by creating terminal unsaturation by reaction of 2-
hydroxyethyl methacrylate (HEMA) with bound isocyanate linkage. These produced
soft segments and hard segments in the prepolymer(s). Once the HEMA terminated
prepolymer was formed it was blended with glycidyl methacrylate (GMA) along with
a photo-initiator. The formulation was coated on PP membrane as a thin film and
exposed to UV irradiation to get a cross-linked structure.

GMA has a pendent epoxy group, which is useful for lipase immobilization.
Epoxy-activation is an almost ideal method of immobilization of enzymes at both
laboratory as well as industrial scale. Epoxy-activated supports are able to form very
stable covalent linkages with different protein groups (amino, thiol, phenolic ones)
under very mild experimental conditions (e.g. pH 7.0). Furthermore, these activated
supports are very stable during storage in neutral aqueous media, before and during
immobilization procedures [24].

Our methodology was solvent less, therefore environmental friendly and cost
effective. PUA gives good adhesion to PP surface and helps in forming a three
dimensional network with surface epoxy groups. The problem of burying of epoxy
groups, a phenomenon often observed while immobilization on polymer beads [25] is
obviated. Additionally, the coating on a PP membrane gives an original membrane of
higher strength. Photo-polymerization is adopted as it offers a number of advantages
over traditional thermal polymerization methods including spatial control of initiation,
high polymerization rates, low energy requirements, and increased control over the

properties of the resulting materials [26].
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In the present chapter, the potential of novel polyurethane methacrylate
supported PP membranes has been explored for covalent immobilization of Candida
rugosa lipase (CRL) and porcine pancreatic lipase (PPL). Immobilized lipase
aggregates were cross-linked by treatment with glutaraldehyde for stable binding.
Various compositions of membranes were used to study the influence of membrane
properties on protein binding and expression of immobilized lipase activity. The
biocatalytic membranes were evaluated for pH, thermal stability and storage stability.
Esterification of oleic acid was used as a model reaction to examine the performance
of this EMB. The immobilized membranes were placed in membrane reactor where

chiral resolution of unnatural amino acid esters was studied.

3.2. MATERIALS AND METHODS
3.2.1. Materials

Polytetrahydrofuran (PTHF) of varying molecular weights was procured from
Fluka Chemicals Ltd., USA. 2,4-Toluene diisocynate, glycidyl methacrylate, p-
methoxy phenol, 2-hydroxy ethylmethacrylate, hydroquinone, Irgacure® 184, p-nitro-
phenyl palmitate (p-NPP) and porcine pancreatic lipase (PPL) were purchased from
Sigma-Aldrich chemicals, USA. Candida rugosa lipase (CRL) was purchased from
Europa Chemicals, UK. Unnatural amino acids namely phenylglycine (PG), 3,4-
dihydroxy phenylalanine (DOPA), homophenylalanine (HPA), and 2-naphthylalanine
(NA); and homophenylalanine ethyl ester (HPA-ester) were purchased from Bachem

Chemicals, Switzerland.

3.2.2. Preparation of urethane methacrylate membrane
(a) Poly(urethane methacrylate) (PUA) prepolymer synthesis

A 250 mL dry, nitrogen flushed two neck flask equipped with a mechanical
stirrer, thermometer, condenser and dropping funnel was charged with 0.4 mol of 2,4-
toluene diisocynate (69.66 g), and 0.49 g p-methoxy phenol (0.1 mol%). To this, 0.2
mol of polytetrahydrofuran (130 g) was added to it drop wise over the period of 2 h
with constant stirring. The reaction was continued for another 2 h and isocyanate
content was calculated. The reaction required no additional catalyst, due to the higher
reactivity of the NCO groups on the aromatic ring. In the second stage of the

condensation process, 0.4 mol of 2-hydroxyethyl methacrylate i.e. HEMA (52.06 g),
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stabilized with 0.1 g of hydroquinone, was stepwise added to the NCO terminated
prepolymer. Completion of the reaction was monitored by FT-IR by following
disappearance of the vibration band at 2270 cm™ attributed to the NCO groups. Total
reaction time was typically 19 h. The product was decanted into a plastic bottle and
stored in a cold place. This is referred as PUA in ensuing sections. The synthesis of

HEMA terminated polyurethane (meth)acrylate is given in Scheme 3.1(a).

Scheme 3.1(a): Synthesis of HEMA terminated polyurethane (meth)acrylate

R-O-CH4 + 2 OCN-R'-NCO
(p-Methoxy phenol) (Toluene diisocyanate)

Polytetrahydrofuran

OCN-R'-NH-CO-R-CO-NH-R'-NCO
(NCO terminated prepolymer)

CH,=C(CHa)-R"-OH
(HEMA)

CH,=C(CH;)-R"-OOCN-R'-NH-CO-R-CO-NH-R'-NCOO-R"-(CH3)C=CH,

(HEMA terminated polyurethane prepolymer)

PUA

R= @—OH R'= <i>—cH3 R" = - COOCH,CH, -

(b) Membrane preparation
A blend of PUA, GMA (20%), cross-linking agent (pentaerythritol

tetraacrylate, 5% wt) and Irgacure® 184 (1 mol%) was prepared in a beaker in a clean
room with yellow light. This formulation was coated on a AK30 ENKA make 0.2 pm
polypropylene (PP) membrane with the help of a bar coater (40 um). This was termed
as PUA-D. Prior to coating, few PP membranes were pre-wetted by

isopropanol/methanol (hereafter termed as PUA-I and PUA-M, respectively). After
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ensuring uniform coating, the disc was exposed to UV radiation (low pressure
mercury lamp: 50 W/cm) for 10 min under nitrogen flow at ambient temperature. The
method was standardized by differential photocalorimetric and IR studies. Membranes
were washed, heated at 50°C under vacuum and dried to ensure absence of unreacted
monomers and cut into small squares (1 cm?) and flat circular discs (47 mm diameter)
which were used for lipase immobilization. The preparation of surface hydrophilized

hydrophobic membrane is shown in Scheme 3.1(b).

Scheme 3.1(b): Preparation of surface hydrophilized hydrophobic membrane by
blending and copolymerization of HEMA terminated polyurethane pre-polymer and
glycidyl methacrylate coated on PP membrane.

| N s
| ©
| o
L [ o
+ PUA/GMA blend with crosslinker M, o
UV curing | oy
- CH._
| ©
N -CH
PP membrane Surface hydrophilized hydrophobic membrane

HN-@ | 59 aq. glutaraldehyde
Lipase

Immobilized biocatalytic membrane

3.2.3. Method of immobilization

Membrane (1 cm?) was suspended in 20 mL of 0.5 M of sodium phosphate
buffer pH 7 containing different concentrations of CRL or PPL and incubated in a
rotary shaker at around 120 rpm at 30°C. After 12 h, membrane was separated from
enzyme solution and treated with 5% aqueous glutaraldehyde solution at 40°C for 3 h.
Membrane was then washed thrice with 10 mL of 0.05 M sodium phosphate buffer
(pH 7). The supernatant (residual enzyme solution) and washings were assayed for
unbound protein. The biocatalytic membrane was processed for lipase activity as
described in Section 3.2.7(a). PUA-D membranes immobilized with CRL and PPL
were termed as CRL-PUA-D and PPL-PUA-D respectively. Similarly, PUA-I
membranes immobilized with CRL and PPL were termed as CRL-PUA-I and PPL-
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PUA-I respectively. The efficiency of immobilized biocatalytic membrane was
calculated in terms two parameters, viz. ‘activity recovery’ and ‘retention of specific

activity’ that are defined in Eq. 3.1 and Eq. 3.2 respectively:

Total
Free

Activity recovery (%) = [MJ x 100 —Eq. 3.1

Where, AMembrane 1S immobilized lipase activity expressed by 1 cm?® of
biocatalytic membrane, Totalp - . is total activity of free lipase. Totalp - isa product of
activity (U/mL) and volume (mL) of free enzyme loaded on 1 cm” of PUA membrane.

Retention of specific activity (%) =

Specific activity of biocatalytic membrane <100 Eq.3.2
Specific activity of free lipase

3.2.4. pH and temperature stability
(a) pH stability

The pH stability of free lipases (CRL or PPL) and immobilized lipases (CRL-
PUA-I and PPL-PUA-I) was studied by incubating the enzyme in buffer solutions of
different pH in the range of 4-10 for 30 min at 30°C and determining the hydrolytic
activity as described in Section 3.2.7(b). The residual activity was calculated as the
percentile ratio of the activity of enzyme after incubation to the initial activity.

Residual activities of free and immobilized lipases were plotted against pH.

(b) Thermal stability

The thermal stability of free lipase and immobilized lipase on AGE-(L)-150
polymer beads was evaluated by incubating the enzyme at different temperatures in
the range of 20-80°C for 30 min at pH 7 and determining the hydrolytic activity as
described in Section 3.2.7(b). Residual activities of free and immobilized lipases were

calculated as mentioned above and plotted against temperature.

3.2.5. Synthesis and characterization of substrates
(a) Chemical synthesis of rac-amino acid ethyl esters

Rac-amino acid esters were chemically synthesized by esterification of rac-
amino acids with ethanol in presence of thionyl chloride [27]. The detailed procedure

of chemical synthesis of rac-amino acid ethyl esters is described earlier in Chapter 2
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in Section 2.2.5(a). Phenylglycine ethyl ester, 3,4-dihydroxy phenylalanine ethyl ester
and 2-naphthylalanine ethyl ester are termed as PG-ester, DOPA-ester and NA-ester

respectively.

3.2.6. Chiral resolution of unnatural amino acid esters using PUA-I membrane
The schematic diagram and the photograph of the membrane bioreactor are

shown in Fig. 3.1(a) and Fig. 3.1(b) respectively.

@
—H g

[

Fig. 3.1(a): Schematic representation of enzyme membrane bioreactor (EMB); 1:

membrane support, 2: outlet, 3: biocatalytic membrane, 4: magnetic stirrer, 5: reaction

mixture, 6: sample port and 7: pressure gauze.

Fig. 3.1(b): Photograph of the enzyme membrane bioreactor
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In laboratory scale Millipore stirred cell (XFUF04701, Millipore Inc. USA),
biocatalytic membrane (47mm diameter disc) was placed on the membrane support as
shown in Fig. 3.1(a). The reactor was charged with 25 mL solution of rac-amino acid
ethyl ester (prepared in 50mM phosphate buffer, pH 7). The reactor temperature was
maintained at 30°C under constant stirring at 200 rpm. Samples were periodically

withdrawn and analyzed by HPLC.

3.2.7. Analytical methods
(a) Membrane characterization

Optimization of pre-polymer synthesis was done using a Shimadzu-8300
Fourier transform infrared spectrophotometer (FT-IR) with a resolution of 1 cm™ in
the transmission mode. Estimation of complete curing of surface epoxy groups was
done using Reflectance mode ATR (Shimadzu-8300). Flux (mL/min) was estimated
by using bubble point apparatus fabricated in NCL-Pune (India). Differential photo-
calorimeter (DPC; TA instruments model Q100) was used to optimize the UV curing
studies. Hydrophilicity was measured by a contact angle meter, GBX (France), using
water as surface wetting liquid. Millimole (mM) of epoxide per cm® of modified
membrane was estimated titrimetrically using a method of addition of hydrogen
halide to epoxy group [28]. The scanning electron micrographs of the dried membrane
were obtained by using JEOL-5600 scanning electron microscope, after coating with

gold under reduced pressure.

(b) Enzymatic activity assays
(i) Activity assay of free and immobilized CRL

The hydrolytic activity of free and immobilized CRL was analyzed
spectrophotometrically using p-NPP as substrate [29]. Substrate was prepared fresh
by dissolving p-NPP (30 mg), 2-propanol (10 mL) and Triton X-100 (0.1 mL) in 100
mL of phosphate buffer (0.05 M, pH 7). Reaction mixture consisted of 0.1 mL diluted
lipase, 0.9 mL of p-NPP substrate solution and 1 mL of phosphate buffer (0.05 M, pH
7). It was incubated in a water bath at 37°C for 30 min followed by addition of 2 mL
2-propanol. Absorbance was determined at 410 nm (Shimadzu UV absorption
Spectrophotometer-160). The unit of enzyme activity unit was defined as the amount

of enzyme required to hydrolyze 1 nM p-NPP per minute under the described
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conditions. Protein estimation of supernatant and washings were determined by the
Folin-Lowry method [30].

The hydrolytic activity of immobilized PPL was determined in similar manner
as mentioned above using p-NPP as substrate. Activity of biocatalytic membrane was

expressed in terms of units of lipase activity per unit membrane area (U/cm?).

(ii) Activity assay of free and immobilized PPL

The hydrolytic activity of free and immobilized PPL was analyzed
titrimetrically using olive oil as substrate [31]. The substrate was prepared by mixing
50 mL of olive oil with 50 mL of gum arabic solution (7% w/v). The reaction mixture
consisting of 5 mL of substrate emulsion, 2 mL of 0.1 M sodium phosphate buffer
(pH 7) and 1 mL of PPL solution, was incubated for 15-30 min at 37°C. The reaction
was terminated by adding 10 mL of acetone-ethanol solution (1:1). The liberated fatty
acid was titrated with 25 mM aqueous NaOH solution using phenolphthalein as an
indicator. One unit (U) of PPL activity was defined as the amount of enzyme that
produced 1 umol of free fatty acids per min under the prescribed assay conditions.

The hydrolytic activity of immobilized PPL was determined in similar manner
as mentioned above using olive oil as substrate. Activity of biocatalytic membrane

was expressed in terms of units of lipase activity per unit membrane area (U/cm?).

(iii) Synthetic activity of immobilized enzyme in batch reactor

Synthetic activity of biocatalytic membrane was evaluated by esterification of
oleic acid. The reaction set up is shown in Fig. 3.1(a). The 100 mL laboratory scale
stirred cell (Millipore) was charged with oleic acid and octanol (0.01M each). The
reaction was conducted with constant stirring at 40°C in presence of CRL-PUA-I or
PPL-PUA-I biocatalytic membranes (47mm diameter disc). After 1 h, reaction
mixture was separated from biocatalytic membrane. To 0.5 mL of reaction mixture,
5.0 mL 1:1 acetone—methanol solution was added and resultant solution was titrated
against 50 mM NaOH to determine unreacted oleic acid [32]. The remaining reaction
mixture was stored at 30°C and analyzed in similar manner for unreacted oleic acid
after 24 h. This was done to check for possible leaching of lipase from membrane into
the reaction mixture.

Further, to evaluate operational stability of immobilized lipase (CRL-PUA-I or

97

Chiral Separation of Drugs and Drug intermediates by Immobilized Biocatalyst



CHAPTER 3: Chiral resolution of unnatural amino acid esters ...

PPL-PUA-I) the above reaction was repeated for 10 consecutive runs, using fresh
substrate each time. To compare the above results against free enzyme, esterification
reaction was carried out in batch mode for 10 h using free lipase. The synthetic
activity of free lipase was determined every hour by titrimetric method as described

above.

(c) HPLC analysis

All reaction profiles were monitored by HPLC (Thermo Separation Products,
Fremont, CA, USA). The quantitative analysis of different amino acids and their
esters was carried out using a reverse phase C-18 column (125x4 mm, prepacked
column supplemented with a 4x4 mm guard column procured from LiChrospher”,
Merck, Darmstadt, Germany) eluted isocratically using acetonitrile-water mobile
phase (30:70 v/v, pH adjusted to 3.0 with 50% v/v o-phosphoric acid), at a flow rate
of 0.6-1.0 mL/min. Peaks were detected using an UV detector at 215 nm. The peak
identification was made by comparing the retention times with those of authentic
compounds. Peak area was used as a measure to calculate the respective
concentration. The reaction conversion was estimated from the ratio of the substrate
consumption to its initial concentration. The enantiomeric excess (e.e.) of the product
was determined by using a CHIROBIOTIC-T® column (250x4.6 mm prepacked
column supplemented with 20x4 mm guard column procured from Astec Inc. USA)
eluted isocratically using water-methanol mobile phase (40:60 v/v, pH adjusted to

2.3-2.5 with 50% v/v glacial acetic acid), at a flow rate of 0.6-0.8 mL/min.

(d) Determination of enantiomeric ratio
Enantiomeric ratio (E) is the prime parameter for describing the enzyme’s
enantioselectivity. Enantiomeric ratio was determined by using Eq. 2.3 as described

earlier in Chapter 2 in Section 2.2.7(e).

3.3. RESULTS AND DISCUSSION
3.3.1. Membrane characterization

The asymmetric nature of 2,4-toluene diisocynate (TDI) molecule allowed to
synthesize pure monoacrylated diisocyanate with only one NCO-group (located in the

para position) on reaction with the hydroxylacrylate at 60°C (reactivity ratio between
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the ortho and para groups is in the range of 25). Infrared spectroscopy was used to
monitor both the synthesis and curing processes. Completion of reaction was
confirmed by disappearance of NCO peak at 2270 cm™ [21]. GMA was blended with
PUA in suitable amount with a cross-linking agent (5% wt pentaerythritol
tetraacrylate) and photoinitiator (Irgacure™ 184). This gave fluidity to the formulation
for coating on the PP membrane. The coating was done using a bar coater in such a
manner that the pores in PP matrix were partially filled by this solution. The film
thickness was 60 um. It was observed that coating and penetration of blend on PP was
facilitated due to prior pre-treatment of PP membrane with isopropyl alcohol
(IPA)/methanol (MeOH). The photoinitiated cross-linking polymerization of the
PUA/GMA coating proceeded very fast upon intense illumination at ambient
temperature. Polymerization was optimized by ATR infrared spectroscopy by
measuring the disappearance of the acrylate double bond [21]. Irgacure®™-184 was
chosen because of its high quantum yield. The DPC study revealed that the enthalpy
of polymerization was 12.7 kcal/mol/methacrylate bond. This is close to the
theoretical value (13.1 kcal/mol/methacrylate bond) [33] which suggests that nearly
100% conversion is possible with this photoinitiator. Surface epoxy content was
estimated and found to be 0.147 mM/cm® of the membrane. This value is high and
indicative of its efficacy in higher enzyme binding.

Enzyme technology employs functionalized membrane surfaces for the
immobilization of enzymes, where one of the key issues is the compatibility of
membrane for immobilization. Copolymerization of PUA with hydrophilic glycidyl
methacrylate on PP support improves the biocompatibility of membrane and also
creates a hydrophilic/hydrophobic microenvironment for the immobilized enzyme.
Hydrophilicity of modified (PUA-I) and unmodified membranes (PP) was compared.
It was found that the unmodified (PP) membrane was hydrophobic (contact angle:
137.3) while modified membrane (PUA-I) was marginally hydrophilic (contact angle:
99.2). Our methodology is effective in that the hydrophilicity is readily introduced
into the porous membrane matrix at the required density by selecting the co-monomer
ratio in the formulation used for polymer preparation.

Scanning electron micrographs (Fig. 3.2) show the surface morphology of PP
and PUA/GMA supported PP membrane, respectively. Commercial PP membrane

was very porous and had well defined pore size. This porosity was decreased due to
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coating and partial filling of pores by the blend as shown in Fig. 3.2(b). This leads to

site availability for covalent attachment of enzyme on the epoxy surface.

= ol
-

1pm p—v Mag=25.00 kX Detector=5E1 CMC-NCL PP membrane

300 nm —— Mag= 75.00 kX Detector=5E1 CMC-HCL PUA membrane
Fig. 3.2: Scanning electron micrographs showing surface morphology of (a)
unmodified polypropylene membrane and (b) poly (urethane methacrylate-co-glycidyl
methacrylate)-supported- polypropylene biphasic membrane. In (a), porous open pore
structure can be seen which is disappeared in (b), due to partial filling of pores by the

coated blend (shown by arrows).

3.3.2. Optimization of the lipase immobilization
(a) Optimization of immobilization time

The time required for immobilization of CRL and PPL was optimized for

100
Chiral Separation of Drugs and Drug intermediates by Immobilized Biocatalyst



CHAPTER 3: Chiral resolution of unnatural amino acid esters ...

PUA-D membranes (Table 3.1 and Table 3.2 respectively). From Table 3.1 values of
percent activity recovery and percent retention of specific activity of CRL-PUA-D
membrane reached to maximum at 18 h. Their values were 70.31% and 82.03%,
respectively. The values of percent activity recovery and percent retention of specific

activity of PPL-PUA-D membrane were reached to maximum in 12 h (Table 3.2).

Table 3.1: Optimization of time for CRL immobilization on PUA-D membranes

Time p-NPP Protein? Specific  Activity  Retention of
(h) activity * activity © recovery specific activity
(%) (%)

Free CRLY  130.99° 0.14” 935.64 ] -

12 1683.83 2.35 716.52 64.27 76.58
18 1841.94 2.40 767.48 70.31 82.03
24 1768.97 2.38 743.26 67.52 79.44

[“ Ulem® of membrane; b mg/cm’ of membrane; ¢ U-mg'-cm?; “ Pree enzyme
solution containing 2 mg/mL of commercial CRL enzyme powder (procured from

Europa Chemicals, UK); “ U/mL; 4 mg/mL.]

Table 3.2: Optimization of time for PPL immobilization on PUA-D membranes

Time Olive oil  protein® Specific  Activity Retention of
(h) activity “ activity © recovery  specific activity
(%) (%)
Free PPL“ 2.16° 0.297 7.45 - -
6 22.31 3.88 5.75 51.64 77.20
12 34.75 5.49 6.33 80.44 84.98
18 34.82 5.50 6.33 80.60 85.00

[“ Ulem® of membrane; b mg/cm’ of membrane; ¢ U-mg'-cm?; “ Pree enzyme
solution containing 1 mg/mL of commercial PPL enzyme powder (procured from

Sigma Chemicals, USA); “U/mL; 4 mg/mL.]

(b) Optimization of enzyme loading

To evaluate the binding capacity, PUA-D membranes were loaded with lipase
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of different concentrations and analyzed for expression of lipase activity and protein
binding. The results of CRL and PPL loading are given in Table 3.3 and Table 3.4
respectively. In case of CRL immobilization, the lipase activity and bound protein
increased with increase in enzyme loading from 2 to 8 mg/cm® membrane. However,
the specific activity of biocatalytic membrane was found to decrease beyond 4 mg
enzyme loading (Table 3.3). Likewise, in case of PPL immobilization, the lipase
activity and bound protein increased with increase in enzyme loading from 1 to 4
mg/cm’ of membrane while the specific activity of biocatalytic membrane was found
to decrease beyond 2 mg enzyme loading (Table 3.4). Inadequate expression of
enzyme activity may be due to the embedding of active site of lipase during the

immobilization process by increased stacking and possible diffusion limitations.

Table 3.3: Optimization of CRL loading on PUA-D membranes

Enzyme p-NPP  Protein ¢ Specific Activity Retention of specific

loading * activity ? activity ¢ recovery (%) activity (%)
2 926.38 1.21 765.60 70.72 81.83
4 1841.94 2.4 767.48 70.31 82.03
6 1959.82  3.81 514.39 49.87 54.98
8 211491 451 468.94 40.36 50.12

[ mg/mL; b Ulem? of membrane; © mg/cm’® of membrane; a U-mg'-em™ ]

Table 3.4: Optimization of PPL loading on PUA-D membranes

Enzyme Olive oil protein ¢ Specific Activity Retention of specific
loading * activity ° activity ¢ recovery (%) activity (%)

1 34.75 5.49 6.33 80.44 84.98

2 69.8 10.84 6.44 80.79 86.45

3 78.94 14.16 5.57 60.91 74.85

4 98.74 19.68 5.02 57.14 67.36

[“ mg/mL; b Ulem? of membrane; ¢ mg/cm’ of membrane; a U-mg!-em™.]

(c) Immobilization on pre-wetted membranes

Pre-wetted membranes were prepared using methanol and isopropyl alcohol as
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prewetting agents. These membranes were found to give higher binding and
expression of lipase (both CRL and PPL) than that of dry membrane (Table 3.5 and
Table 3.6 respectively). PUA-I gave higher expression of lipase activity than that of
PUA-M membranes. CRL-PUA-I gave 90.27% activity recovery and 91.91%
retention of specific activity while PPL-PUA-I gave 91.09% activity recovery and
95.8% retention of specific activity. The higher expression of activity by PUA-I is
probably due to the channels created by solvents, leading to improved enzyme
penetration. [PA was found to be better solvent for prewetting because of its less polar

nature and better enzyme compatibility as compared to methanol.

Table 3.5: Effect of prewetting on CRL immobilization on PUA membrane

Membrane pNPP  protein? Specific  Activity Retention of
activity * activity © recovery (%) specific activity (%)
PUA-D 1841.94 2.4 767.48 70.31 82.03
PUA-M 1974.29 2.52 783.45 75.36 83.73
PUA-I 236491 2.75 859.97 90.27 91.91

[“ U/em® of membrane; b mg/cm’ of membrane; “ U'mg™-cm™ ]

Table 3.6: Effect of prewetting on PPL immobilization on PUA membrane

Membrane Olive oil Protein? Specific Activity Retention of
activity activity ¢ recovery (%) specific activity (%)
PUA-D 68.92 10.84 6.36 79.77 85.36
PUA-M 70.08 10.88 6.44 81.11 86.48
PUA-I 78.7 11.03 7.14 91.09 95.80

[“ U/em® of membrane; b mg/cm’ of membrane; “ U'mg™-cm™.]

In most of the previous reports, immobilization of lipases on different
membrane supports was accomplished mainly via either physical adsorption or
covalent attachment methods. In general, the membranes capable of binding lipase by
physical adsorptive forces have low protein binding capacity i.e. roughly in the range
of 0.005 to 0.1 mg/cm? [17, 34-43]. On the other hand, functional membranes capable

of binding lipase via covalent attachment gave better protein binding capacity i.e. in
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the range of 1.5-16 mg/cm” [18, 44-46]. Thus, the covalent attachment offers better

protein loading on membrane surface than mere physical adsorption.

Several authors studied the covalent immobilization lipase on different
modified functional membranes. For example, Bayramoglu ef al. have studied the
covalent immobilization of CRL on poly(2-hydroxyethyl methacrylate-co-
methacrylamido-phenlyalanine) flat-sheet membranes. Under the optimized
conditions, the biocatalytic membrane expressed lipase activity of 841 U/g of
membrane (corresponding to 78% activity recovery) and showed protein binding of
1.5 mg/cm’® [18]. Covalent immobilization of CRL on poly(acrylonitrile-co-2-
hydroxyethyl methacrylate) flat-sheet membrane is reported by Huang et al.. The
immobilization showed 40% activity recovery with 16 mg/cm” protein binding [44].
Ye et al. have studied poly-(acrylonitrile-co-maleic acid) hollow-fiber membrane for
covalent immobilization of CRL. Under the optimized conditions, the biocatalytic
membrane expressed 15.8 U/mg of specific activity (which correspond to 37%
activity recovery) and showed protein binding of 20.2 mg/g [45]. Moreover, the
covalent immobilization of PPL on poly(methyl methacrylate-ethylene glycol
dimethacrylate) flat-sheet membrane is reported by Pugazhenthi and Kumar. The
immobilization resulted in 39% increase in the activity of PPL [46].

In the present study, the PUA-D membrane gave maximum protein binding up
to 4.51 mg/cm® for CRL and 19.68 mg/cm® for PPL (Table 3.3 and Table 3.4
respectively). Compared to the previous reports, PUA-D was found to be a more
efficient support for the lipase immobilization. The biocatalytic membranes (CRL-
PUA-I and PPL-PUA-I) under optimum conditions, showed very high percent activity
recovery (about 90% and 91% respectively). This can be ascribed to increased

enzyme stability by immobilization on this hydrophilized-hydrophobic membrane.

3.3.3. Stability of biocatalytic membranes
(a) pH stability

The activity profiles of free and immobilized CRL with respect to pH are
shown in Fig. 3.3. In the alkaline pH conditions, e.g. at pH 8 and 9, the free lipase
retained 81.1% and 40.3% residual activity while immobilized biocatalytic membrane

(CRL-PUA-I) found to retain 94.3% and 82.6% residual activity, respectively.
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Fig. 3.3: pH stability of CRL-PUA-I membrane
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Fig. 3.4: pH stability of PPL-PUA-I membrane

Fig. 3.4 gives the effect of pH on the residual activity of free and immobilized
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PPL. In the alkaline pH conditions, e.g. at pH 9 and 10, the free lipase retained 61.6%
and 33.6% residual activity whereas, immobilized biocatalytic membrane (PPL-PUA-
I) retain 84.24% and 57.71% residual activity, respectively. Fig. 3.3 and Fig. 3.4
indicate that immobilization of CRL and PPL on PUA-I membrane has significantly

improved the pH stability of enzymes mainly in the alkaline region.

(b) Temperature stability

The activity profiles of free and immobilized CRL with respect to temperature
are given in Fig. 3.5. At 50°C the free enzyme retained only 50.7% residual activity
while CRL-PUA-I membrane retained 76.0% of its initial activity. Likewise at 60°C
the free enzyme retained 39.1% residual activity while CRL-PUA-I membrane

retained 55.5% residual activity.
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Fig. 3.5: Temperature stability of CRL-PUA-I membrane

The effect of temperature on stability of free and immobilized PPL is given in
Fig. 3.6. At 50°C the free enzyme retained only 63.17% residual activity while PPL-
PUA-I membrane retained 91.66% of its initial activity. Likewise at 60°C the free

enzyme retained 41.40% residual activity while PPL-PUA-I membrane retained
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67.25% residual activity. Fig. 3.5 and Fig. 3.6 indicate that this method of lipase

immobilization conferred moderate thermal stability to CRL and PPL.
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Fig. 3.6: Temperature stability of PPL-PUA-I membrane

Among previous reports, describing the immobilization of CRL and PPL on
membrane, few have evaluated the stability of an immobilized enzyme [17, 18, 38,
44, 47]. In general, the previous reports indicate a significant increase in enzyme’s
stability upon immobilization which has been our observation as well. However, it is
difficult to compare present results with results reported earlier since the experimental
conditions (such as source of lipase, substrate used, substrate concentration, method

of immobilization, storage conditions etc.) vary to a great extent.

3.3.4. Performance of EMB
(a) Synthetic activity and reusability of CRL-PUA-I

The synthetic activity of lipase in organic solvents has shown broad substrate
specificity as has been demonstrated with many unnatural substrates [48]. Lipase
elicits a major interest in synthetic organic chemistry compared to its hydrolytic

activity. It has been observed that lipase with very high hydrolytic activity need not
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express a corresponding high degree of synthetic activity and vice versa [49, 50].

Therefore, synthetic activity of lipase was evaluated along with hydrolytic activity.
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Fig. 3.7: Performance of CRL-PUA-I membrane in oleic acid esterification reaction

Esterification of oleic acid with octanol was studied initially to estimate the
synthetic activity of lipases in organic medium. This reaction was repeated for ten
consecutively cycles, using fresh substrate each time to evaluate the stability and
reusability of immobilized biocatalytic membrane (CRL-PUA-I). Fig. 3.7 shows
comparison of synthetic activity of free lipase and immobilized biocatalytic
membrane. For the first two esterification cycles the biocatalytic membrane retained
almost 100% of synthetic activity; thereafter, a steady reduction in synthetic activity
was observed. However, the membrane retained 84.2% and 57.5% of its initial
synthetic activity after 5th and 10th consecutive esterification cycle, respectively. Free
CRL, on the other hand, retains only 13.1% of its activity after 5 h and loses all its
synthetic activity after 10 h.
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The simplicity of the EMB provided a useful tool to study biotransformation
reactions. The biocatalytic activity of immobilized biocatalyst decreased with time
and number of reaction cycles due to enzyme denaturation. Therefore, the initial
reaction rate is a crucial parameter, which needs to be determined in order to calculate
the residence time of reaction mixture in the EMB. Fig. 3.7 shows the initial velocity
of the esterification reaction. The initial reaction rates are expressed for 1 cm’
biocatalytic membrane in terms of uM-h™-cm™. After ten cycles the initial velocity
decreased from 5.17 to 2.97 uM-h™-cm™ with corresponding decrease observed for

synthetic activity.

(b) Synthetic activity and reusability of PPL-PUA-I
Fig. 3.8 shows comparison of synthetic activity of free lipase and PPL-PUA-I

membrane.
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Fig. 3.8: Performance of PPL-PUA-I membrane in oleic acid esterification reaction
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For the first two esterification cycles the biocatalytic membrane retained
almost 100% of synthetic activity; thereafter, a steady moderate reduction in synthetic
activity was observed. However, the membrane retained 91.38% and 61.43% of its
initial synthetic activity after 5th and 10th consecutive esterification cycles,
respectively. Free PPL, on the other hand, retained only 36.46% and 0.83% of its
initial activity after 5 h and 10 h. Fig. 3.8 also shows the initial velocity of the
esterification reaction. After ten cycles the initial velocity decreased from 6.55 to 3.96

uM-h™-em™ with corresponding decrease observed for synthetic activity.

(c) Study of enzyme release from membrane

The remaining reaction mixture after an esterification cycle (catalyzed by
CRL-PUA-I membrane) was stored at 20°C for 24 h. The unreacted oileic acid
content in the reaction mixture was found to be the same after 24 h. If the lipase
would have leached from membrane surface, unreacted oleic acid would have been
further reduced in 24 h. The results confirm that CRL binding on PUA-I membrane
was irreversible and stable. An identical experiment was conducted for PPL-PUA-I
membrane. The unreacted oileic acid content in the reaction mixture was found to be
the same after 24 h, indicating here too the PPL binding on PUA-I membrane was

irreversible and stable.

3.3.5. Chiral resolution of unnatural amino acid esters
The chiral resolution of unnatural amino acid ethyl esters catalyzed by

membrane immobilized lipases is represented in Scheme 3.2.

Scheme 3.2: Chiral resolution of unnatural amino acid ethyl esters by biocatalytic

membranes
OC,Hsg OC,H5 OH
R CRL-PUA-I (or PPL-PUA-I) R )\/R
O > 0 + o] -
NH, NH, NH,
(RS)-Amino acid ester (R)-Amino acid ester (S)-Amino acid
PG DOPA HPA NA
CH,—
HO CH,— 2
| O X Orene
HO
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(a) CRL-PUA-I catalyzed chiral resolution of amino acid ethyl esters

The enantioselectivity of an enzyme was determined in terms of enantiomeric
ratio (E). The results of stereoselective hydrolysis of unnatural amino acid ethyl esters
using CRL-PUA-I are summarized in Table 3.7. The enantiomeric ratios of CRL-
PUA-I towards hydrolysis of PG-ester, DOPA-ester, HPA-ester were 11.3, 10.3 and
14.4 respectively. CRL-PUA-I showed relatively poor enantioselectivity towards
hydrolysis of NA-ester (£ =4.7).

Table 3.7: Chiral resolution of ethyl esters of unnatural amino acids using CRL-PUA-

I membrane

Substrate Preferred configuration Time (min) eep(%) C(%) E

PG-ester S 30 82.4 9.2 11.3
DOPA-ester S 30 81.3 7.1 10.3
HPA-ester S 30 85.7 10.6 144
NA-ester S 30 62.7 11.8 4.7

(b) PPL-PUA-I catalyzed chiral resolution of amino acid ethyl esters

The results of stereoselective hydrolysis of unnatural amino acid ethyl esters
using PPL-PUA-I are summarized in Table 3.8. The enantiomeric ratios of PPL-PUA-
I towards hydrolysis of PG-ester, DOPA-ester, HPA-ester were 6.9, 4.5 and 3.7
respectively. PPL-PUA-I showed relatively higher enantioselectivity towards
hydrolysis of NA-ester (£ = 4.7) than that of PG-ester, DOPA-ester, HPA-ester.

Table 3.8: Chiral resolution of ethyl esters of unnatural amino acids using PPL-PUA-

I membrane

Substrate Preferred configuration Time (min) eey(%) C(%) E

PG-ester S 30 72.4 12.2 6.9
DOPA-ester S 30 61.5 10.7 4.5
HPA-ester S 30 55.2 94 3.7
NA-ester S 30 86.4 11.1 15.2
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(c) Reusability of biocatalytic membrane

The reusability of CRL-PUA-I was verified by running the EMB in repetitive
batch mode. The hydrolysis of HPA-ester was repeated for five consecutively cycles,
using same biocatalytic membrane but fresh substrate each time. Fig. 3.9 shows initial

reaction rate and reaction time of five repeated cycles.
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Fig. 3.9: CRL-PUA-I catalyzed hydrolysis of HPA-ester in five repeated cycles

The initial reaction rate is expressed for 1 cm” biocatalytic membrane in terms

L.em™. The first cycle proceeded with initial reaction rate of 650.7 nM-min”

of nM-min
"cm™ and eep, of 81.5% was attained at 90 min. Thereafter the initial reaction rate, in
successive cycles, found to decrease gradually from 650.7 to 506.2 nM-'min™'-cm™
indicating some loss of enzyme activity during each cycle. In order to maintain the ee,
(>81%) 1n each successive cycle, the reaction time was accordingly extended. The 5t

cycle therefore finished at 120 min.
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The results of five repetitive cycles of NA-ester hydrolysis catalyzed by PPL-
PUA-I membrane are given in Fig. 3.10. It shows initial reaction rate and reaction
time of five repeated cycles. The first cycle proceeded with initial reaction rate of
480.5 nM-min"-cm™ and ee, of 83.1% was attained at 120 min. Thereafter the initial
reaction rate, in successive cycles, found to decrease gradually from 480.5 to 386.9
nM-'min"-cm™ indicating some loss of enzyme activity during each cycle. In order to
maintain ee, (>83) in each successive cycle, the reaction time was accordingly

extended. The 5™ cycle therefore finished at 160 min.

500 + T 200

400 ~ - 160

300 - 120

200 - 80

.. . -1 -2
Initial rate of reaction, nM.min".cm
Reaction time, min &
eep

100 ~ - 40

7
|
|

Z

o | e | | B | e L0
1 2 3 4 5
Batch number
B2 Initial reaction rate Reaction time —-8— egp

Fig. 3.10: PPL-PUA-I catalyzed hydrolysis of NA-ester in five repeated cycles

Membrane immobilized lipases have been used for a chiral resolution of
several drugs and drug intermediates such as ibuprofen [47, 51-53], naproxen [13,
54], 2-(2-fluoro-4-biphenyl) propanoic and (4-isobutylphenyl) propanoic acids [55],
trans-2-methyl-1-cyclohexanol [56] etc. However, to the best of our knowledge,
enantioselective synthesis of PG, DOPA, HPA and NA has not yet been studied using
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EMB. The high protein binding capacity, high activity and improved operational
stability of CRL-PUA-I and PPL-PUA-I membranes are the promising features of the
present study. However, the low enantiomeric ratios (£ < 20) of immobilized lipases
(CRL as well as PPL) towards hydrolysis of different unnatural amino acid ethyl

esters suggest a limited utility of these biocatalysts.

3.4. CONCLUSIONS

A blend of polyurethane (meth)acrylate and GMA was coated and cured on a
PP membrane to have better surface hydrophilicity, biocompatibility, strength and
chemical stability. This membrane has excellent protein binding capacity hence can
be used for enzyme immobilization. Under optimum conditions, the biocatalytic
membranes (CRL-PUA-I and PPL-PUA-I), showed high activity recovery (about 90%
and 91% respectively) and high retention of specific activity (about 92% and 96%
respectively). Furthermore these biocatalytic membranes showed better stability over
a wider range of pH and temperature than that of free enzyme. CRL-PUA-I showed
maximum enantioselectivity towards hydrolysis of PG-ester, DOPA-ester and HPA-
ester (£ = 11.3, 10.3 and 14.4 respectively) while PPL-PUA-I showed maximum
enantioselectivity towards hydrolysis of NA-ester (£ = 15.2). Moreover, CRL-PUA-I
and PPL-PUA-I exhibited high operational stability during repetitive hydrolytic
cycles of HPA-ester and NA-ester respectively.
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4.1. INTRODUCTION

Amidase (acylamide amidohydrolases; EC 3.5.1, 3.5.2) catalyzes the
hydrolysis of carboxylic acid amides to free carboxylic acids and ammonium [1]. The
enzyme is widely distributed in almost all kingdoms of living world [2]. The exact
physiological role of amidase is not yet clearly understood, however in some species
amidase (along with nitrile hydratase) is found to be involved in the utilization of
nitrogen from nitriles. In recent years, amidase have gained considerable interest in
the diverse research fields like chirotechnology, neurobiochemistry and plant
physiology [3].

Microbial amidases have emerged as important industrial biocatalyst. For
example, amidase catalyzed synthesis of acrylamide and acrylic acid is one of the
largest industrial biotransformations in the world [4]. Moreover, a wide range of
commercially useful chemicals can be synthesized by using microbial amidases [5-9].
Microbial amidases are abundant in Rhodococci, Nocardia and Arthrobacteria.
Rhodococcal amidases exhibit stereoselectivity towards hydrolysis of amides of a-
substituted carboxylic acids [1].

Rhodococcal amidase (and nitrile hydratase) in form of whole cell biocatalyst
has been studied for synthesis of several commercially important chemicals. For
example, amidase from Rhodococcus erythropolis NCIMB11540 was used for
synthesis of a-hydroxy carboxylic acids [10] and that from R. erythropolis ATCC
25544 was used for synthesis of 2,2-dimethylcyclopropane carboxylic acid [11].
Phenylpropionic acid and lysergic acid were synthesized using Rhodococcus equi
TG328 [12] and Rhodococcus equi A4 [13] respectively. Amidase from R.
erythropolis AJ270 has been extensively studied for synthesis of several useful
chemicals such as azetidine-2-carboxylic acids [14], a-substituted phenylacetamides
[15], derivatives of 3-arylaziridine-2-carboxamide [16] and (S)-ibuprofen [17].
Rhodococcus erythropolis MP50 whole-cell amidase has been used for synthesis of
enantiopure 2-arylpropionic acids namely naproxen [18, 19, 20], ibuprofen [20] and
ketoprofen [21]. The amidase (and nitrile hydratase) catalyzed stereoselective
transformations are summarized in comprehensive reviews by Fournand and Arnaud
[2] and Martinkova and Kien [22].

Nitrile hydratase (EC 4.2.1.84) along with amidase can catalyze the unique

conversion of nitrile to corresponding enatiopure carboxylic acid. Several a-amino
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acids have been synthesized using nitrile hydratase-amidase system. Rhodococcus
cells have been thoroughly studied for synthesis of enantiopure natural and unnatural
amino acids. For example, Enantioselective synthesis of several a-amino acids is
reported by Beard and Page [23]. Wang and Lin reported enantioselective synthesis of
L-phenylglycine and other a-amino acids using Rhodococcus sp. AJ270 cells [24, 25].
In another report, immobilized Rhodococcus sp. (NOVO SP. 361) was used for
enantioselective synthesis of D-phenylglycine [26]. Wang et al. used whole cell
biocatalyst of Rhodococcus sp. AJ270 for synthesis of several a-methylamino acids
[8]. The synthesis of a-amino acids reported in all these reports involves two
sequential steps viz. (i) nitrile hydratase catalyzed conversion of a-amino nitrile to a-
amino acid amide and (i1) amidase catalyzed conversion of a-amino acid amide to a-
amino acid.

In spite of being an elegant system, the two-step bioconversion of a-amino
nitrile to a-amino acid incurs serious practical limitation due to the chemical
instability of substrates (nitriles). The a-amino nitriles undergo spontaneous
degradation into aldehyde and ammonia via a retro-Strecker reaction [27, 28]. This
decomposition is difficult to control as it takes place readily even under mild
conditions (e.g. pH 7) at which the enzymatic reactions are usually carried out. Using
low nitrile concentration (roughly in range of 0.5-1.5 mM) can partially reduce the
problem of decomposition, however this decreases the overall yield of product
thereby making the reaction unsuitable for large scale conversions [7, 29]. Moreover,
nitrile hydratase generally exhibit lower enantioselectivity than amidase [30].

The main objective of present work was to evaluate the usefulness of
Rhodococcal amidase for synthesis of enatiopure unnatural amino acids (namely:
phenylglycine, homophenylalanine and naphthylalanine) from their corresponding
amides. Rhodococcal cells contain a large set of enzymes that allow them to carry out
large number of bioconversions and degradations. The broad catabolic diversity of
rhodococci is primarily related to the presence and mobilisation of large linear
plasmids and further amplified due to the presence of multiple homologues of
enzymes in catabolic pathways [31]. Therefore it is essential to direct the metabolic
pathways of Rhodococcus cells towards production of desired enzyme(s). Hence to
begin our study we identified and optimized the critical medium components to

enhance the production of amidase.
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In order to make a fermentative process commercially viable, it is necessary to
improve the yield in a cost effective manner. One of the methods for achieving the
above objective is selection of appropriate media components and optimal culture
conditions. Thus, the optimization of fermentation conditions is generally regarded as
a crucial step in the development of a cost-effective fermentation process [32].

The conventional method of medium optimization involves changing one
parameter at a time and keeping the others at fixed levels. This method is laborious
and time consuming [32]. Furthermore, being linear in nature, the conventional
method is incapable of determining interactive effects of operational variables during
the fermentation process and therefore, unable to predict the ‘true’ optimum [33]. The
limitations of the one-factor-at-a-time optimization can be eliminated by employing
statistical optimization methods. Among the different statistical based approaches,
Response Surface Methodology (RSM) has been extensively used for media
optimization. RSM 1is a collection of statistical techniques which uses Design of
Experiments (DoE) for building models, evaluating the interactive effects of factors
and searching for the optimum conditions. It is a statistically designed experimental
protocol in which several factors are simultaneously varied [34]. In biotechnology, the
technique has been used for broad range of primary as well as secondary microbial
metabolites viz. acids [32, 35], enzymes [33, 36], biosurfactants [37, 38], terpenoids
[39] etc. However, to the best of our knowledge, such a detailed study has not yet
been reported for Rhodoccocal amidase.

Seven Rhodococcus strains were screened for amidase production and
Rhodococcus erythropolis MTCC 1526 was selected for further experiments. The
systematic and sequential optimization strategy was adopted to enhance the
production of amidase from R. erythropolis MTCC 1526. An optimal media
composition for production of amidase was achieved in following three steps: (i)
Screening of optimum carbon source, nitrogen source and inducer, (ii) Use of a
Plackett—-Burman experimental design to select the most influential media
components (ii1) Use of face-centre central composite design (FCCCD) of response
surface methodology for optimization of critical media constituents. R. erythropolis
MTCC 1526 cells with enhanced amidase activity were immobilized by different gel
entrapment methods. Cells entrapped in alginate matrix and polyvinyl alcohol

matrixes were used for chiral resolution of unnatural amino acid amides.
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4.2. MATERIALS AND METHODS
4.2.1. Materials

The seven microbial strains namely Rhodococcus erythropolis MTCC 1526,
1548 and Rhodococcus spp. MTCC 2574, 2678, 2683, 2794 and 3951 were procured
from MTCC-Chandigarh, India. All bacterial growth media components were
purchased from Hi-Media, India. Unnatural amino acids namely phenylglycine (PG),
homophenylalanine (HPA) and 2-naphthylalanine (NA) were purchased from Bachem
Chemicals, Switzerland. All other chemicals were of analytical grade procured from

S.D. Fine Chemicals, India.

4.2.2. Medium optimization for production of amidase
(a) Strain and cultivation conditions

All Rhodococcus strains were maintained on nutrient agar The liquid
fermentation medium used for batch culture experiments contained (g/L): glucose
(10), yeast extract (3), meat peptone (7.5), Na,HPO, (4.0), KH,PO4 (2.0),
MgS0,4.7H,0 (0.2), CaCl,.2H,0O (0.02), ammonium ferric citrate (0.05), acetamide
(10mM) and trace mineral solution (1 mL/L) [termed as medium A]. The composition
of trace mineral medium was (g/L) H;BOs (0.1), MnCl,-4H,0 (0.1), ZnSO4-H20
(0.1), FeCl3-6H,0 (0.1), CaCl,-2H,0 (1), CuCl,-2H,0 (0.05) [10].

(b) Effect of fermentation time for amidase production
Here, the amidase activities (U/g of dry cells) produced by seven Rhodococcus
strains were studied at regular time intervals (24, 36 and 48 h) in order to determine

the effect fermentation time on amidase production.

(c) Selection of optimum nitrogen source, carbon source and inducer

The components containing organic nitrogen (yeast extract and meat peptone)
from medium A were replaced by inorganic nitrogen sources (namely: urea,
ammonium sulphate and ammonium phosphate) at equivalent nitrogen level. To
evaluate the optimum carbon source, glucose was replaced by equivalent amount of
different carbon sources namely glycerol, sucrose, sorbitol and mannitol. Seven
inducers (namely: acetamide, acetamido-phenol, acetamido-acetophenon, 4-

acetamido-benzaldehyde, acetanilide, acrylamide and urea; 10mM each) were
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screened to evaluate the enhancement in amidase production. Among seven different
inducers, acetamide was found to give maximum amidase production and therefore

selected for further experiments.

(d) Amidase activity profile for R. erythropolis MTCC 1526

The cell growth and intracellular amidase activity were simultaneously studied
to determine the optimum fermentation time in shake flask fermentation.
Rhodococcus erythropolis MTCC 1526 were grown on liquid medium containing
(g/L) sorbitol (10.12), yeast extract (3), meat peptone (7.5), Na,HPO, (4.0), KH,PO4
(2.0), MgS04.7H,0 (0.2), CaCl,.2H,0 (0.02), ammonium ferric citrate (0.05), trace
mineral solution (1 mL/L) and acetamide (10 mM) [termed as medium B]. The
samples were aseptically removed at regular interval of 6 h up to 48 h and analyzed

for optical density (600 nm), amidase activity (500 nm).

(e) Screening of critical media components using a Plackett—Burman design

A total of seven process variables comprising six media components (namely:
sorbitol, yeast extract, meat peptone, Na,HPO4, KH,PO, and acetamide) and one
dummy variable were studied in Plackett-Burman screening experiments. Here,
experiments were performed at various combinations of ‘high’ (H) and ‘low’ (L)
values of the process variables and analyzed for their effects on the response of the
process [40]. All trials were performed in duplicate and the average of amidase

activity (U/ g of dry cells) was used as a response.

(f) Experimental design and data analysis

The concentrations of these four media components (sorbitol, yeast extract,
meat peptone and acetamide) were optimized by using Face Centered Design
(FCCCD) of RSM [34]. The value of the dependent response was the mean of two
replications. The second order polynomial coefficients were calculated and analyzed

using the trial version of ‘Design Expert’ software (Version 6.0, Stat-Ease Inc., USA).

4.2.3. Immobilization of R. erythropolis cells
(a) Agar entrapment of cells

The procedure was carried out according to the method described earlier by
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Nilson et al. [41]. R. erythropolis cells (equivalent to 0.5 g dry weight) were
uniformly suspended in 25 mL sterilized agar solution (4% w/v in physiological
saline) at 50°C. This agar-cell mixture was added drop-wise under vigorously stirring
to pre-warmed 250 mL paraffin oil at 40°C. This mixture was allowed to cool by
itself, while stirring continued, and the emulsion slowly solidified. The cell-entrapped
agar beads of approximately 2-3 mm thus obtained were washed with distilled water.

The resultant biocatalytic matrix was termed as AGA-Re.

(b) Alginate entrapment of cells

The entrapment of cells in alginate was carried out according to the method
described earlier by Bettmann and Rehm [42]. R. erythropolis cells (equivalent to 0.5
g dry weight) were uniformly suspended in 25 mL sterilized alginate solution (4%
w/v in physiological saline). This alginate-cell mixture was extruded drop by drop
into a cold sterile 0.2 M CaCl, solution. Gel beads of approximately 2-3 mm diameter
were obtained. The beads were hardened by resuspending into a fresh CaCl, solution

for 2 h with gentle agitation. The resultant biocatalytic matrix was termed as ALG-Re.

(c) Polyurethane entrapment of cells

The procedure was carried out according to the method described earlier by
Branyik et al. [43]. R. erythropolis cells (equivalent to 0.5 g dry weight) were
uniformly suspended in 25 mL physiological saline. 20 g of polyurethane precursor
(Hypol 2000) was mixed in cell suspension. The mixture was allowed to polymerize
in silicone tube at 25°C. The resulting polyurethane matrix containing cells was cut
into uniform cylinders. The beads were thoroughly washed with distilled water. The

resultant biocatalytic matrix was termed as PUA-Re.

(d) Polyvinyl alcohol entrapment of cells

The procedure was carried out according to the method described earlier by
Chen and Lin [44]. R. erythropolis cells (equivalent to 0.5 g dry weight) were
uniformly suspended in 25 mL sterile aqueous PVA solution (20% w/v). The resulting
mixture was extruded drop by drop into a glass column filled with 500 mL saturated
boric acid. The drops polymerized as they passed through the boric acid solution to

produce regularly-shaped beads with a diameter of approximately 2-3 mm. The beads
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were allowed to remain in the boric acid for 2 h, subsequently suspended into 1M
sodium orthophosphate solution (pH 6.5) for 1 h to consolidate hardening. The beads
were thoroughly washed with sodium phosphate buffer (0.05M, pH 6.5) and the

resultant biocatalytic matrix was termed as PVA-Re.

4.2.4. Synthesis and characterization of substrates
(a) Chemical synthesis of rac-amino acid amides

The chemical synthesis of rac-amino acid amide from rac-amino acids was
done in two steps viz. Step 1: Esterification of amino acid and Step 2: Synthesis of

amino acid amide from amino acid ester (Scheme 4.1) as described earlier [45].

Scheme 4.1: Chemical synthesis of rac-amino acid amides

H-N HoN
2 YCOOH Methanol, HCI 2 \(COOCHQ, NH,OH HZNYCONHZ
R R R
Amino acid Amino acid methyl ester Amino acid amide
PG HPA NA

O [ Ow oy

(i) Step 1: Hydrogen chloride was bubbled through a dispersion of amino acid (500

mg) in methanol (50 mL) for 30 minutes and stirred at room temperature for 16-18
hours. The solvent was evaporated using a rotatory evaporator (Buchi Rotapovor® R-
124, Switzerland). Then NaHCOj saturated aqueous solution (50 mL) was added and
the mixture was extracted with dichloromethane (3x30 mL). The organic layer was
washed with water (50 mL), dried over anhydrous Na,SO4 and evaporated to collect
amino acid methyl ester.

(ii) Step 2: Amino acid methyl ester (500 mg) was added to saturated aqueous
ammonium hydroxide solution (30 mL) and stirred at room temperature for 24 hours.
Water (30 mL) was added and the mixture was extracted with dichloromethane (3%30
mL). The organic solvent was evaporated under vacuum using a rotatory evaporator

to obtain amino acid amide.
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Phenylglycine amide, homophenylalanine amide and 2-naphthylalanine amide

are termed as PG-amide, HPA-amide and NA-amide respectively.

(b) Characterization

(i) Phenylglycine amide (PG-amide): White solid powder, Analysis: Calculated for
CsHoN2O: C 63.98%, H 6.71%, N 18.65%; Found C 64.1%, H 6.67%, N 18.56%.
'H-NMR (200 MHz, DMSO-ds): 7.65-8.01 (5H, aromatic H), 7.56 (2H, CONH,),
5.34 (2H, NH>), 4.64 (1H, Ph-CH).

(ii)) Homophenylalanine amide (HPA-amide): white solid powder, Analysis:
Calculated for C;oHi4N,O: C 67.39%, H 7.92%, N 15.72%; Found C 67.32%, H
7.67%, N 15.42%. '"H-NMR (200 MHz, DMSO-ds): 7.69-7.80 (5H, aromatic H), 7.56
(2H, CONH,), 5.31 (2H, NH), 3.31 (1H, Ph-CH,-CH,-CH), 2.54 (2H, Ph-CH,), 2.11
(2H, Ph-CH,-CH,).

(iii) 2-Naphthylalanine amide (NA-amide): white solid powder, Analysis: Calculated
for C;3H1uN,O: C 72.87%, H 6.59%, N 13.07%; Found C 72.82%, H 6.52%, N
12.92%. 'H-NMR (200 MHz, DMSO-d,): 7.68-8.21 (7H, aromatic H), 7.66 (2H,
CONH,), 5.44 (2H, NH;), 4.13 (1H, Naphthyl-CH,-CH), 3.64 (2H, Naphthyl-CH,).

4.2.5. Chiral resolution of unnatural amino acid amides using immobilized cells
The biotransformation reactions were conducted in 25 mL stoppered flasks.
The biocatalytic matrix was added in 10 mL solution of substrate (10mM prepared in
50 mM phosphate buffer, pH 7) to initiate the biotransformation reaction. The flask
was incubated on oscillatory shaker at 30°C at 120 rpm. The samples were

periodically withdrawn and analyzed by HPLC.

4.2.6. Analytical methods
(a) Amidase activity assay

Amidase activity (acyl transfer  activity) was determined
spectophotometrically at 500 nm as described earlier [9]. The Rhodococcus cells were
isolated from fermentation medium by centrifugation. Cells were washed twice with
0.1M sodium phosphate buffer (pH 7.2). The washed cells (0.01g wet weight) were
suspended in cold sodium phosphate buffer and subjected to ultrasonic treatment for 5

min. The cell debris was removed by centrifugation (15,000 rpm for 10 min). The
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supernatant (0.1 mL) was analyzed for amidase activity. The ratio of wet weight to
dry weight was determined for each sample and the enzyme activity was expressed in
units per gram of dry cells as reported earlier [46]. One unit (U) is defined as amount
of enzyme that converts 1.0 pmole of acetamide and hydroxylamine to
acethydroxamate and ammonia per minute at pH 7.2 at 37°C. In case of immobilized
enzyme, 100 mg freshly prepared biocatalytic matrix was used and the immobilized

enzyme activity was expressed in units per gram of matrix.

(b) Characterization of immobilized enzyme
The biocatalytic matrices were characterized by scanning electron microscopy

(SEM). Micrographs were taken on a JEOL JSM-5200 SEM instrument.

(c) HPLC analysis

All reaction profiles were monitored by HPLC (Thermo Separation Products,
Fremont, CA, USA). The quantitative analysis of different amino acids and their
esters was carried out using a reverse phase C-18 column (125x4 mm, prepacked
column supplemented with a 4x4 mm guard column procured from LiChrospher”,
Merck, Darmstadt, Germany) eluted isocratically using acetonitrile-water mobile
phase (30:70 v/v, pH adjusted to 3.0 with 50% v/v o-phosphoric acid), at a flow rate
of 0.6-1.0 mL/min. Peaks were detected using an UV detector at 215 nm. The peak
identification was made by comparing the retention times with those of authentic
compounds. Peak area was used as a measure to calculate the respective
concentration. The reaction conversion was estimated from the ratio of the substrate
consumption to its initial concentration. The enantiomeric excess (e.e.) of the product
was determined by using a CHIROBIOTIC-T® column (250x4.6 mm prepacked
column supplemented with 20x4 mm guard column procured from Astec Inc. USA)
eluted isocratically using water-methanol mobile phase (40:60 v/v, pH adjusted to

2.3-2.5 with 50% v/v glacial acetic acid), at a flow rate of 0.6-0.8 mL/min.

(d) Determination of enantiomeric ratio
Enantiomeric ratio (£) is the prime parameter for describing the enzyme’s
enantioselectivity. Enantiomeric ratio was determined by using Eq. 2.3 as described

earlier in Chapter 2 in Section 2.2.7(e).
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4.3. RESULTS AND DISCUSSION
4.3.1. Medium optimization for production of amidase
(a) Optimization of fermentation time for amidase production

Amidase production (amidase activity; U/g of dry cells) by seven
Rhodococcus strains at different time intervals was studied. All Rhodococcus strains
gave maximum amidase production at 36 h (except MTCC 2794 and MTCC 3951
where maximum amidase production was observed at 24 h). All further fermentations
of seven Rhodococcus strains were terminated at their respective optimized

fermentation time.

(b) Selection of optimum nitrogen source, carbon source and inducer

Use of inorganic nitrogen source resulted in reduced cell density and amidase
activity (results not shown) and therefore organic nitrogen sources (yeast extract and
meat peptone) were selected for further studies. R. erythropolis MTCC 1526 gave

maximum amidase activity when grown on sorbitol as carbon source (Table 4.1).

Table 4.1: Effect of carbon source on amidase production

Rhodococcus Time Amidase activity (U/g of dry cells)

Strain (h) Glucose Glycerol Mannitol Sorbitol Sucrose
MTCC 1526 36 157.85 17.54 19.66 489.14 251.43
MTCC 1548 36 115.40 Nil Nil 11.27 136.97
MTCC 2574 36 160.49 0.59 Nil 21.83 1.09
MTCC 2678 36 91.38 1.96 21.40 221.38 58.53
MTCC 2683 36 184.82 Nil 12.64 30.36 23.26
MTCC 2794 24 284.41 113.15 206.11 359.84 184.04
MTCC 3951 24 212.40 180.35 Nil 359.38 Nil

Hence R. erythropolis MTCC 1526 culture and sorbitol as a carbon source were
selected for further studies. The presence of amides in fermentation medium is known
to enhance the production of amidase [47]. In present study, seven inducers (namely:
acetamide, acetamido-phenol, acetamido-acetophenon, 4-acetamido-benzaldehyde,
acetanilide, acrylamide, urea) were screened. The amidase activities of R. erythropolis

MTCC 1526 cells grown on different inducers are given in Fig. 4.1. For comparison, a
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control fermentation run (i.e. without adding any inducer) was carried out. Addition
of inducer in the fermentation medium was found to increase the production of
amidase by R. erythropolis MTCC 1526. Among seven inducers, acetamide gave
maximum amidase activity (464.23 U/g of dry cells) and therefore selected for further

experiments.
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Fig. 4.1: Screening of inducers for amidase production by R. erythropolis MTCC
1526 [Medium A + amidase inducer (10mM); incubated for 36 h at 30°C on rotary
shaker at 200 rpm]

(c) Amidase activity profile for R. erythropolis MTCC 1526

Cell growth and amidase activity were simultaneously studied with respect to
fermentation time and the amidase activity profile was established (Fig. 4.2). During
the course of fermentation, maximum amidase activity was found at 36 h and
thereafter the activity was found to decline along wilt cell density from 42 h to 48 h.

Therefore all further fermentations were terminated at 36 h.
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Fig. 4.2: Growth profile and amidase production by R. erythropolis MTCC 1526
[Medium B; 30°C at 200 rpm]

(d) Screening of significant media components using a Plackett—Burman design
The Plackett—-Burman design served the purpose of ascertaining the critical
and influential process variables. Here, seven independent variables were screened in

eight combinations organized according to the Plackett—-Burman design (Table 4.2).

Table 4.2: Plackett-Burman experimental design

No. Sorbitol Yeast Meat Na,HPO, Dummy KH,PO, Aceta- Amidase

Extract Peptone variable mide activity b
1 H H H L H L L 358.98
2 L H H H L H L 191.50
3 L L H H H L H 266.81
4 H L L H H H L 191.46
5 L H L L H H H 259.93
Continued...
132

Chiral Separation of Drugs and Drug intermediates by Immobilized Biocatalyst



CHAPTER 4: Chiral resolution of unnatural amino acid amides ...

Table 4.2: Continued...

No. Sorbitol Yeast Meat Na,HPO, Dummy KH,PO, Aceta- Amidase

Extract Peptone variable mide activity b
6 H L H L L H H 417.88
7 H H L H L L H 474.95
8 L L L L L L L 92.57

[ H and L represents high level and low level of media component respectively
(Sorbitol: H=10 g/L and L =1 g/L; Yeast extract: H=15 g/L and L = 1 g/L; Meat
peptone: H=10 g/L and L = 1 g/L; Na,HPO4: H=6 g/L and L =2 g/L; KH,PO4 : H
=3 g/Land L =1 g/L; Acetamide: H =50 mM and L = 5 mM); b Amidase activity is

expressed in U/g of dry cells.]

The results of the Plackett-Burman design calculations along with the
corresponding variable-specific F-scores are summarized in Table 4.3. High value of
F-score indicates greater significance of input variable. Thus depending on the F-
score, sorbitol, yeast extract, meat peptone and acetamide were found to be most
influential media components. The dummy variable, which is not allocated any value,
gives some redundancy required by the statistical procedure. Moreover, incorporation
of the dummy variable into an experiment allows an estimation of the variance. The
mean square deviation (MSD) of dummy variable was found to be very low compared

to that of influential variables.

Table 4.3: Statistical calculations for Plackett-Burman design

Factor Sorbitol Yeast Meat Na,HPO, Dummy KH,PO, Aceta-

Extract Peptone variable mide
Yis 1443.3 12854  1235.2 1124.7 1077.2 1060.8 1419.6
Yi 810.8 968.7 1018.9 11294 11769  1193.3 8345
YY-2Y;. 6325 316.6 216.3 -4.6 -99.7 -132.5  585.1
MSD 4999.2  12532.6 5845.9 2.7 1243.3 21959 42788.0
F-score 40.2 10.1 4.7 0.002 1.0 1.7 34.4
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(e) Media optimization by RSM
The design of experiments and respective experimental and predicted values

of amidase activities are given in Table 4.4.

Table 4.4: Face centre design matrix of independent variables and their corresponding

experimental and predicted values of response

No. Media components (coded values ) Amidase activity b

Sorbitol  Yeast Meat ~ Acetamide Experimental © Predicted

extract peptone

1 -1 -1 -1 -1 789.05 831.48

2 1 -1 -1 -1 688.93 581.69

3 -1 1 -1 -1 679.29 702.27

4 1 1 -1 -1 117.58 195.02
5 -1 -1 1 -1 598.23 540.41

6 1 -1 1 -1 432.29 592.54
7 -1 1 1 -1 330.63 252.40
8 1 1 1 -1 0.9 47.08

9 -1 -1 -1 1 534.28 566.95
10 1 -1 -1 1 112.07 204.05
11 -1 1 -1 1 1162.09 1015.59
12 1 1 -1 1 258.58 395.24
13 -1 -1 1 1 469.37 405.68
14 1 -1 1 1 288.84 344.70
15 -1 1 1 1 509.44 695.53
16 1 1 1 1 405.78 377.10
17 -1 0 0 0 819.96 897.27
18 1 0 0 0 498.98 329.04
19 0 -1 0 0 616.25 585.31

Continued...
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Table 4.4: Continued...

No. Media components (coded values) * Amidase activity b

Sorbitol  Yeast Meat ~ Acetamide Experimental © Predicted

extract peptone

20 0 1 0 0 550.18 488.49
21 0 0 -1 0 890.21 861.28
22 0 0 1 0 615.77 552.07
23 0 0 0 -1 54.17 47.46
24 0 0 0 1 198.86 112.95
25 0 0 0 0 789.45 783.18
26 0 0 0 0 780.3 783.18
27 0 0 0 0 788.22 783.18
28 0 0 0 0 781.74 783.18
29 0 0 0 0 778.82 783.18
30 0 0 0 0 780.56 783.18

[a Real values (in sequence of -1, 0, +1) Sorbitol: 5, 12.5, 20 g/L; Yeast extract: 1,
2.5, 4.0 g/L; Meat peptone 2.5, 6.25, 10 g/L; Acetamide 5, 10, 15 mM ; b U/g of dry

cells; © Values indicate mean of duplicate observations.]

The second order polynomial equation was used to correlate the independent
process variables with amidase production. The second order polynomial coefficient
for each term of the equation determined through multiple regression analysis using
the Design Expert. After regression analysis, the second-order response model was
obtained (Eq. 4.1).

Amidase activity (U/g of dry cells) = + 783.18167 - 142.05708 A - 24.20458 B -
77.30292 C + 16.37208 D - 42.50510 A’ - 61.57 B> - 19.13 C* - 175.74 D - 64.36
A-B+7548 A-C-28.28 A-D-39.70 B-C+ 144.46 B-D +32.45 C-D —Eq. 4.1

Where, A: sorbitol, B: yeast extract, C: meat peptone, D: acetamide, and A, C,
Bz, D2, AB, AC, BD were identified as significant terms. Thus the interactive effects
between ‘sorbitol and yeast extract’ (AB); ‘sorbitol and meat peptone’ (AC); and
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‘yeast extract and acetamide’ (BD) were predominant in the given system. The model
significance was analyzed using Analysis of Variance (ANOVA) for the experimental
design (Table 4.5). Model F-value was calculated as a ratio of mean square regression
and mean square residual. The model F-value of 11.104 implied that the model was
significant and there was only a 0.01% chance that a large ‘Model F-value’ could
occur due to noise. The P value was used as a tool to check the significance of each of
the coefficients, which, in turn, are necessary to understand the pattern of the mutual
interactions between the process variables. Smaller the magnitude of P, more
significant is the corresponding coefficient. Values of P less than 0.05 indicate model

terms are significant.

Table 4.5: ANOVA analysis of the model

Source Degree of Freedom F - Value Prob > F (P value)
Model significant 14 11.104 <0.0001
A 1 36.065 <0.0001
B 1 1.047 0.322
C 1 10.679 0.005
D 1 0.479 0.499
A’ 1 3.690 0.074
B’ 1 7.742 0.014
C’ 1 0.747 0.401
D’ 1 63.084 <0.0001
AB 1 4.935 0.042
AC 1 6.788 0.019
AD 1 0.952 0.345
BC 1 1.877 0.191
BD 1 24.865 0.0002
CD 1 1.254 0.280

The model fitting values are given in Table 4.6 which indicate model
adequacy. A low value of coefficient of variation (21.301%) indicates the very high
degree of precision and a good realibility of the experimental values. The fit of the

model can also be expressed by coefficient of determination R%, which was found to
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be 0.912, indicating that 91.2% of the variability in the response could be explained
by the model. Closer the R value is to 1, the better is the model fit to experimental
data and less is the distance between the predicted and the observed values. ‘Adeq
Precision’ measures the signal to noise ratio. A ratio greater than 4 is desirable. Here,

a ratio of 11.819 indicates an adequate signal.

Table 4.6: Model fitting values

No. Model Terms Values

1 Coefficeint of the variation 21.301
2 R 0.912
3 AdjR’ 0.829
4 Adeq Precision 11.819
5 Standard Deviation 115.883

The perturbation plot (Fig. 4.3) indicates that acetamide (D) is the most
influential media component where as yeast extract (B) is having least influence on
amidase activity. The three-dimensional plots of the statistically significant

interactions are shown in Fig. 4.4.

A
C

&rs —

Amidase activity
g
I
=s

I I I I I
-1.000 -0.500 0.000 0.500 1.000

Deviation from reference point

Fig. 4.3: Perturbation plot indicating the relative effect of each media component on
amidase activity (U/ g of dry cells) [A: sorbitol, B: yeast extract, C: meat peptone, D:

acetamide]
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Fig. 4.4: 3-D response surface contour plots for the amidase activity (U/g of dry
cells); (a) sorbitol and yeast extract; (b) sorbitol and meat peptone; (c) yeast extract

and acetamide. [A: sorbitol, B: yeast extract, C: meat peptone, D: acetamide]
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The three dimentional plots were obtained from the pair-wise combination of
two independent variables, while keeping the other two variables at their center point
levels. From the bump of three-dimensional plot or the central point of its respective
contour plot, the optimal composition of medium components can be identified. The
contour response plot gives the roles of process variables and their interactive effects.

The three optimum solutions were obtained by substituting levels of the
factors into the regression equation (Eq. 4.1). The media composition for these
optimal solutions and the corresponding predicted response (amidase activity) are
summarized in Table 4.7. The predicted response of three optimal solutions was
experimentally verified by conducting actual fermentation runs. In the first optimal
solution, the concentrations of four media components were found as: sorbitol (5
g/L), yeast extract (4 g/L), meat peptone (2.5 g/L), acetamide (12.25 mM) [all
remaining components are same as mentioned in medium B]. The predicted response
of first optimal solution (1069.33 U/g of dry cells) was experimentally verified
(1086.57 U/g of dry cells). The close agreement between predicted values and
experimental values of amidase activities confirms the significance of the model. The
amidase activities before and after optimization were 157.85 U/g of dry cells and
1086.57 U/g of dry cells respectively. Thus, use of RSM has increased the production
of amidase from Rhodococcus erythropolis MTCC 1526 by 6.88 fold.

Table 4.7: Experimental validation of model predicted values of amidase activity

No. Media composition Amidase activity
(U/g dry cells)
%
Sorbitol  Yeast Meat Aceta-  Predicted Observed .
deviation
(g/L) extract peptone mide value value
(gL)  (gL) (mM)

1 5.00 4.00 2.50 12.25 1069.33 1086.57 1.61
2 5.00 4.00 2.50 12.40 1069.24 1084.84 1.46
3 5.00 3.88 2.50 11.90 1067.59 1077.73 0.95

The reports on fermentative production of amidase using Rhodococcal strains

are scant. Different fermentation media have been used for amidase production. For
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example, Rhodococcal cells were grown in mineral medium along with acrylamide as
source of carbon and nitrogen for the production of amidase [48]. Webster et al
reported a mineral medium with acrylamide or acrylonitrile as a sole source of carbon
and nitrogen [49]. Kotlova ef al. reported a mineral medium with glucose and urea (as
carbon and nitrogen sources respectively) for amidase production by Rhodococcus
rhodochrous M8 [50]. However, no systematic attempt has been made so far to
enhance the amidase production by Rhodococcus sp. through medium optimization.
Rhodococci strains are able to utilize a wide variety of nutrients as well as
xenobiotics. In view of the broad catabolic diversity of Rhodococci, many authors
have probably used a wide variety of carbon and nitrogen sources for amidase

production [51, 52].

4.3.2. Immobilization of R. erythropolis cells

The amidase activities of biocatalytic matrices prepared by different methods
are given in Table 4.8. The ALG-Re and PVA-Re matrices expressed higher amidase
activity (viz. 41.1 and 39.7 U/ g of matrix respectively) than AGA-Re and PUA-Re
matrices. This could be due to the higher porosity observed in the ALG-Re and PVA-

Re matrices than the other.

Table 4.8: The amidase activity of different biocatalytic matrices

No. Biocatalytic matrix Amidase activity
(U/g of matrix)
1 AGA-Re 28.4
2 ALG-Re 41.1
3 PUA-Re 16.2
4 PVA-Re 39.7

To confirm this assumption, the surface morphology of matrices was studied
by SEM. The scanning electron micrographs presented in Fig. 4.5 show the presence
of larger pores (indicated by arrows) on surface of ALG-Re and PVA-Re. Due to their
higher activities, ALG-Re and PVA-Re matrices were selected for biocatalytic

reactions.
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Fig. 4.5: Scanning electron micrographs of biocatalytic matrices: (a) AGA-Re, (b)
ALG-Re, (c) PUA-Re and (d) PVA-Re.

Immobilization procedures for immobilization of Rhodococcal cells are
reported by many authors. Whole cell immobilization was achieved mainly by
entrapment within calcium alginate beads [53, 54], agar and agarose beads [55] and
polyacrylamide beads [56]. However, none of the above articles reported any data on

amidase activity of the immobilized Rhodococcus cells.

4.3.3. Chiral resolution of unnatural amino acid amides using immobilized cells
(a) Stereoselectivity of R. erythropolis amidase

Amidase of R. erythropolis MTCC 1526 preferentially hydrolyzed S-
enantiomer of PG-amide, HPA-amide and NA-amide. The schematic representation
of chiral resolution of unnatural amino acid amides catalyzed by amidase of R.

erythropolis MTCC 1526 is given in Scheme 4.2.
141

Chiral Separation of Drugs and Drug intermediates by Immobilized Biocatalyst



CHAPTER 4: Chiral resolution of unnatural amino acid amides ...

Scheme 4.2: Chiral resolution of unnatural amino acid amides catalyzed by resting

cells of R. erythropolis MTCC 1526.

NH, Amidase NH, OH
R (R.erythropolis MTCC 1526) R )\/R
) > O + o) :
NH, NH, NH,
(RS)-Amino acid amide (R)-Amino acid amide  (S)-Amino acid
PG HPA NA

o [ Ow oy

(b) Relative hydrolytic activity

The percent relative hydrolytic activity of two biocatalytic matrices (namely:
ALG-Re and PVA-Re) towards hydrolysis of amino acid amides was determined
(Table 4.9). Both matrices showed similar trend of the relative hydrolytic activity.
Both matrices showed maximum hydrolytic activity towards hydrolysis of PG-amide

and showed minimum hydrolytic activity towards hydrolysis of NA-amide.

Table 4.9: Relative hydrolytic activity (%) of biocatalytic matrices towards

hydrolysis of amino acid amides

Substrate  Relative hydrolytic activity (%) of biocatalytic matrices towards

hydrolysis of amino acid amides

ALG-Re PVA-Re
PG-amide 100 100
HPA-amide 75 74
NA-Amide 64 63

(c) Chiral resolution catalyzed by ALG-Re matrix

The results of stereoselective hydrolysis of unnatural amino acid amides using
ALG-Re matrix are summarized in Table 4.10. ALG-Re biocatalytic matrix showed
higher enantioselectivity towards hydrolysis of PG-amide and HPA-amide (£ = 15.6
and 11.5 respectively) than that of NA-amide (£ = 6.2).
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Table 4.10: Stereoselective hydrolysis of unnatural amino acid amides using ALG-Re

matrix

Substrate Preferred configuration Time (h) eey(%) C (%) E

PG-amide S 24 86.1 15.2 15.6
HPA-amide S 32 82.4 11.3 11.5
NA-Amide S 38 71.7 7 6.2

(d) Chiral resolution catalyzed by PVA-Re matrix

The results of stereoselective hydrolysis of unnatural amino acid amides using
PVA-Re matrix are summarized in Table 4.11. PVA-Re biocatalytic matrix showed
higher enantioselectivity towards hydrolysis of PG-amide and HPA-amide (£ = 14.8
and 10.6 respectively) than that of NA-amide (£ =6.1).

Table 4.11: Stereoselective hydrolysis of unnatural amino acid amides using PVA-Re

matrix

Substrate Preferred configuration Time (h) eey(%) C (%) E

PG-amide S 28 84.5 20.7 14.8
HPA-amide S 38 81.3 10.5 10.6
NA-Amide S 44 70.4 8.3 6.1

(e) Effect of pH and temperature on enantioselectivity of amidase

Previous reports suggest that the enantioselectivity of Rhodococcal amidase
towards hydrolysis of carboxylic amides is predominantly affected by change in pH
and temperature of the reaction [24-26]. However, we observed no significant effect
of pH (in a range of pH 6-8) and temperature (in a range of 20-40°C) on the
enantioselectivity of amidase of R. erythropolis MTCC 1526 (results not shown).

Data available in the literature indicates high enantioselectivity of amidase
from different Rhodococcal strains. For example, Beard and Page studied the
enantioselective synthesis of several a-amino acids using whole cells of Rhodococcus
strain NCIMB 40795. The nitrile hydratase-amidase catalyzed synthesis of L-
phenylglycine was obtained with high enantiopurity (ee > 98%). Here, the authors
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observed that the nitrile hydratase from of Rhodococcus NCIMB 40795 cells was
non-enantioselective while amidase exhibited high enantioselectivity [23]. Wang and
Lin studied enantioselective synthesis of L-phenylglycine and other a-amino acids
using Rhodococcus sp. AJ270 cells. The authors investigated the pH dependant
enantioselectivity of nitrile hydratase-amidase enzymes. By changing pH from 7.6 to
7.1 the enantiomeric excess of the product (e.g. L-phenylglycine) was greatly
increased (from 93% to 99%) [24, 25]. Wegman et al. studied the synthesis of L-
phenylglycne using whole cells of Rhodococcus sp. (NOVO SP 361) in a batch
process as well as in a fed-batch process. The authors reported a beneficial effect of
lowering the reaction temperature to 5°C on the enantioselectivity of the enzymes.
Under the optimum conditions, a fed-batch process gave 94% yield of 99.5%
enantiomerically pure L-phenylglycine [26]. In a recent article by Wang et al.,
synthesis of L-phenylglycine is studied using whole cells of Rhodococcus sp. AJ270.
The whole cell biocatalyst gave high enantiomeric ratio (£ = 94) towards hydrolysis
of L-phenylglycine amide [8]. In contrast to these reports, the immobilized R.
erythropolis MTCC 1526 cells exhibited very poor enantioselectivity towards

hydrolysis of unnatural amino acid amides (£ < 16).

4.4. CONCLUSIONS

The production of amidase by Rhodococcus erythropolis MTCC 1526 was
found to depend greatly on four media components (namely: sorbitol, yeast extract,
meat peptone and acetamide). Using the RSM, it was possible to model individual and
interactive effects of media components on amidase production. The validity of the
model was confirmed by the close agreement between experimental and predicted
values. The media optimization by RSM effectively enhanced the amidase production
by 6.88 fold. Among four methods of cell immobilization, entrapment of R.
erythropolis cells in alginate gel (ALG-Re) and polyvinyl alcohol agar (PVA-Re)
gave higher amidase activity. Amidase of R. erythropolis MTCC 1526 preferentially
hydrolyzed S-enantiomer of unnatural amino acid amides. ALG-Re and PVA-Re
biocatalytic matrices showed better enantioselectivity towards hydrolysis of PG-
amide (£ = 15.6 and E = 14.8 respectively) and HPA-amide (£ = 11.5 and £ = 10.6
respectively). These biocatalytic matrices showed poor enantioselectivity towards

hydrolysis of NA-amide (£ = 6.2 and E = 6.1 respectively).
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5.1. INTRODUCTION

L-Aminoacylase (N-acyl amino acid amidohydrolase or acylase-I; EC
3.5.1.14) catalyzes asymmetric hydrolysis of N-acetyl DL-amino acids to give L-
amino acids and unhydrolyzed N-acetyl D-amino acids. Because of their broad
substrate specificity and high enantioselectivity, L-aminoacylases have emerged as a
potential industrial biocatalyst especially for production of enantiopure L-amino acids
from N-acyl derivatives [1]. L-aminoacylases are also capable of hydrolyzing peptide
(or amide) and ester derivatives of amino acids in an enantioselective manner to yield
enantiopure L-amino acids [2]. Further, this enzyme has been successfully applied to
the enantioselective acylation of alcohols [3-5] and amines [6] in organic medium.
These findings suggest that the commercial utility of L-aminoacylase is expected to
expand in years to come.

L-Aminoacylases are found in a wide variety of plants, animals and
microorganisms. The most commonly used L-aminoacylases are those from porcine
kidney, Aspergillus oryzae and Aspergillus melleus [7]. L-Aminoacylases from
Aspergillus sp. are highly enantioselective, readily available, inexpensive and exhibit
broad substrate specificity. Aspergillus L-aminoacylases are therefore intensively
utilized for the industrial production of L-amino acids (such as L-alanine, L-
methionine, L-phenylalanine etc.) from their N-acyl derivatives [8].

Poor storage and operational stability of Aspergillus L-aminoacylases are
major hurdles in the efficient utilization of this enzyme on an industrial scale. Several
attempts have been made over the years to improve the catalytic activity and
operational stability of industrial enzymes through genetic engineering,
immobilization and/or process alterations. Enzyme immobilization is the most
commonly used strategy to impart the desirable features of heterogeneous catalysts
onto biological catalysts [9]. Besides enhanced stability, immobilization is also known
to offer several advantages such as reusability, ease of product separation, greater
control over catalysis and improved process economics.

Tosa and his co-workers [10] have effectively immobilized aminoacylase on
DEAE-Sephadex to develop an industrial system for the enzymatic resolution of DL-
amino acids. Subsequently, aminoacylases were immobilized by different methods
e.g. via entrapment [11-16], ionic or physical adsorption on polymers [17-19],

adsorption onto ultrafiltration membranes [20-21] and by covalent attachment on
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functional supports [22, 23].

The present work is aimed at developing a simple method of covalent
immobilization of Aspergillus melleus L-aminoacylase on an epoxy activated
polymeric support which confers better storage and operational stability to the
enzyme, enabling its efficient utilization in synthesis of enantiopure unnatural L-
amino acids. The covalent immobilization techniques are straightforward, easy to
scale-up and generally give higher binding capacities of enzyme per unit weight of
support [24]. The polymers having reactive epoxy groups on their surface (commonly
known as epoxy activated supports) are perhaps regarded as ideal supports for enzyme
immobilization because of their ability to form strong covalent linkages with amino,
hydroxyl and thiol groups present in the enzyme under mild conditions of temperature
and pH and without affecting enzyme’s tertiary/quaternary structure [25]. More
interestingly, the physical properties of polymeric support (such as surface area,
porosity, density of functional groups) can be easily tailored according to the specific
needs.

The present chapter deals with the use of covalently immobilized Aspergillus
melleus L-aminoacylase for production of enantiopure unnatural L-amino acids. L-
aminoacylase was covalently immobilized on novel styrenated acrylic porous polymer
beads. The immobilized enzyme was evaluated for pH, thermal and storage stability.
The enantioselectivity of immobilized aminoacylase towards hydrolysis of different
amino acid derivatives (amino acid ester, N-acetyl amino acids and amino acid
amides) was determined. Finally, immobilized aminoacylase was employed for
synthesis of enantiopure L-homophenylalanine via kinetic resolution of

homophenylalanine amide in laboratory scale stirred cell.

5.2. MATERIALS AND METHODS
5.2.1. Materials

Styrene, glycidyl methacrylate (GMA), divinyl benzene (DVB) and poly vinyl
pyrrolidone (PVP, K-90) were purchased from Sigma-Aldrich, USA. 2,20-
azobis(isobutyronitrile) (AIBN) and cyclohexanol, were procured from S.D. Fine
Chemicals, India. L-Aminoacylase and N-acetyl L-methionine were purchased from
Fluka Chemicals, USA. Unnatural amino acids namely phenylglycine (PG),
homophenylalanine (HPA) and 2-naphthylalanine (NA); and homophenylalanine

153
Chiral Separation of Drugs and Drug intermediates by Immobilized Biocatalyst



CHAPTER 5: Use of immobilized Aspergillus melleus aminoacylase ...

ethyl ester were purchased from Bachem Chemicals, Switzerland. All other chemicals

were of analytical grade from Merck India Ltd.

5.2.2. Synthesis of polymer beads

Styrene-GMA-DVB ter-polymer (abbreviated as SGDV polymer) with
different cross-link density (CLD) were synthesized. The cross-link density of
polymer beads is defined as a percentile molar ratio of cross-linking agent to
monomer. The polymerization reactions involved in the formation of poly(styrene-

GMA-DVB) is schematically represented in Scheme 5.1.

Scheme 5.1: Synthesis of SGDV ter-polymers

HyC_CH, H2C
CH, j\
=
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O @)
+ & +
O NS
CH,
Styrene GMA DvB
+ AIBN
Polymerization
CHZ_CHZ CHZ_CHZ
1
O O
O&
| an

Porous beads of SGDV ter-polymer

All polymerizations were conducted in a jacketed cylindrical reactor at 70°C
under nitrogen blanket using six bladed Rushton turbines. In the synthesis of SGDV

polymer with 25% cross-link density, the continuous phase comprised of 1% by
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weight aqueous solution of PVP. The cyclohexanol (discontinuous organic phase)
consisted of 3.21 mL styrene, 3.82 mL GMA, 1.99 mL DVB and 0.2 g AIBN. The
discontinuous organic phase was introduced into the aqueous phase under stirring at
300 rpm and a constant temperature of 70°C. The polymerization time was 6 hours.
The ter-polymer beads obtained were filtered, washed thoroughly with water and
methanol, dried under vacuum and sieved through 80-100 mesh. Depending on the
CLD, SGDV polymers were termed as SGDV-25, SGDV-50, SGDV-75, SGDV-100,
SGDV-150. The composition of different SGDV polymer beads is given in Table 5.1.

Table 5.1: Composition of poly(styrene-GMA-DVB) polymer beads

Polymer Styrene GMA DVB

mL Mole mL Mole mL Mole
SGDV-25 3.21 0.0280 3.82 0.0280 1.99 0.0139
SGDV-50 2.60 0.0225 3.12 0.0225 3.31 0.0230
SGDV-75 2.21 0.0192 2.63 0.0192 4.13 0.0289

SGDV-100 1.91 0.0166 2.28 0.0166 4.77 0.0334
SGDV-150 1.51 0.0131 1.804 0.0131 5.64 0.0394

5.2.3. Method of aminoacylase immobilization

To dried polymer beads (0.5 g), 10 mL of methanol solution was added in a
stoppered conical flask (50 mL capacity) and kept for 1 h with occasional shaking.
Methanol was removed by filtration and wetted polymer beads were washed
thoroughly with 0.05 M sodium phosphate buffer (pH 8). The wetted polymer beads
were suspended in aminoacylase solution prepared in 0.05 M sodium phosphate
buffer (pH 8) in a stoppered conical flask (50 mL capacity). Flask was incubated at
30°C at 120 rpm. After 12-18 h immobilized polymer beads were separated by
filtration and washed thoroughly with 0.05 M sodium phosphate buffer (pH 8). The
supernatant and washings were assayed for protein content. The difference between
protein loaded and that remaining unbound indicates quantity of protein bound on the
polymer beads.

Immobilized polymer beads were treated with 20 mL of 3 M glycine solution
(for 12 h at 30°C on an oscillatory shaker) to block the unreacted epoxide groups of
the polymer support. Glycine treated immobilized polymer beads were thoroughly
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washed with 0.05 M sodium phosphate buffer (pH 8) and were subsequently
incubated in 20 mL of 5% glutaraldehyde solution (for 3 h at 40°C on an oscillatory
shaker) to attain stable enzyme binding onto the support. Glutaraldehyde treated
immobilized polymer beads were thoroughly washed with 0.05 M sodium phosphate
buffer (pH 8) and analyzed for aminoacylase activity as described in Section 5.2.7(b).

5.2.4. Characterization of immobilized aminoacylase
(a) pH stability

The pH stability of free aminoacylase and immobilized aminoacylase on
SGDV polymer beads was studied by incubating the enzyme at 20°C in buffers of
varying pH in the range of 4-10 for 30 min and then determining the catalytic activity
as described in Section 5.2.7(b). Residual activities were calculated as the ratio of the
activity of immobilized enzyme after incubation to the activity at the optimum

reaction pH.

(b) Temperature stability

The thermal stability of free aminoacylase and immobilized aminoacylase on
SGDV polymer beads was tested by incubating the enzyme at varying temperatures in
the range of 30-80°C for 30 min (at pH 8) and determining the activity at its optimum
reaction temperature. Relative activities were calculated as mentioned above and

plotted against temperature.

(c) Kinetic modeling of thermal deactivation of aminoacylase
(i) Thermal deactivation

The thermal deactivation of and free and immobilized aminoacylase were
studied at different temperatures between 30°C and 70°C in a shaking water bath
(Julabo Ltd.). The samples were withdrawn at regular time interval, rapidly cooled to

37°C and immediately analyzed for residual aminoacylase activity.

(i) Mathematical modeling
Assuming that Aspergillus melleus aminoacylase is not a group of isoenzymes,
the deactivation process of the enzyme can proceed through one or several first-order

reactions leading to a partially active protein or completely deactivated protein.
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Aggregation of deactivated molecules is thought to be a final step after the loss of the
activity and this is the only process that can involve higher-order reactions. The

kinetic models tested to fit experimental data are shown in Table 5.2.

Table 5.2: Kinetic models tested for the thermal deactivation of A. melleus

aminoacylase
Model Deactivation mechanism Kinetic equation
I EnzL)Enzl*L)Enzz* « K, » K, Kyt
a=|1+p -5 e
Kz - Kl Kz - Kl
Kl * * — Kt *
- - e "+
TR s
I Enz—8 5 Enz —%2 5 EpzP a=eX 4 K (e — )
'K,-K,
101 R - P STNG - a=(1-)e ™ +4
IV Enz—5 5 En® a=e "

[Enz: Enzyme at time 0; Enz*: Partially deactivated enzyme; Enz>: Completely

deactivated protein; K;, K>: Kinetic constants of thermal deactivation (min'l); a:
Residual enzyme activity (dimensionless); S, /3, : Activity ratios (dimensionless)

between enzyme species; #: Time.]

The selection of the aforementioned four models should be enough to fit all
the possible kinetic behaviours of the aminoacylase during the deactivation: first-
order trend, biphasic behaviour, grace-period tendency to the eventual deactivation
[26, 27]. Model I and model II illustrate two consecutive reactions of deactivation
with two thermal deactivation kinetic constants, K; and K;. In model I, the enzyme
moiety, Enz undergoes some deactivation to yield partially deactivated enzyme
moiety, Enz,” which subsequently undergoes deactivation to yield second partially
deactivated enzyme moiety, Enz,". In model II, the enzyme moiety, Enz undergoes
some deactivation to yield partially deactivated enzyme moiety, Enz which
undergoes complete deactivation to yield totally deactivated protein, Enz". Model III
and model IV represent single step deactivation process involving single thermal

deactivation kinetic constant, K;. In model III, the enzyme moiety, Enz undergoes
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some deactivation to yield partially deactivated enzyme moiety, Enz while in model
IV, the enzyme moiety, Enz undergoes complete deactivation to yield totally
deactivated protein, Enz".

The parameters of kinetic models were determined using MATLAB code for
least square method. For selection of a correct kinetic model, restriction in the
parameters was introduced by using the Arrhenius equation in the calculation process.
Temperature was used as a variable and the kinetic parameters were developed
following the Arrhenius equation.

Statistical and the physical criteria were used for selection of the appropriate
kinetic model. The statistical criteria included the goodness of the fit obtained which
was assessed by the correlation coefficient (cc) and relative residual sum of squares
(RRSSq). The closeness of cc to 1 and lower values of RRSSq are the indicative of
better model fit. The physical criteria stipulated that parameters at a given temperature
must not be negative and that the activating energy of kinetic constants must be

positive [26].

(d) Storage stability

The solution of free aminoacylase (prepared in phosphate buffer, pH 8) and
immobilized polymer beads (suspended in phosphate buffer, pH 8) were stored at
4°C. The storage stability was evaluated by determining the enzyme activity of free

and immobilized aminoacylase at regular time intervals up to 30 days.

(e) Determination of kinetic constants
The kinetic parameters, K, and V. of the free and immobilized aminoacylase
were determined by measuring initial rates of hydrolysis using as substrate N-acetyl
L-methionine (20-100 mM) at 30°C. The K, and Vyax values for the free and
immobilized aminoacylases were calculated from the Lineweaver-Burk plot using Eq.
5.1.
V= [f—mj ST+ VL ~Eq. 5.1

Where, [S] is the concentration of substrate, v and Vp, represents the initial

and maximum rate of reaction, respectively. Ky, is the Michaelis constant. Eq. 5.1

represents a straight line slope of which is Ky, /Viax and Y-intercept is y!

max *
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5.2.5. Synthesis and characterization of substrates
(a) Chemical synthesis of rac-amino acid ethyl esters

Rac-amino acid esters were chemically synthesized by esterification of rac-
amino acids with ethanol in presence of thionyl chloride [28]. The detailed procedure
of chemical synthesis of rac-amino acid ethyl esters is described earlier in Chapter 2
in Section 2.2.5(a). Phenylglycine ethyl ester and 2-naphthylalanine ethyl ester are

termed as PG-ester and NA-ester respectively.

(b) Chemical synthesis of rac-N-acetyl amino acids

N-acetylation of rac-amino acids was carried out by standard acetylation
procedure (Scheme 5.2) as described by Regla ef al. [29]. One gram of amino acid
was suspended in 10 mL cold water. The temperature of solution was maintained
between 0-5°C using ice-bath. At the same temperature, 0.2 g of NaOH was and 1 g
of acetic anhydride were added slowly under constant stirring. The pH of resultant
reaction mixture was maintained at 11.0-11.5 by adding 50% NaOH. The reaction
mixture was allowed to react for 1 h under slow constant stirring (0-5°C, pH 11.0-
11.5) and then acidified to pH 2 with 10M HCI. The acidified reaction mixture was
allowed to react for 1 h under slow constant stirring at 0-5°C. N-acetyl amino acid
precipitate was collected by filtration and washed with minimum quantity of cold
water. N-acetyl Phenylglycine, N-acetyl homophenylalanine and N-acetyl 2-
naphthylalanine are termed as N-acetyl-PG, N-acetyl-HPA and N-acetyl-NA

respectively.

Scheme 5.2: Chemical synthesis of rac-N-acetyl amino acids

HZN\(COOH Acetic anhydride CH;,,COHNYCOOH
NaOH
R R
Amino acid N-acetyl amino acid
PG HPA NA

O [ Ow oy
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(c) Characterization of rac-N-acetyl amino acids

(i) N-acetyl Phenylglycine (N-acetyl-PG): White solid powder, Analysis: Calculated
for C;oH;1NO;3: C 62.17%, H 5.74%, N 7.25%; Found C 62.18%, H 5.73%, N 7.26%.
'H-NMR (200 MHz, DMSO-d;): 11.87 (1H, COOH), 8.34 (1H, NH), 8.03-8.45 (5H,
aromatic H), 5.95 (1H, Ph-CH), 2.18 (3H, CHs).

(i) N-acetyl Homophenylalanine (N-acetyl-HPA): white solid powder, Analysis:
Calculated for C;,H;sNOs: C 65.14%, H 6.83%, N 6.33%; Found C 65.14%, H
6.82%, N 6.35%. '"H-NMR (200 MHz, DMSO-d,): 11.92 (1H, COOH), 8.23 (1H,
NH), 7.91-8.42 (5H, aromatic H), 4.67 (1H, Ph-CH,-CH,-CH), 2.54 (2H, Ph-CH,),
2.07 (2H, Ph-CH,-CH,), 1.81 (3H, CH;).

(iii) N-acetyl 2-Naphthylalanine (N-acetyl-NA): white solid powder, Analysis:
Calculated for C;5H;sNOs: C 70.02%, H 5.88%, N 5.44%; Found C 70.05%, H
5.86%, N 5.45%. '"H-NMR (200 MHz, DMSO-ds): 12.13 (1H, COOH), 8.46 (1H,
NH), 7.78-8.31 (7H, aromatic H), 4.57 (1H, Naphthyl-CH,-CH), 3.12 (2H, Naphthyl-
CH,), 1.92 (3H, CH;).

(d) Chemical synthesis of rac-amino acid amides

Rac-amino acid amides were synthesized from rac-amino acids by the method
described by Lopez-Serrano et al. [30]. The detailed procedure of chemical synthesis
of rac-amino acid amides is described in Chapter 4 in Section 4.2.4(a). Phenylglycine
amide, homophenylalanine amide and 2-naphthylalanine amide are termed as PG-

amide, HPA-amide and NA-amide respectively.

5.2.6. Immobilized aminoacylase catalyzed chiral resolution
(a) General method of chiral resolution

The biotransformation reactions were conducted in 25 mL stoppered flasks.
Racemic substrate (0.01 g) was suspended or dissolved in 10 mL phosphate buffer
(50mM phosphate buffer, pH 8). Co™ ions act as cofactor for aminoacylase enzyme
therefore CoCl; (1.19 mg) was added in the reaction mixture. The biotransformation
reaction was initiated by adding 0.05 g of immobilized aminoacylase. The flask was
incubated on an oscillatory shaker at 30°C at 120 rpm. The samples were periodically

withdrawn and analyzed by HPLC.
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(b) Biocatalytic synthesis of (S)-homophenylalanine in stirred cell
(i) General procedure for synthesis of (S)-homophenylalanine in stirred cell
The schematic diagram and the photograph of the stirred cell bioreactor are

shown in Fig. 5.1(a) and Fig. 5.1(b) respectively.

@
e H—ﬁ

1 _-'_E%'h__’ ;

Fig. 5.1(a): Schematic representation of stirred cell bioreactor; 1: membrane support,

2: outlet, 3: macroporous filtration fabric cloth, 4: magnetic stirrer, 5: reaction mixture

containing immobilized aminoacylase, 6: sample port and 7: pressure gauze.

Fig. 5.1(b): Photograph of the stirred cell bioreactor

In laboratory scale Millipore stirred cell (XFUF04701, Millipore Inc. USA),

macroporous filtration fabric cloth (47mm diameter) was placed on the membrane
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support as shown in Fig. 5.1(a). The reactor was charged with 0.1 g of rac-HPA-
amide and 25 mL of 50 mM phosphate buffer (pH 7) containing 2.98 mg of CoCl,.
The biotransformation reaction was initiated by addition of 0.1 g of immobilized
aminoacylase. The reactor temperature was maintained at 30°C and constant stirring
speed was maintained at 200 rpm. The samples were periodically withdrawn and
analyzed by HPLC.

After about 45% of conversion, the reaction was stopped by separating the
reaction mixture. The reactor was thoroughly washed twice with phosphate buffer
(50mM, pH 7.0) to ensure the complete removal of product and unreacted substrate.
The washings and reaction mixture were collected together and the pH of the resultant
solution was adjusted to 9 with aqueous 2 M NaOH solution. The unreacted substrate
i.e. (R)-HPA-amide was extracted with dichloromethane (3%x15 mL). The remaining
aqueous solution was acidified (to pH 6.3) with 2M HCI solution and maintained at O-
2°C. After ~ 2 h, the precipitate of (S)-HPA was collected, washed with cold acidified

water (for 3 times) and dried at 60°C under vacuum.

(ii) Evaluation of catalytic performance
The catalytic performance of immobilized aminoacylase was determined in
the repetitive cycles of hydrolysis of rac-HPA-amide in the stirred cell bioreactor

using same biocatalyst and fresh substrate in each cycle.

5.2.7. Analytical Methods
(a) Ter-polymer characterization
(i) Mercury porosimetry
The porosity of polymer beads was determined by mercury intrusion

porosimetry with the help of Auto scan 60 mercury porosimeter (Quantachrome,

USA) in the range of 0-4000 kg/cm’.

(ii) Scanning electron microscopy

Surface morphology of the SGDV polymer beads was observed using
scanning electron microscopy (SEM). Dried polymer beads were mounted on stubs
and sputter-coated with gold. Micrographs were taken on a JEOL-JSM-5200 SEM

instrument.
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(b) Aminoacylase activity assay

The activity of aminoacylase was measured using the standard hydrolytic
assay of N-acetyl L-methionine as described earlier [4]. The detailed assay procedure
is as follows: To 1 mL of aminoacylase solution (prepared in 50 mM phosphate
buffer, pH 8), 1 mL of 50 mM of CoCl, solution was added. The temperature of this
solution was maintained at 37°C. To this, 1 mL of 100 mM N-acetyl-L-methionine
solution was added and incubated at 37°C for 30 min. From this, 1 mL reaction
mixture was removed and transferred to stoppered glass test tube and boiled in a
boiling water bath for 3 min. The boiled solution was cooled and 2 mL of 2% (w/v)
ninhydrin colour reagent and 0.1 mL of 1.6% (w/v) stannous chloride solution (SnCl,)
was added to it. The resultant mixture was boiled for 20 min. After cooling 10 mL n-
propanol was added, vortexed and the absorbance was determined at 570 nm. One
unit (U) is defined as amount of aminoacylase necessary to liberate 1 pmol of L-
methionine per hour at 37°C at pH 8.

The activity of immobilized enzyme was determined according to procedure
as described above using 0.1 g of immobilized SGDV polymer beads. The activity of
immobilized enzyme is expressed in terms of aminoacylase units per g of

immobilized SGDV polymer beads.

(c) Protein estimation
The protein estimation was done by Folin-Lowry method [31] wherein bovine

serum albumin was used as a standard.

(d) HPLC analysis

All reaction profiles were monitored by HPLC (Thermo Separation Products,
Fremont, CA, USA). The quantitative analysis of different amino acids and their
esters was carried out using a reverse phase C-18 column (125x4 mm, prepacked
column supplemented with a 4x4 mm guard column procured from LiChrospher”,
Merck, Darmstadt, Germany) eluted isocratically using acetonitrile-water mobile
phase (30:70 v/v, pH adjusted to 3.0 with 50% v/v o-phosphoric acid), at a flow rate
of 0.6-1.0 mL/min. Peaks were detected using an UV detector at 215 nm. The peak
identification was made by comparing the retention times with those of authentic

compounds. Peak area was used as a measure to calculate the respective
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concentration. The reaction conversion was estimated from the ratio of the substrate
consumption to its initial concentration. The enantiomeric excess (e.e.) of the product
was determined by using a CHIROBIOTIC-T® column (250x4.6 mm prepacked
column supplemented with 20x4 mm guard column procured from Astec Inc. USA)
eluted isocratically using water-methanol mobile phase (40:60 v/v, pH adjusted to

2.3-2.5 with 50% v/v glacial acetic acid), at a flow rate of 0.6-0.8 mL/min.

(e) Determination of enantiomeric ratio
Enantiomeric ratio (E) is the prime parameter for describing the enzyme’s
enantioselectivity. Enantiomeric ratio was determined by using Eq. 2.3 as described

earlier in Chapter 2 in Section 2.2.7(e).

5.3. RESULTS AND DISCUSSION
5.3.1. Characterization of beaded polymers
(a) Surface area and pore size distribution

Mercury porosimetry provides a good estimate of surface area and pore size
distribution. The surface areas for SGDV polymer beads are given in Table 5.3. The
increase in CLD from 25 to 100% resulted in increase in pore volume and surface
area. However further increase in CLD beyond 100% resulted in decrease in pore

volume and surface area.

Table 5.3: Surface area of SGDV polymer beads

Polymer CLD (%) Pore volume (cm’/g)  Surface area (m”/g)
SGDV-25 25 0.76 90.17
SGDV-50 50 0.80 101.49
SGDV-75 75 1.00 132.32
SGDV-100 100 1.62 148.40
SGDV-150 150 1.23 131.12

The pore size distribution of SGDV polymer beads is given in Table 5.4. The
increase in CLD from 25 to 75% resulted in increase in percentage of macropores
(pore radii > 100). Increase in CLD beyond 75 resulted in decrease in percentage of

macropores. The maximum percentage of macropores was observed in SGDV-75.
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Table 5.4: Pore volume distribution in SGDV polymer beads

Polymer Distribution in pore radii (vol%; radius in nm)

<10 10-50 50-100 100-300 > 300
SGDV-25 25.95 60.57 11.2 2.08 0.19
SGDV-50 14.08 66.25 17.28 1.01 1.35
SGDV-75 19.50 50.16 21.82 6.22 2.28
SGDV-100 28.91 53.97 12.05 3.64 1.34
SGDV-150 25.88 48.91 20.71 2.79 1.67

(b) Porous surface morphology
The SEM micrographs of SGDV-75 are given in Fig. 5.2. The spherical nature
and porous surface morphology of SGDV SGDV-75 were confirmed by the SEM

micrographs.

1eeun p——o

Fig. 5.2: Scanning electron micrographs showing (a) spherical nature of SGDV-75
(250%); (b) porous surface morphology of SGDV-75 (30000x).

5.3.2. Selection of polymer for aminoacylase immobilization

The efficiency of polymer beads to immobilize aminoacylase was calculated
in terms of ‘activity recovery’, which is defined as: the percentile ratio of
aminoacylase activity expressed by 1 g of immobilized polymer beads to the total

aminoacylase activity of free enzyme used for immobilization (Eq. 5.2).
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Total
Free

Activity recovery (%)= (A‘&] x100 —Eq.5.2
Where, Aimmo. 18 activity of 1 g of immobilized polymer (U/g of support) and
Totalp - . is total activity of free enzyme loaded on 1 g of polymer. Totalp . is a

product of activity (U/mL) and volume (mL) of free enzyme loaded on 1g of polymer.

Among five SGDV polymer beads screened for aminoacylase immobilization,
SGDV-75 polymer beads gave maximum activity recovery (76.86%, Table 5.5).
Therefore, SGDV-75 was selected for further experiments. The maximum activity
recovery of immobilized SGDV-75 can be attributed to the macroporous nature of the

polymer beads.

Table 5.5: Selection of SGDV polymer for aminoacylase immobilization

Polymer Aminoacylase Protein Specific Activity
activity bound activity recovery
(U/g of (mg/g of (U/mg of (%)
support) support) protein)
Free aminoacylase 5.40° 2317 2.34 100.00
SGDV-25 50.98 37.73 1.35 47.20
SGDV-50 73.96 39.38 1.88 68.48
SGDV-75 83.02 39.51 2.10 76.87
SGDV-100 74.45 39.55 1.88 68.94
SGDV-150 78.56 39.47 1.99 72.74

[“ Units/mL; b mg/mL.]

Upon enzyme immobilization, a decrease in enzyme activity has been
commonly observed. This is due to the minor modification in the enzyme three-
dimensional structure that may lead to the distortion of amino acid(s) residues
involved in the catalysis. Further the random immobilization often involves
embedding of active sites of a few enzyme molecules making them unable to express
their catalytic activity. Another possible reason of decreased enzyme activity can be

ascribed to the mass transfer limitations of substrate or/and product [32].
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5.3.3. Optimization of immobilization process
(a) Optimization of immobilization time

The time required for aminoacylase immobilization on SGDV-75 was
optimized. It can be observed from Fig. 5.3 that aminoacylase activity (U/g of
support) and activity recovery (%) of immobilized SGDV-75 attained equilibrium in
12 h. After 12 h aminoacylase activity and activity recovery of immobilized SGDV-

75 were found to remain almost constant.

100 + — 45

%0 T + 40
80 T +35 2
= _. 70 =
—_ — - (@]
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2> 60 - >
2 o —25 o
53 50 =
o0 ©
SIS T 5
ES - 3
>0 T ¢
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< 2
20 + T o
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0 0

6 h 12h 18 h 24 h
Time, h

B Activity recovery (%) —®— Activity of immobilized enzyme —a— Protein bound

Fig. 5.3: Optimization of time for aminoacylase immobilization on SGDV ter-

polymers

(b) Optimization of enzyme loading

SGDV-75 polymer beads were loaded with different concentrations of
aminoacylase and the resultant immobilized enzyme was analyzed for aminoacylase
activity and protein binding. The results are shown in Table 5.6. The activity recovery
of immobilized SGDV remained almost constant in enzyme loading from 40 to 100

mg/g of polymer beads. However, beyond enzyme loading of 100 mg/g a sudden
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decrease in the activity recovery was observed. Enzyme loading beyond 100 mg
probably might have resulted in embedding of active sites of aminoacylase molecules
during the immobilization process by increased stacking and also by increased

diffusion limitations.

Table 5.6: Optimization of aminoacylase loading on SGDV polymer beads

Amino- Activity of  Protein of Activity of Protein  Activity
acylase free enzyme free enzyme immobilized enzyme bound recovery
(mg) (U/mL) (mg/mL) (U/g of support) (mg/g of (%)
support)
40 72.01 30.81 55.43 27.15 76.98
60 108.22 46.22 83.02 39.51 76.71
80 144.14 61.6 110.26 52.11 76.50
100 180.25 77.00 136.04 67.23 75.47
120 216.37 92.41 143.32 79.73 66.24

Among different methods, entrapment and physical adsorption methods have
been extensively employed for immobilization of aminoacylase enzyme. Reports on
entrapment of aminoacylase within calcium alginate beads [11], chitosan coated
calcium alginate beads [12], polyethyleneimine stabilized calcium alginate beads [13],
acrylamide gel lattice [14], k-carrageenan gel [15], gelatine [16] etc. are available in
the literature. In addition, many articles on physical adsorption of the enzyme onto
different acrylic polymeric supports [17-19] and binding onto ultrafiltration
membranes [20, 21] are reported. However, reports on covalent immobilization of
aminoacylase are scant. Bddalo et al. described the immobilization of L-aminoacylase
on porous glass beads [22, 23]. Here, the covalent attachment of enzyme on glass
support was carried out by aminoaryle method [33]. One gram of immobilized
enzyme expressed 4710 U of aminoacylase activity (determined by N-acetyl DL-

valine as substrate) and immobilized ~16 mg of protein.

5.3.4. Stability of immobilized aminoacylase
(a) pH stability

The effect of pH on the catalytic activity of free and immobilized
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aminoacylase was studied in the pH range of 4-10 (Fig. 5.4). Immobilization of
enzyme on SGDV-75 polymer beads resulted in stabilization of enzyme over a
broader pH range. The free aminoacylase retained 11.71% and 30.43% residual
activity at pH 4 and pH 5 respectively whereas for the same pH conditions
immobilized aminoacylase retained 53.04% and 66.03% residual activity,
respectively. The free aminoacylase retained 48.56% and 14.79% residual activity at
pH 9 and pH 10 whereas at same pH conditions immobilized aminoacylase retained
89.09% and 73.42% residual activity, respectively. These results indicate that the
described immobilization procedure has improved the stability of aminoacylase in the

acidic as well as in the alkaline region.

120

100 -

80 -

60 -

40 +

Residual activity (%)

20

pH
—aA— Soluble aminoacylase —m— Immobilized aminoacylase

Fig. 5.4: pH stability of immobilized aminoacylase

(b) Temperature stability

The activity profiles of free and immobilized aminoacylase at different
temperatures are graphically represented in Fig. 5.5. The stability of free and
immobilized aminoacylase was determined by measuring residual enzyme activity as
a function of temperature in the range of 30-80°C. The immobilization of enzyme on

SGDV-75 polymer beads has significantly improved the thermal stability of the
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enzyme. For instance, at 50°C the free aminoacylase retained only 66.42% residual
activity while immobilized enzyme found to retain 98.67% activity. Similarly at 70°C
the free enzyme retained only 4.75% residual activity while immobilized enzyme was

found to retain 93.35% of its initial activity.

120

100

80 +

60 -

40 +

Residual activity (%)

20 +

30 40 50 60 70 80 90
Temperature, °C

—a— Soluble aminoacylase —m— Immobilized aminoacylase

Fig. 5.5: Temperature stability of immobilized aminoacylase

(c) Kinetic modelling for thermal deactivation

The thermal deactivation of free and immobilized aminoacylase are presented
in Fig. 5.6(a) and Fig. 5.6(b) respectively. The parameters of kinetic models were
determined using MATLAB code for least square method. Selected kinetic models
and their parameter values for the thermal deactivation of free aminoacylase are given
in Table 5.7. Model I gave best fit for thermal deactivation of soluble aminoacylase at
30°C and 40°C. Model III gave best fit for thermal deactivation of soluble
aminoacylase at 50°C and 60°C. Model 1V gave best fit for thermal deactivation of
soluble aminoacylase at 70°C and 80°C. Similarly, selected kinetic models and their
parameter values for the thermal deactivation of immobilized aminoacylase are given
in Table 5.8. Model I gave best fit for thermal deactivation of soluble aminoacylase at

30°C to 60°C. Model IV gave best fit for thermal deactivation of soluble
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aminoacylase at 70°C and 80°C. The high cc and least RRSSq. values for each model
(given in Table 5.7 for soluble enzyme and Table 5.8 for immobilized enzyme)
indicate the closeness of experimental values and model predicted values and thus

confirm the statistical relevance of the model adequacy.
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Fig. 5.6: Thermal deactivation of (a) soluble aminoacylase and (b) immobilized

aminoacylase in temperature range of 30-80°C
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Table 5.7: Selected kinetic models and their parameter values for the thermal

deactivation of free aminoacylase

Temperature  Model Model fitting values *

Parameter values

cc=0.997;

30°C, 40°C I .
RRSSq. =3.16x10

Ky = exp[8.22 — (3348.55/ T)]
K> = exp[8.80 — (2966.06/ T)

B =exp[2.13 - (671.05/ T)]
B, = exp[13.82 — 5035.91/ T)]

cc =0.988;

50°C, 60°C III 3
RRSSq. =2.76x10°

K =exp[4.3 —(975.71/ T)]
B =exp[13.12 — (4157.96/ T)]

cc =0.986;

70°C, 80°C v 3
RRSSq. =4.41x10

K= exp[2.41 — (1099.42/ T)]

[ cc: correlation coefficient; RRSSq: relative residual sum of squares. RRSSq. =

[>(ae — ac)z/Zaez]-IOO where, a. is experimental residual enzyme activity and a. is

calculated residual enzyme activity (calculated using selected kinetic model).]

Table 5.8: Selected kinetic models and their parameter values for the thermal

deactivation of immobilized aminoacylase

Temperature  Model Model fitting values

Parameter values

K= exp[11.74 — (4458.57/ T)]
K> = exp[-0.34 — (634.91/ T)]

;= exp[-0.33 + (108.03/ T)]
B, = exp[4.14 — (2059.70/ T)]

cc=0.991;

30°C, 40°C I .
RRSSq. = 6.93x10
cc =0.986;

50°C, 60°C I

RRSSq. =2.62x107

Ky = exp[5.09 — 2546.21/ T)]
K>=exp[15.29 — 5356.09/ T)]

B, = exp[-0.80 + 254.62/ T)]
B, = exp[23.79 — 8660.94/ T)]

cc =0.982;

70°C, 80°C IV .
RRSSq. = 5.41x10°

K, = exp[4.43 — (2279.46/ T)]

[“ cc: correlation coefficient; RRSSq: relative residual sum of squares. ]
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The quantitative estimate of thermal stabilization of enzyme upon
immobilization can be obtained by the comparison of kinetic constants (K) and
activity ratios (ﬁ*) for the given temperature. The comparison of kinetic constants and
activity ratios of soluble and immobilized aminoacylase in the range of 30°C to 80°C
is given in Table 5.9. For the given temperature, the values of kinetic constants (K) of
immobilized enzyme were found consistently lesser than that of soluble enzyme. This
indicates the rate of thermal deactivation for immobilized enzyme was lesser than that
of soluble enzyme. Moreover, for the given temperature, the values of activity ratios
(f") of immobilized enzyme were found consistently higher than that of soluble
enzyme. Higher £ values of immobilized enzyme than that of soluble enzyme are also

indicative of thermal stabilization of enzyme [26, 27].

Table 5.9: Comparison of kinetic constants (K) and activity ratios (5")

Temp. Enzyme Model K K, ﬁf ﬂ;
30°C Soluble enzyme I 0.0015 0.1043 0.9702 0.0015
Immobilize enzyme I 0.0010 0.0864 1.0410 0.0022
10°C Soluble enzyme I 0.0034 0.2145 0.8244 0.0054
Immobilize enzyme I 0.0032  0.0032 1.0142 0.0064
s0°C Soluble enzyme I 0.0500 — 0.5500 —
Immobilize enzyme I 0.0016  0.0519 0.9581  0.0090
60°C Soluble enzyme I 0.0400 — 0.2200 —
Immobilize enzyme I 0.0028  0.1634  0.9073  0.0061
Soluble enzyme v 0.1600 — — —
70°C
Immobilize enzyme v 0.0061 — — —
Soluble enzyme v 0.1900 — — —
80°C
Immobilize enzyme v 0.0094 — — —
(d) Storage stability

The storage stability of immobilized aminoacylase was determined and
compared with that of free aminoacylase. The plot of log residual activity vs. storage
time is shown in Fig. 5.7. The linear trend lines were drawn to the activity profiles of

free and immobilized aminoacylase. The storage half-life of each enzyme preparation
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was determined from its respective trend line equation. The storage half-life of free
aminoacylase was found to be ~ 1 day while that of immobilized aminoacylase was
found to be ~ 54 days. Thus upon immobilization, the storage stability of

aminoacylase was found to increase dramatically.

y = -0.0056x + 2

Log of residual activity

y = -0.3471x + 2

O T T T T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Storage time, days

—a— Soluble aminoacylase —a&— Immobilized aminoacylase

Linear (Soluble aminoacylase) Linear (Immobilized aminoacylase)

Fig. 5.7: Storage stability of immobilized aminoacylase [The trend line equations
were used to calculate the respective storage half-lives. The horizontal line (—) at

log(50) was drawn only for a graphical illustration of the storage half-lives.]

5.3.5. Kinetic behaviour of free and immobilized aminoacylase

The effect of substrate concentration on the initial rate catalyzed by free and
immobilized aminoacylase was studied using N-acetyl L-methionine as substrate.
Michaelis constant (K,) and the maximum reaction velocity (Vmax) of the free and
immobilized enzymes were calculated from Lineweaver-Burk plot. The kinetic
parameters of free and immobilized aminoacylase are presented in Table 5.10. K,
values for free and immobilized enzyme were 0.7 mM and 1.51 mM respectively.

Vmax values for free and immobilized enzyme were 61.70 U/mg and 12.44 U/mg
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respectively. Thus, immobilized enzyme was observed to have higher K;,, and lower
Vmax values than that of free aminoacylase. The kinetic behaviour of an enzyme can be
precisely described using catalytic efficiency (Vna/Km). The catalytic efficiency of
immobilized aminoacylase was found to be ~ 10 times lower than that of free
aminoacylase. The increase in the K, and decrease in V. values could be either due
to the conformational changes of the enzyme (upon immobilization) resulting in a
lesser efficiency of substrate-enzyme complex formation or due to lower accessibility
of the substrate to the active site of the immobilized enzyme caused by the increased

mass transfer limitations [34, 35].

Table 5.10: Kinetic parameters of free and immobilized aminoacylase

Parameter Free Immobilized
aminoacylase aminoacylase
Michaelis constant, K;,, (mM) 0.7 1.51°¢
Maximum reaction velocity, Vi.x (U/mg) b 61.70 12.44
Catalytic efficiency, Viax/Km (min'1 -mg'l) 88.14 8.24
Catalytic constant, kcy (s'l) 152.19 228.21
Specificity constant, kea/Km (MM -s™) 217.42 151.13
Efficiency coefficient, 5 - 0.2

[“ K, app.; considering the possibility of interactions of substrate with beaded polymer
support, there could be difference in the substrate concentrations in the bulk solution
and near the enzyme. This phenomenon is known as ‘substrate partition’ [35]. Hence,
the term ‘apparent’ is used for the K, of the immobilized enzyme and symbolized as
K, app.; b Vmax 18 expressed per mg of protein for the free aminoacylase and per mg of

polymer beads for the immobilized aminoacylase.]

The catalytic constant (kcy, Which is also known as turnover number) was
estimated from the V. value using 74 kDa molecular mass of 4. melleus L-
aminoacylase. The k¢, values of free and immobilized aminoacylase were 152.19 !
and 228.21 s™' respectively. The specificity constant (ke/Kn) of free and immobilized
aminoacylase were 217.42 mM™ s and 151.13 mM™ s respectively. The efficiency

coefficient (7) can be calculated from the maximum reaction rates of the immobilized
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enzyme over that of the free enzyme. The 5 value of immobilized aminoacylase was
observed to be 0.20. The very low 7 value suggests the occurrence of predominant

mass-transfer limitations [36].

5.3.6. Immobilized aminoacylase catalyzed chiral resolutions

Aminoacylases exhibit broad substrate specificity. They have ability to
hydrolyze wide spectrum of amino acid derivatives (such as amino acid esters, N-
acetyl amino acids, amino acid amides) in enantioselective manner. Hence
aminoacylases are perhaps the most versatile and potent biocatalyst for synthesis of

enantiopure amino acids.

(a) Chiral resolution of amino acid esters
Immobilized aminoacylase preferentially hydrolyzed the S-enantiomer of
unnatural amino acid ethyl esters. Chiral resolution of amino acid esters catalyzed by

immobilized aminoacylase is represented in Scheme 5.3.

Scheme 5.3: Chiral resolution of amino acid esters catalyzed by immobilized

aminoacylase
OC,Hsg OH OC,Hg
R Immobilized aminoacylase }\/R R
o] > O : + o]
NH, NH, NH,
(RS)-Amino acid ester (S)-Amino acid (R)-Amino acid ester
PG HPA NA

O [ O oy

The results of stereoselective hydrolysis of unnatural amino acid ethyl esters

using immobilized aminoacylase are summarized in Table 5.11. The enantiomeric
ratios of immobilized aminoacylase towards hydrolysis of PG-ester, HPA-ester and

NA-ester were 5.8, 14.2, 7.9 respectively.
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Table 5.11: Chiral resolution of amino acids ethyl esters catalyzed by immobilized

aminoacylase

Substrate Preferred configuration Time (min) eey(%) C(%) E
PG-ester S 120 56.2 47.5 5.8
HPA-ester S 120 84.8 15.8 142
NA-ester S 120 75.2 13.7 7.9

(b) Chiral resolution of N-acetyl amino acids
As represented in the Scheme 5.4, immobilized aminoacylase was observed to

hydrolyze preferentially the S-enantiomer of N-acetyl amino acids.

Scheme 5.4: Chiral resolution of N-acetyl amino acids catalyzed by immobilized

aminoacylase
oH OH OH
R Immobilized aminoacylase )\/R R
o) > 0 - + 0
NHCOCH; NH, NHCOCH;
(RS)-N-acetyl amino acid (S)-Amino acid (R)-N-acetyl amino acid
PG HPA NA

o [ Ow oy

The results of stereoselective hydrolysis of N-acetyl amino acids using

immobilized aminoacylase are summarized in Table 5.12.

Table 5.12: Chiral resolution of N-acetyl amino acids catalyzed by immobilized

aminoacylase

Substrate Preferred configuration Time (min) eey(%) C(%) E
N-acetyl-PG S 120 91.5 45.1 51.0
N-acetyl-HPA S 120 93.2 423 582
N-acetyl-NA S 120 87 343 225
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The immobilized enzyme exhibited higher enantioselectivity towards
hydrolysis of N-acetyl-PG and N-acetyl-HPA as indicated from the higher E values
(51.0 and 58.2 respectively) than that towards hydrolysis of N-acetyl-NA (E = 22.5).

(c) Chiral resolution of amino acid amides
As represented in the Scheme 5.5, immobilized aminoacylase observed to

hydrolyze preferentially the S-enantiomer of amino acid amides.

Scheme 5.5: Chiral resolution of amino acid amides catalyzed by immobilized

aminoacylase
NH, OH NH,
R Immobilized aminoacylase )\/R R
] > 0O Y + O
NH, NH, NH,
(RS)-Amino acid amide (S)-Amino acid (R)-Amino acid amide
PG HPA NA

O O oy

The results of stereoselective hydrolysis of amino acid amides using

immobilized aminoacylase are summarized in Table 5.13. The E values of hydrolysis
of PG-amide and HPA-amide were >200 and that of hydrolysis of 2-NA- amide was
>100 indicating the remarkable enantioselectivity of immobilized aminoacylase

towards these hydrolytic reactions.

Table 5.13: Chiral resolution of amino acid amides catalyzed by immobilized

aminoacylase

Substrate Preferred configuration Time (min) ee;(%) C(%) E
PG-amide S 120 97.6 452 >200
HPA-amide S 120 973 47.6  >200
NA-amide S 120 96.0 46.1 125.7
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To summarize, enantiomeric ratios of the immobilized enzyme were high (£ =
125 to 200) towards hydrolysis of amides, moderate (£ = 22 to 59) towards hydrolysis
of N-acetyl derivatives and poor (£ < 15) towards the hydrolysis of amino acid esters.
Youshko et al. reported similar observations i.e. authors reported higher enantiomeric
ratios of 4. melleus L-aminoacylase towards hydrolysis of PG-amide and HPA-amide
(i.e. E>200) than that towards hydrolysis of N-acetyl-PG and N-acetyl-HPA (E = 96
and 70 respectively) [37].

The literature survey on aminoacylase catalyzed enantioselective synthesis of
different amino acids from N-acetyl amino acids is summarized in Table 5.14. Most
of the previous efforts deal with aminoacylase catalyzed enantioselective hydrolysis
of rac-N-acetyl amino acid. This process has also been successfully commercialized
for the industrial production of enantiopure amino acids [37]. The present study,
however, indicates that aminoacylase has higher enantioselectivity towards hydrolysis
of amides than that towards hydrolysis of N-acetyl derivatives of unnatural amino
acids. Thus, the enantioselective production of these unnatural amino acids via
aminoacylase catalyzed hydrolysis of rac-amino acid amides appears to be an

attractive alternative.

Table 5.14: Literature on aminoacylase catalyzed synthesis of enantiopure amino

acids

Amino acid Substrate Source of L- Reference
aminoacylase

L-Alanine N-acetyl DL-alanine Pseudomonas sp. [15, 38, 39]

L-Methionine N-acetyl DL-methionine Aspergillus oryzae  [16, 18, 40]
Porcine kidney [17]

L-Valine N-acetyl DL-methionine Hog kidney [22]

L-Phenylalanine N-acetyl DL- Porcine kidney [13, 20]

phenylalanine
L-Alanine and Rac-N-acetyl and N- Porcine kidney and  [41]
L-phenylalanine formyl derivatives Aspergillus sp.

L-Methionine and  Rac-N-acetyl derivatives Aspergillus oryzae  [42]

L-phenylalanine of amino acids

Continued...
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Table 5.14: Continued...

Amino acid Substrate Source of L- Reference

aminoacylase

L-Valine and Rac-N-acetyl derivatives Porcine kidney [43]
L-phenylalanine of amino acids

L-4-Fluoro- Rac-N-acetyl derivatives Porcine kidney and  [44]
glutamic acid of amino acid Aspergillus sp.

Different Rac-N-acetyl derivatives Porcine kidney and  [45]
L-amino acids of amino acid Aspergillus sp.

Different Rac-N-acetyl derivatives Aspergillus melleus [37]
L-amino acids of amino acid

Different Rac-N-acetyl and N- Porcine kidney and  [1]
L-amino acids chloroacetyl amino acids Aspergillus sp.
L-Butyrine N-acetyl-DL-butyrine Porcine kidney [21, 46]
Aromatic B-amino  Rac-N-chloroacetyl Porcine kidney [47]
acids derivatives

5.3.7. Reusability of immobilized aminoacylase in hydrolysis of rac-HPA-amide

The initial reaction rate of three repeated cycles of hydrolysis of rac-HPA-
amide was studied in stirred cell bioreactor. The first cycle proceeded with initial
reaction rate of 3.9 M'min"-g"'. However, the initial reaction rate found to decrease
sharply in second (2.82 M-min™'+g™") and third (1.9 M-min™-g™") repetitive cycles. Thus
about 2-fold reduction in the rate of reaction was observed indicating the inadequate
reusability of the immobilized enzyme. The high stirring speed could possibly be
responsible for the mechanical attrition of immobilized polymer beads which might
have released enzyme from the polymeric support. Hence in order to overcome this
problem, the reactor was operated at slower speed (100 rpm). This however reduced

the initial rate of reaction by 3.6 folds.

5.4. CONCLUSIONS
The immobilization of L-aminoacylase on epoxy-activated porous polymer
beads of styrene-glycidyl methacrylate-divinyl benzene ter-polymers has significantly

improved the stability of aminoacylase with respect to pH, temperature and storage.
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Enantiomeric ratios of the immobilized enzyme were high (£ = 125 to 200) towards

hydrolysis of amides, moderate (E =~ 22 to 59) towards hydrolysis of N-acetyl

derivatives and poor (£ < 15) towards the hydrolysis of amino acid esters. Thus, the

production of enantiopure amino acids via aminoacylase catalyzed hydrolysis of rac-

amino acid amides appears to be an attractive alternative. However the operational

stability of immobilized aminoacylase found to be inadequate for reuse of the enzyme

in a repetitive batch mode.
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6.1. INTRODUCTION

The development of stable and robust biocatalysts for industrial use is
currently the subject of great research interest [1]. Cross-linked enzyme technology
in the past couple of decades, has emerged as an attractive tool for enhancing the
stability of enzymes [2-7]. The cross-linking of enzymes by means of bifunctional
cross-liking agents results in formation of stable heterogeneous biocatalyst which
offers distinct benefits over conventionally immobilized enzyme. Immobilized
enzymes are ‘carrier-bound biocatalysts’ and the presence of a large proportion of
non-catalytic carrier (about 90-99% of total mass) causes dilution of their volumetric
activity. On the other hand, the cross-linked enzymes are referred as ‘carrier-free
biocatalysts’ and express very high catalytic activity per unit volume thereby
maximizing volumetric productivity and space-time yields [8-10].

The cross-linked carrier-free biocatalyst can be obtained by either of following
three approaches namely: (i) direct cross-linking of free enzyme which gives cross-
linked enzymes (CLE); (ii) cross-linking of crystalline enzyme which yields cross-
linked enzyme crystals (CLEC) and (iii) cross-linking of physically aggregated
enzyme which yields cross-linked enzyme aggregates (CLEA) [11].

More often than not, direct cross-linking of enzyme molecules (CLE) suffer
from several disadvantages such as low activity retention, poor reproducibility, poor
mechanical stability and difficulty in handling the gelatinous CLE. The cross-linking
of enzyme in crystalline form (CLEC) was found to give better results in terms of
activity retention and mechanical stability and therefore has been successfully
commercialized [12-17]. However, the need for highly pure enzyme and development
of crystallization protocols (which are often expensive, laborious and time
consuming) have discouraged further growth of the CLEC methodology.

To overcome the above drawbacks of CLE and CLEC, a novel strategy called
cross-linked enzyme aggregates (CLEA) was developed by Cao et al. in 2000 [18].
The synthesis of CLEA involves the precipitation of the enzyme (not necessarily in its
pure form) followed by chemical cross-linking of the resulting enzyme aggregates.
Precipitation and aggregation are generally induced by the addition of precipitant
(salts, organic solvents, non-ionic polymers or acids) to aqueous solutions of proteins.
These physical aggregates are supramolecular structures held together by non-

covalent bonding and redissolve when precipitant is removed. Cross-linking of these
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aggregates produces CLEA which remain insoluble in absence of precipitant [8].

The reactive functional groups (mainly amino groups of lysine) present on the
surface of an enzyme (termed as external functional groups) can participate in the
process of cross-linking. Thus, cross-linking efficiency of an enzyme depends
principally on the number of external amino groups. Enzymes having sufficient
external amino groups can be effectively cross-linked leading to formation of stable
CLEA. Enzymes having low number of surface reactive amino groups suffer from
inadequate cross-linking leading to formation of mechanically fragile CLEA. This
often causes leaching of enzyme in the reaction medium during the biocatalysis [19].

Wilson et al. have demonstrated that the co-precipitation of enzyme with ionic
polymers (having a large number of primary amino groups such as
polyethyleneimine) prior to cross-linking can improve the cross-linking efficiency [6].
The co-precipitation of enzyme with ionic polymers allows the extension of polymer
branches (having terminal amino groups) closer to some of the embedded amino
groups of enzyme favouring cross-linking between them [19, 20]. Thus, besides
surface reactive groups, a few embedded reactive groups (which are otherwise not
accessible during conventional cross-linking procedures) can also be utilized in
formation of stable cross-links. Moreover, the co-precipitation of enzyme with ionic
polymers such as polyethyleneimine (PEI) is known to exert excellent stabilizing
effects on enzyme by altering the microenvironment of enzyme molecules [21].

The present chapter explores the feasibility of the PEI induced co-aggregation
technique for making CLEA of Aspergillus melleus aminoacylase. L-Aminoacylase
(N-acyl amino acid amidohydrolase or acylase-I; EC 3.5.1.14) catalyzes asymmetric
hydrolysis of N-acetyl DL-amino acids to give L-amino acids and unhydrolyzed N-
acetyl D-amino acids. L-Aminoacylases are found in various sources such as plants,
animals and microorganisms. The most commonly used L-aminoacylases are those
from porcine kidney, Aspergillus oryzae, and Aspergillus melleus [22]. L-
Aminoacylases from Aspergillus sp. are highly enantioselective, readily available,
inexpensive and exhibit broad substrate specificity. Aspergillus L-aminoacylases are
therefore extensively used for the industrial production of L-amino acids (such as L-
alanine, L-methionine, L-phenylalanine etc.) from their N-acyl derivatives [23].

CLEA of L-aminoacylase were prepared via co-precipitating the enzyme with

PEI and cross-linking the enzyme-PEI co-aggregates by glutaraldehyde. The critical
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process parameters (namely: enzyme:PEI ratio, glutaraldehyde concentration and
cross-linking time) were optimized. The systematic characterization of aminoacylase-
PEI CLEA was done with respect to their physical properties (particle size, porosity
etc.) and catalytic behaviour (storage, pH and temperature stability). The thermal
deactivation of free enzyme and CLEA was studied using Arrhenius plots. Finally,

CLEA were employed for synthesis of enantiopure unnatural amino acids.

6.2. MATERIALS AND METHODS
6.2.1. Materials

L-Aminoacylase and N-acetyl L-methionine were purchased from Fluka
Chemicals, USA. Polyethyleneimine (PEI) was purchased from Sigma-Aldrich, USA.
Unnatural amino acids namely phenylglycine (PG), homophenylalanine (HPA) and 2-
naphthylalanine (NA); and homophenylalanine ethyl ester (HPA-ester) were
purchased from Bachem Chemicals, Switzerland. All other chemicals were of

analytical grade and purchased from Merck India Ltd.

6.2.2. Synthesis of cross-linked enzyme aggregates (CLEA)
All experiments were performed at least in triplicate and the results are

presented as their mean value. Standard deviation of results never exceeded 5%.

(a) Co-aggregation of aminoacylase with PEI

Cross-linked enzyme aggregates (CLEA) of A. melleus aminoacylase were
prepared by co-aggregation of the enzyme with polyethyleneimine (PEI). To 25 mL
solution of PEI (750 KDa, 25 mg/mL) 25 mL of aminoacylase (25 mg/mL) solution
was added under agitation. The mixture was left under gentle stirring for 10 min.
After 10 min, 2.0 mL of glutaraldehyde solution (25% v/v) was added to cross-link
the enzyme precipitate and the mixture was kept under stirring for 1 h. Then the
volume was doubled by adding 100 mM sodium bicarbonate buffer (pH 10) and a
total amount of 75 mg of sodium borohydride powder was added to reduce the
Schiff’s bases formed. After 15 min, an additional 75 mg of sodium borohydride
powder was added and allowed to react for 15 min. The resultant precipitate of
aminoacylase-PEI CLEA was repeatedly washed with sodium phosphate buffer (100
mM, pH 7) and centrifuged at 12,000 rpm for 15 min. Finally the CLEA were dried at
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50°C for 24 hours using vacuum oven to remove residual moisture.

(b) Optimization of process parameters

Optimization of different process parameters (such as enzyme-PEI ratio,
glutaraldehyde concentration and cross-linking time) was done on the basis of two
parameters: namely activity recovery (Eq. 6.1) and aggregation yield (Eq. 6.2) as
described earlier [19].

Activity recovery (%) = [&J x100 —Eq. 6.1
AFree Free
Aggregation yield (%) = {1 00 - (ARXd“al X Viesiu H x100 —~Eq. 6.2
Free X Free

Where, Aciga is activity (U) expressed by CLEA; Ap. is activity (U/mL) of
free enzyme; Ve 1s volume (mL) of free enzyme used to synthesize CLEA; Agesidual
is activity (U/mL) of residual enzyme solution and Vgesiqua 1S volume (mL) of residual

enzyme solution after formation of CLEA.

6.2.3. Characterization of cross-linked enzyme aggregates
(a) Study of the enzyme release from the aggregates

The storage stability of aminoacylase-PEI CLEA was evaluated in terms of the
enzyme release from the aggregates as described earlier [19]. To determine the
covalent attachment of enzyme subunits, different aggregates were boiled (at about
95°C) in 2 volumes of 2% sodium dodecyl sulfate (SDS). Thereby, any non-
covalently attached enzyme molecule in the aggregate was released in the medium.
Then, the supernatants were subjected to SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and the gel (stained with either Coomassie blue or silver staining) was
analyzed by densitometry.

(b) Storage stability of aminoacylase-PEI CLEA

The free aminoacylase and aminoacylase-PEI CLEA were incubated at 4°C.
The activity of free enzyme and CLEA were determined at regular time intervals up to
168 h. The storage stability was evaluated by plotting activity profiles of both enzyme

preparations against storage time.
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(c) pH stability of aminoacylase-PEI CLEA

The pH stability of free aminoacylase and aminoacylase-PEI CLEA was
studied by incubating the enzyme in buffers of different pH in the range of 4-12 at
20°C for 30 min and then determining the catalytic activity as described in Section
6.2.6(a). Residual activities were calculated as the percentile ratio of the activity of

enzyme after incubation to the activity of enzyme at the optimum reaction pH.

(d) Temperature stability of aminoacylase-PEI CLEA

The effect of temperature on stability of free aminoacylase and aminoacylase-
PEI CLEA was evaluated by incubating the enzyme at varying temperatures in the
range of 20-90°C (at pH 8) and determining the activity at its optimum reaction
temperature. Residual activities were calculated and plotted against temperature.
Residual activities were calculated as the percentile ratio of the activity of enzyme

after incubation to the activity enzyme at the optimum temperature.

(e) Kinetics of thermal deactivation of aminoacylase before and after cross-linking
Kinetics of thermal deactivation of free aminoacylase and aminoacylase-PEI
CLEA were studied at different temperatures between 30°C and 70°C in a shaking
water bath (Julabo Ltd.). The samples were withdrawn at regular time interval, rapidly
cooled to 37°C and immediately analyzed for residual aminoacylase activity. The
thermal deactivation rate constant (k;) was determined from the Arrhenius equation

(Eq. 6.3) [24].
E
Ink,=In4-| =%~ —Eq. 6.3
d [RTJ q

Where, E; is the deactivation energy, A is percent residual activity, R is the
universal gas constant (8.314x107 kJ kmol™ K™") and T is temperature in Kelvin.

Natural logarithm of percent residual activities at different temperatures were
plotted against time and the slope of lines indicates the values of deactivation rate
constant k; at the respective temperatures [25]. Half-life of CLEA and free
aminoacylase for each temperature was calculated from their respective trend line
equations. Arrhenius plot (a graph of In k; versus 1/T) was obtained, slope of which
indicates the deactivation energy (E£,). The difference in the deactivation energies

(AE,) of free enzyme and CLEA was calculated to quantify the thermal stabilization.
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6.2.4. Synthesis and characterization of substrates
(a) Chemical synthesis of rac-amino acid ethyl esters

Rac-amino acid esters were chemically synthesized by esterification of rac-
amino acids with ethanol in presence of thionyl chloride [26]. The detailed procedure
of chemical synthesis of rac-amino acid ethyl esters is described earlier in Chapter 2
in Section 2.2.5(a). Phenylglycine ethyl ester and 2-naphthylalanine ethyl ester are

termed as PG-ester and NA-ester respectively.

(b) Chemical synthesis of rac-N-acetyl amino acids

N-acetylation of rac-amino acids was carried out by standard acetylation
procedure as described by Regla er al. [27]. The detailed procedure of chemical
synthesis of rac- N-acetyl amino acids is described earlier in Chapter 5 in Section
5.2.5(b). N-acetyl Phenylglycine, N-acetyl homophenylalanine and N-acetyl 2-
naphthylalanine are termed as N-acetyl-PG, N-acetyl-HPA and N-acetyl-NA

respectively.

(c) Chemical synthesis of rac-amino acid amides

Rac-amino acid amides were synthesized from rac-amino acids by the method
described by Lopez-Serrano et al. [28]. The detailed procedure of chemical synthesis
of rac-amino acid amides is described earlier in Chapter 4 in Section 4.2.4(a).
Phenylglycine amide, homophenylalanine amide and 2-naphthylalanine amide are

termed as PG-amide, HPA-amide and NA-amide respectively.

6.2.5. Aminoacylase-PEI catalyzed chiral resolutions
(a) General method of chiral resolution

The biotransformation reactions were conducted in 25 mL stoppered flasks.
Racemic substrate (0.01 g) was suspended or dissolved in 10 mL phosphate buffer
(50mM phosphate buffer, pH 8). Co™ ions act as cofactor for aminoacylase enzyme
therefore CoCl; (1.19 mg) was added in the reaction mixture. The biotransformation
reaction was initiated by adding 0.05 g of aminoacylase-PEI CLEA. The flask was
incubated on oscillatory shaker at 30°C at 120 rpm. The samples were periodically

withdrawn and analyzed by HPLC.
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(b) Biocatalytic synthesis of (S)-homophenylalanine in stirred cell
(i) General procedure for synthesis of (S)-homophenylalanine in stirred cell
Reaction was carried out in a laboratory scale Millipore stirred cell

(XFUF04701, Millipore Inc. USA; Fig. 6.1).

®
g

| —_4—h=|=—h 5

Fig. 6.1(a): Schematic representation of stirred cell bioreactor; 1: membrane support,

2: outlet, 3: macroporous filtration fabric cloth, 4: magnetic stirrer, 5: reaction mixture

containing CLEA, 6: sample port and 7: pressure gauze.

L]

i

"

Fig. 6.1(b): Photograph of the stirred cell bioreactor

A macroporous filtration fabric cloth (47 mm diameter) was placed on the

membrane support. The reactor was charged with 0.1 g of rac-HPA-amide and 25 mL
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of 50 mM of phosphate buffer (pH 7) containing 2.98 mg of CoCl,. The
biotransformation reaction was initiated by addition of 0.1 g of aminoacylase-PEI
CLEA. The temperature within the stirred cell was maintained at 30°C under constant
stirring at 200 rpm. The samples were periodically withdrawn and analyzed by HPLC.

After about 45% conversion, the reaction was stopped by separating the
reaction mixture. The reactor was thoroughly washed twice with phosphate buffer
(50mM, pH 7.0) to ensure the complete removal of product and unreacted substrate.
The washings and reaction mixture were collected together and the pH of the resultant
solution was adjusted to 9 with aqueous 2 M NaOH solution. The unreacted substrate
i.e. (R)-HPA-amide was extracted with dichloromethane (3x15 mL). The remaining
aqueous solution was acidified (to pH 6.3) with 2M HCI solution and maintained at 0-
2°C. After ~ 2 h, the precipitate of (S)-HPA was collected, washed thrice with cold

acidified water and dried at 60°C under vacuum.

(ii) Optimization of catalytic performance
Effect of biocatalyst loading, diffusional limitations and temperature on the
rate of reaction was investigated in order to optimize the catalytic performance of the

reactor.

6.2.6. Analytical Methods
(a) Aminoacylase activity assay

The activity of aminoacylase was measured using the standard hydrolytic
assay of N-acetyl L-methionine as described earlier [29]. The detailed assay
procedure is as follows: To 1 mL of aminoacylase solution (prepared in 50 mM
phosphate buffer, pH 8), 1 mL of 50 mM of CoCl, solution was added. The
temperature of this solution was maintained at 37°C. To this, I mL of 100 mM N-
acetyl L-methionine solution was added and incubated at 37°C for 30 min. From this,
I mL reaction mixture was removed and transferred to stoppered glass test tube and
boiled in boiling water bath for 3 min. The boiled solution was cooled and 2 mL of
2% (w/v) ninhydrin colour reagent and 0.1 mL of 1.6% (w/v) stannous chloride
solution (SnCl,) was added to it. The resultant mixture was boiled for 20 min. After
cooling 10 mL n-propanol was added, vortexed and the absorbance was determined at

570 nm. One unit (U) is defined as amount of aminoacylase necessary to liberate 1
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pumol of L-methionine per hour at 37°C at pH 8.
The activity of aminoacylase-PEI CLEA was determined according to
procedure described above using 0.1 g of CLEA. The activity of CLEA is expressed

in terms of aminoacylase units per g of CLEA.

(b) Characterization of physical properties of aminoacylase-PEI CLEA
(i) Pore size and pore volume

The pore size and pore volume of CLEA were determined by mercury
intrusion porosimetry using Auto-scan 60 Mercury Porosimeter (Quantachrome,

USA) in the range of 0-4000 kg/cm?2.

(ii) Scanning electron microscopy
The surface morphology of biocatalytic matrices was studied by scanning

electron microscopy (SEM). Micrographs were taken on a JEOL JSM-5200 SEM

Instrument.

(c) HPLC analysis

All reaction profiles were monitored by HPLC (Thermo Separation Products,
Fremont, CA, USA). The quantitative analysis of different amino acids and their
esters was carried out using a reverse phase C-18 column (125%4 mm, prepacked
column supplemented with a 4x4 mm guard column procured from LiChrospher®,
Merck, Darmstadt, Germany) eluted isocratically using acetonitrile-water mobile
phase (30:70 v/v, pH adjusted to 3.0 with 50% v/v o-phosphoric acid), at a flow rate
of 0.6-1.0 mL/min. Peaks were detected using an UV detector at 215 nm. The peak
identification was made by comparing the retention times with those of authentic
compounds. Peak area was used as a measure to calculate the respective
concentration. The reaction conversion was estimated from the ratio of the substrate
consumption to its initial concentration. The enantiomeric excess (e.e.) of the product
was determined by using a CHIROBIOTIC-T® column (250x4.6 mm prepacked
column supplemented with 20x4 mm guard column procured from Astec Inc. USA)
eluted isocratically using water-methanol mobile phase (40:60 v/v, pH adjusted to

2.3-2.5 with 50% v/v glacial acetic acid), at a flow rate of 0.6-0.8 mL/min.
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(d) Determination of enantiomeric ratio
Enantiomeric ratio (£) is the prime parameter for describing the enzyme’s
enantioselectivity. Enantiomeric ratio was determined by using Eq. 2.3 as described

earlier in Chapter 2 in Section 2.2.7(e).

6.3. RESULTS AND DISCUSSION
6.3.1. Optimization of process parameters

The ‘extent of cross-linking’ is the key parameter which decides the extent of
cross-linked enzyme activity (calculated in terms of activity recovery) and the extent
of enzyme aggregation (calculated in terms of aggregation yield). Hence the ‘extent of
cross-linking” in CLEA should be critically controlled. Adequate cross-linking is
essential to form stable enzyme aggregates. However, excessive cross-linking results
in enzyme inactivation and reduction in porosity which ultimately adversely affects
the activity recovery. To summarize, up to the optimum point, the activity recovery
and the aggregation yield increase with ‘extent of cross-linking’. However, additional
cross-linking leads to decrease in the activity recovery. The aggregation yield may
increase or remain constant beyond the optimum. The ‘extent of cross-linking’ in the
present study was controlled by optimizing three process variables namely relative
concentration of enzyme and PEI, concentration of glutaraldehyde and cross-linking

time (i.e. time of glutaraldehyde treatment).

(a) Effect of enzyme:PEI ratio

To evaluate the effect of enzyme-PEI ratio, aminoacylase and PEI solutions
(25 mg/mL each) were mixed in different concentrations (1:3, 1:2, 1:1, 2:1 and 3:1)
and the resultant CLEA were analyzed for the activity recovery and aggregation yield
as described in Section 6.2.2(b). Table 6.1 gives the effect of enzyme:PEI ratio.
Among the different enzyme-PEI ratios studied, 1:1 enzyme to PEI ratio was found to
be optimum and gave maximum for activity recovery (50.42%) and therefore 1:1

enzyme to PEI ratio was used in all further experiments.

(b) Effect of glutaraldehyde concentration
Different concentrations of glutaraldehyde (100 to 600 mM) were used to

determine the optimum quantity required for stable cross-linking of aminoacylase and
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PEI. The activity recovery and aggregation yield of CLEA were found to increase
initially with increase in glutaraldehyde concentration from 100-500 mM (Table 6.2).
Further increase in glutaraldehyde concentration above 500 mM resulted in slight
decrease in yield with no significant change in the aggregation yield. The slight
decrease in the activity recovery could be due to over cross-linking of enzyme
molecules making them catalytically inactive. Glutaraldehyde concentration of 500
mM gave maximum activity recovery (61.38%) and aggregation yield (74.88%) and

hence used in all further experiments.

Table 6.1: Effect of enzyme:PEI ratio

Enzyme:PEI ratio Activity recovery (%) Aggregation yield (%)
1:3 23.36 68.01
1:2 33.17 62.68
1:1 50.42 60.48
2:1 44.00 42.88
3:1 37.54 34.67

Table 6.2: Effect of glutaraldehyde (GLA) concentration

GLA (mM) Activity recovery (%) Aggregation yield (%)
100 50.94 60.80
200 55.86 63.36
300 58.06 68.08
400 60.06 70.24
500 61.38 74.88
600 56.97 74.77

(c) Effect of cross-linking time

The cross-linking time was studied from 1 h to 48 h for stable cross-linking of
PEI-enzyme aggregates (Table 6.3). The increase in cross-linking time resulted in
significant increase in the activity recovery of CLEA. The cross-linking reached to
optimum within 24 h where maximum activity recovery (74.90%) and aggregation
yield (81.20%) were obtained. Beyond 24 h, there was moderate decrease in the

activity recovery with negligible change in the aggregation yield.
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Table 6.3: Effect of cross-linking time

Cross-linking time (h) Activity recovery (%) Aggregation yield (%)

1 45.06 51.24
6 61.06 74.24
12 69.58 79.88
24 74.90 81.20
36 74.52 81.64
48 70.97 82.36

6.3.2. Characterization of aminoacylase-PEI CLEA
(a) Study of the enzyme release from the aggregates

The aminoacylase-PEI CLEA were boiled with SDS and mercaptoethanol as
described in Section 6.2.3(a). The supernatant was analyzed by SDS-PAGE. The
SDS-PAGE was run in duplicate and one gel was stained with Coomassie blue while

the second gel was stained with silver stain (Fig 6.2(a) and Fig. 6.2(b) respectively).

(a) Coomassie blue stained gel (b) Silver stained gel
Mol. Wt. Lane 1 Lane 2 Lane 3 Lane 1 Lane 2 Lane 3
(KDa)
97,400 -_—
66,000 —
—

43,000 e

I

29,000

20,100

—
L
—
14300 v

Fig. 6.2: Study of enzyme release from aminoacylase-PEI CLEA; (a) Coomassie blue
stained SDS-PAGE gel and (b) Silver stained SDS-PAGE gel; sample sequence in

both (a) and (b): molecular weight markers (Lane 1), free aminoacylase (Lane 2),

aminoacylase-PEI CLEA (Lane 3).
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No protein band was observed in the sample of aminoacylase-PEI CLEA
(Lane 3 of Fig. 6.2(a) and Fig. 6.2(b) indicating no release of enzyme from CLEA
thereby confirming the stable and effective binding of enzyme molecules. Further,
SDS-PAGE results also confirm that Aspergillus melleus aminoacylase is dimer and
each subunit is having molecular weight approximating to 37 kDa as mentioned in the

literature [30].

(b) Storage stability of aminoacylase-PEI CLEA

The storage stability of aminoacylase-PEI CLEA was determined and
compared with free aminoacylase. The plot of log residual activity vs. storage time is
shown in Fig. 6.3. The linear trend lines were drawn to the activity profiles of free
aminoacylase and aminoacylase-PEI CLEA. The storage half-life of each enzyme
preparation was determined from its respective trend line equation. The storage half-
life of free aminoacylase at 4°C was found to be ~ 1 day while that of CLEA was
found to be ~ 40 days. Thus, there was significant increase in storage stability upon

cross-linking of enzyme with PEL.

y = -0.0075x + 2
2
=
&
<
>
S
g —aA— Free aminoacylase
% —&— Aminoacylase-PEI CLEA
o
- y =-0.3471x + 2 Linear (Free aminoacylase)
Linear (Aminoacylase-PEI CLEA)
0 T T T T T T T T T 1

0 5 10 15 20 25 30 35 40 45 50

Storage time, days

Fig. 6.3: Storage stability of aminoacylase-PEI CLEA [The trend line equations were
used to calculate the respective storage half-lives. The horizontal line (—) at log(50)

was drawn only for a graphical illustration of the storage half-lives.]
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(c) Scanning electron microscopy

The scanning electron micrographs of aminoacylase-PEI CLEA are given in
Fig. 6.4. The SEM of aminoacylase-PEI CLEA shows the cross-linked structure of
enzyme and PEI. The SEM also indicates the highly porous structure of aggregate
which would be very useful in minimizing the diffusional limitations during

biocatalysis.

Fig. 6.4: Scanning electron micrographs of aminoacylase-PEI CLEA showing (a)
individual CLEA particle observed at lower magnification (1000x); (b) macroporous

nature of CLEA observed at higher magnification (2500x).
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(d) Physical properties

The physical properties of aminoacylase-PEI CLEA are summarized in Table
6.4. The values of pore surface area and pore volume as determined by mercury
porosimetry were 66 + 0.5 m*/g and 0.5 + 0.01 cm’/g respectively. The average

particle size of aminoacylase-PEI CLEA as estimated from SEM data was 50 + 10

pm.

Table 6.4: Physical characterization of aminoacylase-PEI CLEA

No. Physical property Value

1 Pore surface area 66 + 0.5 m*/g

2 Pore volume 0.5+0.01 cm’/g
3 Particle size 50+ 10 um

(e) pH stability of aminoacylase-PEI CLEA
Effect of pH on the residual activity of aminoacylase for free enzyme and

aminoacylase-PEI CLEA was studied for the pH range of 4 to 12 (Fig. 6.5).

120 ~

100 ~

80 -

60 -

40 -

Residual activity (%)

20

—a— Free aminoacylase —8— Aminoacylase-PEICLEA

Fig. 6.5: pH stability of aminoacylase-PEI CLEA
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Cross-linking of aminoacylase resulted in moderate stabilization of the
enzyme over a broader pH range. The free aminoacylase retained 84.89% and 60.15%
residual activity at pH 9 and pH 10 whereas; at same pH conditions aminoacylase-PEI
CLEA retained 94.01% and 80.73% residual activity respectively. This indicated that
the cross-linking of aminoacylase with PEI has improved the stability of enzyme to a

moderate extent.

(f) Temperature stability of aminoacylase-PEI CLEA

Stability of free aminoacylase and aminoacylase-PEI CLEA were determined
by measuring residual enzyme activity as function of temperature in the range of 20°C
to 90°C. The activity profiles of free aminoacylase and aminoacylase-PEI CLEA at
different temperature are represented in Fig. 6.6. At 50°C the free enzyme retained
only 66.42% residual activity while aminoacylase-PEI CLEA 98.56% of its initial
activity. Similarly at 70°C the free enzyme retained only 4.75% residual activity
while aminoacylase-PEI CLEA was found to retain 76.63% of its initial activity.
Thus, the cross-linking of aminoacylase with PEI was observed to confer excellent

thermal stability to the enzyme.

120

100

80 ~

60 -

40

Residual activity (%)

20 ~

30 40 50 60 70 80 90
Temperature, °C

—a— Free aminoacylase —&— Aminoacylase-PEICLEA

Fig. 6.6: Temperature stability of aminoacylase-PEI CLEA
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(g) Kinetics of thermal deactivation of aminoacylase before and after cross-linking
The temperature dependant activity profiles of free aminoacylase and CLEA

are presented in Fig. 6.7(a) and Fig. 6.7(b) respectively.

(@)

In of % residual activity
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Time (min)
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Fig. 6.7: Thermal deactivation of (a) free aminoacylase and (b) aminoacylase-PEI

CLEA in temperature range of 30-70°C
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1l/temperature (1/K)
'2. 000 T T T T T 1

0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034
-3.000 -
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InKd

-6.000 +

-7.000 +

-8.000 -

-9.000 -
A Free aminoacylase y = -9406.20x + 24.39, (Ed = -9406.20)

m Aminoacylase-PEI CLEA y = -8484.15x + 20.04, (Ed = -8484.15)

Fig. 6.8: Arrhenius plot for free aminoacylase and aminoacylase-PEI CLEA

Table 6.5: Thermal deactivation coefficient (k;) and Half-life (¢;,,) of free enzyme and
aminoacylase-PEI CLEA

Temperature kg (min™) t12 (min) Fold increase
(°C) in ¢
Free enzyme  CLEA  Freeenzyme  CLEA 72

30 -0.00141 -0.00038 496.45 1842.11 3.71

40 -0.00319 -0.00081 219.43 864.19 3.94

50 -0.00840 -0.00189 83.33 370.37 4.44

60 -0.01979 -0.00404 35.37 173.26 4.90

70 -0.05262 -0.01015 13.30 68.96 5.18
Average fold increase in the half life over the range of 30-70°C 4.43

The half life (¢;/;) and deactivation rate constants (k) of free aminoacylase and
CLEA are given in Table 6.5. On an average, upon cross-linking, there was 4.43 fold
increase in the half life of enzyme. This could be ascribed to “optimal” cross-linking

of enzyme-PEI molecules which has maintained the active conformation of enzyme
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for a longer time at elevated temperatures. These results are significantly in favour of
employing CLEA in the biotransformation reactions at elevated temperatures. Co-
aggregation followed by cross-linking leads to formation of a large number of
stabilizing linkages which maintain the catalytically active conformation of the
enzyme even at elevated temperatures hence often confer better thermal stability to

the enzyme than conventional immobilization procedures [6].

The PEI induced co-aggregation technique for making CLEA is a largely
unexplored field. By this technique, CLEA of only few enzymes (namely: penicillin-
G acylase [6], glutaryl acylase [19], Alcaligenes sp. lipase and Candida antarctica B
lipase [20], and Pseudomonas fluorescens nitrilase [32]) have been prepared. Wilson
et al. employed this co-aggregation technique for making CLEA of Penicillin-G
acylase to enhance the stability of enzyme in organic medium. The CLEA prepared
with the co-aggregation technique showed increased stability (~25 fold higher) than
the CLEA prepared by conventional method [6]. Lopez-Gallego et al. prepared the
CLEA of glutaryl acylase using the PEI induced co-aggregation technique. It has been
demonstrated that the use of PEI prevented the release of enzyme molecules from the
aggregate. These CLEA showed enhanced thermal and storage stability [19]. The co-
aggregation method has also been used to prepare stable CLEA of lipase. The nature
of the polymers co-aggregated with the lipases was found to alter the catalytic
properties (i.e. specificity and enantioselectivity) of the enzyme [20]. Mateo et al.
prepared the co-aggregates of the nitrilases with high molecular weight PEI. Here,
PEI induced co-aggregation technique increased the oxygen-resistance of nitrilase
than free enzyme and conventionally cross-liked enzyme [32].

The in vitro stability of enzymes remains a critical issue in the field of
biocatalysis. Both storage and operational stabilities affect the usefulness of enzyme-
based products [33]. The reports in the literature clearly indicate that facile cross-
linking of enzyme via PEIl-induced co-aggregation method greatly improves the
storage as well as operational stability of an enzyme. The present study has also
demonstrated the significant improvement in the thermal and storage stability of the
aminoacylase enzyme upon co-aggregation with PEI. The improved stability of
aminoacylase-PEI CLEA can be explained by the fact that the co-precipitation of

enzyme with ionic polymers such as PEI alters the microenvironment of enzyme

205
Chiral Separation of Drugs and Drug intermediates by Immobilized Biocatalyst



CHAPTER 6: Preparation of cross-linked enzyme aggregates of A. melleus aminoacylase ...

molecules which exerts excellent stabilizing effects on enzyme [21]. Furthermore, in
aminoacylase-PEI CLEA, the enzyme molecules are held together by multipoint
enzyme-polymer linkages that possibly help in preserving the active-site

conformation of enzyme under stress conditions [34, 35].

6.3.3. Aminoacylase-PEI CLEA catalyzed chiral resolutions

Aminoacylases exhibit broad substrate specificity. They have the ability to
hydrolyze a wide spectrum of amino acid derivatives (such as amino acid esters, N-
acetyl amino acids, amino acid amides) in enantioselective manner. Hence
aminoacylases are perhaps the most versatile and potent biocatalyst for synthesis of

enantiopure amino acids.

(a) Chiral resolution of amino acid esters
Aminoacylase-PEI CLEA were observed to preferentially hydrolyze the S-
enantiomer of unnatural amino acid ethyl esters. Chiral resolution of amino acid esters

catalyzed by aminoacylase-PEI CLEA is represented in Scheme 6.1.

Scheme 6.1: Chiral resolution of amino acid esters catalyzed by aminoacylase-PEI

CLEA

OC,Hs5 OH OC,H;5
R Aminoacylase-PEI CLEA )\/R R
o] > 0 - + o]
NH, NH, NH,
(RS)-Amino acid ester (S)-Amino acid (R)-Amino acid ester
PG HPA NA

O O oy

The results of stereoselective hydrolysis of unnatural amino acid ethyl esters

using aminoacylase-PEI CLEA are summarized in Table 6.6. The enantiomeric ratios
of CLEA towards hydrolysis of PG-ester, HPA-ester and NA-ester were 6.5, 14.1 and
8.1 respectively.
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Table 6.6: Chiral resolution of amino acids ethyl esters catalyzed by aminoacylase-

PEI CLEA

Substrate Preferred configuration Time (min) ee;(%) C(%) E

PG-ester S 60 64.7 35.2 6.5
HPA-ester S 60 82.4 27.9 14.1
NA-ester S 60 67 41.7 8.1

(b) Chiral resolution of N-acetyl amino acids

As represented in the Scheme 6.2, aminoacylase-PEI CLEA were observed to
hydrolyze preferentially the S-enantiomer of N-acetyl amino acids. The results of
stereoselective hydrolysis of N-acetyl amino acids using aminoacylase-PEI CLEA are
summarized in Table 6.7. CLEA exhibited higher enantioselectivity towards
hydrolysis of N-acetyl-PG and N-acetyl-HPA as indicated from the higher £ values
(54.3 and 60.0 respectively) than that towards hydrolysis of N-acetyl-NA (E = 22.6).

Scheme 6.2: Chiral resolution of N-acetyl amino acids catalyzed by aminoacylase-

PEI CLEA
OH OH OH
R Aminoacylase-PEI CLEA )\/R R
O > 0 : + O
NHCOCH, NH, NHCOCHj
(RS)-N-acetyl amino acid (S)-Amino acid (R)-N-acetyl amino acid
PG HPA NA

O [ Ow oy

Table 6.7: Chiral resolution of N-acetyl amino acids catalyzed by aminoacylase-PEI
CLEA

Substrate Preferred configuration Time (min) eey (%) C (%) E
N-acetyl-PG S 60 92.5 433 543
N-acetyl-HPA S 60 93.5 41.8 60.0
N-acetyl-NA S 60 87.4 329 226
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(c) Chiral resolution of amino acid amides

As represented in the Scheme 6.3, aminoacylase-PEI CLEA were observed to
preferentially hydrolyze the S-enantiomer of amino acid amides. The results of
stereoselective hydrolysis of amino acid amides using aminoacylase-PEI CLEA are
summarized in Table 6.8. The E values of hydrolysis of PG-amide and HPA-amide
were >200 and that of hydrolysis of 2-NA- amide was >100 indicating the remarkable

enantioselectivity of CLEA towards these hydrolytic reactions.

Scheme 6.3: Chiral resolution of amino acid amides catalyzed by aminoacylase-PEI

CLEA

NH, OH NH,
R Aminoacylase-PEI CLEA )\/R R
(@) > O - + O
NH, NH, NH,
(RS)-Amino acid amide (S)-Amino acid (R)-Amino acid amide
PG HPA NA

O [ Ow oy

Table 6.8: Chiral resolution of amino acid amides catalyzed by aminoacylase-PEI

CLEA

Substrate Preferred configuration Time (min) eey (%) C (%) E

PG-amide S 60 98.5 442  >200
HPA-amide S 60 98.2 41.6  >200
NA-amide S 60 96.4 439 1244

The process of co-aggregation/cross-linking occasionally alters the catalytic
properties (such as specificity, enantioselectivity etc.) of an enzyme. For instance,
Wilson et al. have reported drastic changes in the enantioselectivity of lipases upon
formation of CLEA by PEIl-induced co-aggregation technique [20]. The extent of
change in the catalytic properties of enzyme greatly depends on the nature of polymer,
nature of enzyme (mono- or multi-meric) and type of protein-polymer interactions.

Considering the possibility of enantioselectivity modulation, we compared the
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enantiomeric ratios of free aminoacylase with that of aminoacylase-PEI CLEA
towards hydrolysis of unnatural amino acid amides. For the given amide substrate, no
significant difference in the enantiomeric ratio of free enzyme and that of

aminoacylase-PEI CLEA was observed.

To summarize, enantiomeric ratios of the aminoacylase-PEI CLEA were high
(E = 124 to 200) towards hydrolysis of amides, moderate (£ = 23 to 60) towards
hydrolysis of N-acetyl derivatives and poor (£ < 15) towards the hydrolysis of amino
acid esters. Youshko et al. reported similar observations i.e. authors reported higher
enantiomeric ratios of A. melleus L-aminoacylase towards hydrolysis of PG-amide
and HPA-amide (i.e. £ > 200) than that towards hydrolysis of N-acetyl-PG and N-
acetyl-HPA (£ = 96 and 70 respectively) [36].

L-Aminoacylase catalyzed enantioselective synthesis of different amino acids
is discussed in detail in Chapter 5. As mentioned earlier, most of the previous efforts
deal with aminoacylase catalyzed enantioselective hydrolysis of rac-N-acetyl amino
acid. This process has also been successfully commercialized for the industrial
production of enantiopure amino acids [36]. The present study, however, indicates
that aminoacylase has higher enantioselectivity towards hydrolysis of amides than that
towards hydrolysis of N-acetyl derivatives of unnatural amino acids. Thus, the
enantioselective production of these unnatural amino acids via aminoacylase

catalyzed hydrolysis of rac-amino acid amides appears to be an attractive alternative.

6.3.4. Optimization of catalytic performance
(a) Effect of biocatalyst loading

The effect of catalyst loading per batch as described in Section 6.2.5(b) was
studied in the range of 0.05-0.15 g of aminoacylase-PEI CLEA. Increase in
biocatalyst loading from 0.05-0.1g resulted in proportional increase in the rate of
hydrolysis of HPA-amide from 4.11 pM-min-mg™ to 19.04 pM-min"'-mg” (Fig.
6.9). However, increase in the catalyst loading beyond 0.1 g did not have any
significant effect on rate of conversion. This reflects enzyme saturation at
concentration of 0.1 g per batch. Therefore 0.1 g of aminoacylase-PEI CLEA was

used in further experiments.
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Fig. 6.9: Effect of catalyst loading on hydrolysis of rac-HPA-amide

(b) Effect of diffusional limitations

The reaction kinetics of heterogeneous biocatalysts is greatly affected by the
diffusional resistance to the transport of substrate molecules from the bulk solution to
the enzyme active site where the actual reaction takes place. The resistance to the
transport of substrate through boundary layer solvent covering the solid biocatalyst is
called as ‘external diffusional limitations’ while the resistance to the transport of
substrate inside the matrix of heterogeneous biocatalysts towards the enzyme active
site is called as ‘internal diffusional limitations’ [37].

In order to ensure the maximum possible conversion rates, it is very important
to overcome the external and internal diffusional limitations. The external diffusional
limitations can be overcome by rapid agitation. The effect of the speed of agitation
was studied at 50, 100, 150, 200 and 250 rpm. The rate of reaction increased with
increasing speeds from 50 to 200 rpm. Beyond 200 rpm, there was only a marginal
increase in the reaction rate (Fig. 6.10). The results suggest that presence of the
external diffusional limitations largely below agitation speed of 200 rpm. Therefore
the reactor was run at 200 rpm speed in all further experiments.

The assessment of internal diffusional limitations is a relatively difficult task.
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Here, reaction rates in a series of hydrolytic reactions catalyzed by CLEA, containing
increasing amount of enzyme are determined. The linear relationship between rate of
reaction and the amount of enzyme present in immobilized enzyme (or in cross-lined
aggregates) is generally interpreted as absence of internal diffusion limitations [37].
However, CLEA having increasing amount of enzyme are difficult to prepare and
therefore in the present work no attempt was made to evaluate the occurrence of
internal diffusion. Nevertheless, in view of large pore volume (0.5 + 0.01 cm’/g, refer
Table 6.4) of CLEA, the internal diffusional limitations are supposed to be at minimal

possible levels.
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Fig. 6.10: Effect of speed of agitation on hydrolysis of rac-HPA-amide

(c) Effect of temperature

Rate of reaction is dependent on temperature. However, at times higher
temperature may adversely affect the enantioselectivity of the enzyme [38]. Hence,
the asymmetric biocatalytic reaction is generally run at ‘so called optimum’
temperature where the rate of reaction and enantioselectivity are at suboptimal.

The effect of temperature on rate of reaction and enantioselectivity was
studied in the range of 20-60°C (Fig. 6.11). The initial rate increased with an increase

in temperature from 20-60°C. However the progressive rise in temperature from 20-
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60°C has severely reduced the enantioselectivity of enzyme. At 20°C (as well as at
30°C) the E value was observed to be >200 whereas at 60°C the E value fell down to
76. Hence, in order to maintain maximum enantioselectivity and moderate rate of

reaction all further experiments were carried out at 30°C.

>200 >200
450 + 190 200
- 400 — | 175
g
HE =T T 150
S w
< 300 + 126 =
= 125 £
S 250 + :
% -+ 100 Q
© 200 + o g
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8 - 75 g
5 150 + <
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Temperature, °C

Fig. 6.11: Effect of temperature on hydrolysis of rac-HPA-amide

6.3.5. Synthesis of (S)-homophenylalanine in repetitive batch mode

The initial reaction rate and reaction time of five repeated cycles of hydrolysis
of rac-HPA-amide are summarized in Fig. 6.12. The first cycle proceeded with initial
reaction rate of 190.43 nM-min"'mg” and maximum eep (98.5%) was attained at 70
min. Thereafter the initial reaction rate, in successive cycles, found to decrease
steadily from 190.43 to 157.16 nM'min™"mg" indicating some loss of enzyme activity
during each cycle. To attain equal ee, (>98%) in successive cycles, the reaction time
was accordingly extended. The 5™ cycle therefore finished at 140 min. From five
repeated cycles, 213.9 mg of S-HPA (which corresponds to 85% yield) was obtained
with cumulative ee, of 98.3% (Table 6.9).
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Fig. 6.12: Performance of stirred cell reactor in repetitive batch mode

Table 6.9: Summary of five repetitive batches of hydrolysis of rac-HPA-amide

Batch no. eep (%) C (%) E Yield of rac-HPA (mg) % Yield
1 98.5 443 >200 42.6 84.7
2 98.0 45.4 >200 43.7 86.9
3 98.6 44.1 >200 43.0 85.5
4 98.2 44.3 >200 42.4 84.3
5 98.3 44.0 >200 42.2 83.9
Total 98.3 - - 213.9 85.0

6.4. CONCLUSIONS

In this work, we have demonstrated that co-aggregation of aminoacylase with
an aminated polymer (e.g. PEI) facilitates formation of physically stable CLEA. The
method described yields stable cross-linking and no release of enzyme was found

upon storage. The cross-linking significantly improved the stability of aminoacylase
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with respect to pH, temperature and storage. Aminoacylase-PEI CLEA were able to
hydrolyze different amino acid derivatives (namely: amino acid esters, N-acetyl
amino acids and amino acid amides) in an enantioselective manner. The
enantioselectivity however, was dependent on the type of amino acid derivative. The
enantioselectivity of CLEA was remarkably high towards hydrolysis of amides,
moderate towards hydrolysis of N-acetyl derivatives and poor towards the hydrolysis
of amino acid esters. Aminoacylase-PEI CLEA exhibited high operational stability in
repetitive cycles of rac-HPA amide hydrolysis. Aminoacylase-PEI CLEA catalyzed
hydrolysis of rac-amino acid amides gave best results for biocatalytic production of

the given enantiopure amino acids.
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7.1. INTRODUCTION

Epoxides and vicinal diols are valuable chiral intermediates because of their
versatile reactivity [1, 2]. Enantiopure epoxides and vicinal diols have been used for
synthesis of a variety of bioactive compounds such as [-3-adrenergic receptor
agonists, anti-obesity drugs, N-methyl D-aspartate receptor antagonists, nematocides
and anticancer agents [3, 4]. This is why, stereoselective synthesis of epoxides and
vicinal diols has gained great commercial interest. In the past few years, different
methods have been reported (mostly based on transition metal catalysis) for synthesis
of chiral epoxides and vicinal diols [5-7]. However, the environmental concerns and
the regulatory constraints faced in the chemical and pharmaceutical industries have
spurred the quest for alternative biological methods that can offer clean and mild
synthetic processes. One of the most promising methods to produce enantiopure
vicinal diol involves use of epoxide hydrolase enzyme [8].

Epoxide hydrolase (EC 3.3.2.3) catalyzes the addition of a water molecule to
the oxirane ring of epoxides leading to formation of the corresponding vicinal diols
[9]. Epoxide hydrolases (EHs) are widespread in nature and readily available from
plants, animals, insects and micro-organisms. The enzyme is co-factor independent
and therefore suitable for operating even at larger scale [10]. More interestingly, a few
EHs (e.g. that produced by Solanum tuberosum) possess complementary
regioselectivity towards the two enantiomers of the same substrate. This unique
catalytic property can be used to develop efficient one-pot enantioconvergent
processes [3].

Among the several types of biocatalytic reactions, kinetic resolution of
racemates is the most widely used method for synthesis of enantiopure compounds.
Despite its widespread applications, the classical kinetic resolution is impeded by
several limitations. The most crucial one is — the theoretical yield of each enantiomer
can never exceed the limit of 50% of mole ratio. Enantioconvergent strategy is an
efficient means to overcome the 50% yield limitation [11].

An enantioconvergent process essentially involves de-racemization. The de-
racemization can be achieved by making use of two independent reactions where two
enantiomers of a substrate are converted into a single enantiomer of product. An
enantioconvergent production of (R)-vicinal diol by Solanum tuberosum epoxide

hydrolase (St-EH) is given in Scheme 7.1. The enzyme preferentially attacks less-
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substituted carbon in the oxirane ring of (R)-epoxide which retains its configuration to
yield (R)-diol. Contrary to expectation, the enzyme preferentially attacks more-
substituted carbon in the oxirane ring of S-epoxide which undergoes inversion of
configuration to yield (R)-diol [11]. Thus racemic epoxide can be transformed to

enantiopure vicinal diol via an enantioconvergent process.

Scheme 7.1: Enantioconvergent synthesis of (R)-vicinal diol catalyzed by Solanum

tuberosum epoxide hydrolase (St-EH)

£
()

@) =
R///,, H
S)R— (R)-Vicinal diol
| H |
Rac-Epoxide

The present chapter deals with the enantioconvergent production of two
vicinal diols (rnamely: phenylethane diol and m-chloro-phenylethane diol) using
immobilized S#EH. To the best of our knowledge, a preparative scale
enantioconvergent production of vicinal diols has not yet been reported. The
enantioconvergent transformations are inherently complex and therefore difficult to
scale-up.

The preparative scale process is difficult to implement mainly due to the
instability and poor solubility substrates (epoxides) in the aqueous system. Epoxide
hydrolase catalyzed biotransformations has generally been carried out in aqueous
buffer systems in which most of the epoxides slowly undergo chemical hydrolysis
[12]. The chemical hydrolysis of epoxide reduces the enantiomeric purity of the
product (diol) as it yields racemic diol. One way to overcome this problem is to
maintain the high rate of the enzymatic hydrolysis thereby finishing the

biotransformation within short span of time. However, the epoxide hydrolase shows
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competitive product inhibition. Thus as the reaction proceeds, more and more product
is formed and the rate declines with time. Maintaining high rate of enzymatic
hydrolysis throughout the reaction therefore becomes almost impossible especially
when high substrate concentration is used.

In the present work, different strategies that can allow the transformation of
substrate at higher concentrations have been studied. This chapter describes a method
of preparative scale enantioconvergent synthesis of two vicinal diols (namely:
phenylethane diol and m-chloro-phenylethane diol) using immobilized Solanum
tuberosum epoxide hydrolase. S. tuberosum epoxide hydrolase was immobilized on
glyoxyl agarose porous beaded polymers by multipoint covalent attachment. The high
catalytic activity and stability of immobilized enzyme allowed reuse of the enzyme

over repeated biotransformation cycles.

7.2. MATERIALS AND METHODS
7.2.1. Materials

The plasmid (pGEFII-StEH) containing the epoxide hydrolase gene from S.
tuberosum was kindly provided by Prof. M. Arand (Institute of Pharmacology and
Toxicology, Ziirich, Switzerland). Ionic liquids namely 1-Butyl-3-methylimidazolium
hexafluorophosphate i.e. [BMIm]PFg, 1-Butyl-3-methylimidazolium tetrafluoroborate
i.e. [BMIm]BF,4, 1-Butyl-3-methylpyridinium bis (trifluoromethyl sulfonyl) imide i.e.
[BMPy] TfoN and 1-Butyl-1-methylpyrrolidium bis (trifluoromethyl sulfonyl) imide
i.e. [BMP]Tf;N were procured from Sigma-Aldrich, USA. Agarose-10 BCL was
obtained from Iberagar S.A., Portugal and activated as described earlier [13]. All

other chemicals were purchased from Sigma-Aldrich, USA.

7.2.2. Production of St-EH by recombinant E. coli cells
(a) Insertion of plasmid in E.coli BL21

Escherichia coli BL21 (DE3) cells were grown in LB broth (composition:
casein peptone 10 g/L, yeast extract 5 g/L, NaCl 5g/L; pH 7.0 + 0.2) at 37°C for 12h.
2 mL of broth was removed, centrifuged (at 1000 rpm for 5 min) and the cells were
suspended in sterile TB buffer (KCIl 18.65 g/L; CaCl, 2.2 g/L; 0.5 M solution of
PIPES 1i.e. piperazine-N,N’-bis(ethanesulfonic acid) 20 mL in 1 L ; MnCl, 10.88 g/L;
pH 6.7) Six pL of plasmid solution was added to the cell suspension. To facilitate the
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insertion of plasmid into E. coli cells, the resultant solution was incubated at 0°C for
30 min, incubated at 42°C for 90 sec, kept at 0°C for 2 min and finally incubated at
37°C for 45 min under reciprocal agitation at ~ 200 strokes per minute. The cell
suspension was poured on LB agar plate containing 200 pg/mL of carbenicillin. The
presence of functional plasmid in the recombinant E. coli cells conferred resistance
against carbenicillin while native cells were unable to survive. After 24 h, the cells
from the individual colonies were sub-cultured on fresh LB agar media containing

carbenicillin.

(b) Fermentative production of St-EH

Recombinant E. coli cells were grown in LB broth containing 200 pg/mL
ampicillin in a 1 L fermenter at 20°C. After ~ 15 h of fermentation when broth ODgg
> 1.5, production of EH was induced with 1 mL of 400 mM solution of IPTG. After ~
20 h of fermentation, the cells were harvested by centrifugation, re-suspended in 20
mL of ammonium carbonate buffer (20 mM, pH 7.6) and then ruptured by using a
French press. The cell debris was removed by centrifugation (20,000 rpm for 30 min)
and the supernatant was freeze dried to produce crude extract of St-EH. From three
batches of 1L fermenters, about 4.8 g of lyophilized crude S-EH was obtained having

an activity of about 2 U/mg. This was used for the immobilization experiments.

7.2.3. Immobilization of St-EH
The immobilization of S. fuberosum epoxide hydrolase was carried out by the

method described earlier by Mateo et al. [14].

(a) Preparation of the glyoxyl-agarose support (GA support)
Glyoxyl-agarose 10 BCL gels (agarose-O-CH,-CHO) were prepared by
etherification of agarose gels with glycidol (2,3-epoxypropanol) and further oxidation

with sodium periodate [13].

(b) Immobilization of St-EH
GA support (2 g) was mixed with an enzyme solution (20 mL of 1 mg/mL
water), 2 mL sodium bicarbonate solution (0.2 M, pH 10) and 20% (w/v) of 164 kDa

dextran. The suspension was gently stirred for 1 h at 4°C. After this period, sodium
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bicarbonate (6 mL of 0.2 M, pH 10) containing sodium borohydride (10 mg) was
added and the suspension was stirred for 30 min. Finally, the immobilized beads were

washed with an excess of 50 mM sodium phosphate buffer (pH 7).

7.2.4. Stability of immobilized epoxide hydrolase
(a) pH stability

The effect of pH on stability of free and immobilized S-EH was studied by
incubating the enzyme at 20°C in buffers of varying pH in the range of 6-9 for 30
min. Residual activities were calculated as the ratio of the activity of immobilized

enzyme after incubation to the initial activity at the optimum reaction pH.

(b) Temperature stability

The effect of temperature on stability of free and immobilized S-EH was
tested by incubating the enzyme at varying temperatures in the range of 20-70°C for
30 min (at pH 7). Residual activities were calculated as mentioned above and plotted

against temperature.

(c) Thermal stability as function of incubation time

The thermal stability of immobilized St-EH was tested by incubating the
enzyme at varying temperatures in the range of 50-70°C for 2 h. The samples were
withdrawn at regular time intervals, rapidly cooled to 25°C and immediately analyzed

for residual EH activity.

(d) Solvent stability
(i) Stability of immobilized St-EH in water-miscible solvents

The immobilized St-EH was suspended in solution of equal volume of water-
miscible solvent and phosphate buffer (50 mM, pH 7). After 24 h, the immobilized
enzyme was washed thoroughly with phosphate buffer (50 mM, pH 7) and analyzed
for residual EH activity.

(ii) Stability of immobilized St-EH in water-immiscible solvents
The immobilized St-EH was suspended in an emulsion of equal volume of

water-immiscible solvent and phosphate buffer (50 mM, pH 7). After 24 h, the
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immobilized enzyme was washed thoroughly with phosphate buffer (50 mM, pH 7)
and analyzed for residual EH activity. Further, the stability of immobilized Sz-EH in
ethyl acetate and iso-octane (50% mixture of each in phosphate buffer) was

determined as a function of time.

7.2.5. Synthesis and characterization of substrates
(a) Synthesis of m-chloro-styrene oxide

m-Chloro-styrene oxide was prepared via Corey-Chaykovsky reaction [15]. In
250 mL round bottom flask, 6.96 g of trimethyl sulphonium iodide i.e. (CH3);SI was
dissolved in 20 mL of dimethyl sulfoxide (DMSO) using a magnetic stirrer. To this,
0.83 g of sodium hydrate (NaH) was added slowly under gentle stirring conditions.
(Caution: addition of NaH results in liberation of hydrogen gas). Four gram of m-
chloro-benzaldehyde was dissolved separately in 40 mL DMSO and added drop-wise
to the (CH3);SI, NaH and DMSO mixture under gentle stirring. The reaction mixture
was refluxed for 2 h. After 2 h, 100 mL cold water was added to the reaction mixture
and the resultant solution was extracted thrice with 50 mL of n-hexane. The hexane
phases were collected and pooled together and extracted with 50 mL cold water. The
residual water in the hexane phase was removed using unhydrous MgSOy4. The
solvent within the hexane phase was evaporated under vacuum using Rotavac®
assembly (Buchi R-200, Switzerland) to obtain crude m-chloro-styrene oxide. Finally
the crude m-chloro-styrene oxide was distilled using bulb-to-bulb evaporator
(operated at 1 mBar vacuum at 100°C) to obtain pure product. The chemical reaction

involved in synthesis of m-chloro-styrene oxide is given in Scheme 7.2.

Scheme 7.2: Chemical synthesis of rac- m-chloro-styrene oxide from rac- m-chloro-

benzaldehyde

(CH2)3SI, NaH

Y

DMSO

Cl Cl

m-Chloro-benzaldehyde m-Chloro-styrene oxide
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(b) Characterization

m-chloro-styrene oxide: Colourless liquid, boiling point range 120-121°C. '"H-NMR
(300 MHz): 7.24-7.56 (4H, aromatic H), 3.83 (1H, Ph-CH), 2.96-2.71 (2H, Ph-CH-
CH,).

7.2.6. Studies on product and substrate inhibition
(a) Product inhibition

The product inhibition of S-EH by diol was studied by the method described
earlier [8]. The product inhibition of Sz-EH by phenylethane diol was studied in the
range of 0-25 g/L. The enzymatic hydrolysis of epoxide was carried out in 20mL
stoppered reaction tube (with conical bottom). To 10 mL of 0.05M phosphate buffer
(pH 7.0), 0.1 g (i.e. 94.9 pL) of styrene oxide and different concentrations of
phenylethane diol were added. The hydrolysis was initiated by addition of 100 pL of
St-EH enzyme solution (prepared by dissolving 25 mg of lyophilized S-EH powder in
I mL of 0.05M phosphate buffer, pH 7.0). The reaction mixture was maintained under
continuous stirring with magnetic stirrer at 20°C. The samples were periodically
withdrawn and analyzed for ee of styrene oxide by a GC method described in Section
7.2.10(b).

The product inhibition of St-EH by m-chloro-phenylethane diol was studied in
the range of 0-15 g/L in a similar manner as described above. The samples were
periodically withdrawn and analyzed for ee of m-chloro-styrene oxide by a GC

method described in Section 7.2.10(b).

7.2.7. Strategies to minimize the product and substrate inhibition
(a) Use of resin as an adsorbent for product removal
(i) Adsorption of diol on resin

Fourteen commercial resins were studied for adsorption of phenylethane diol
and m-chloro-phenylethane diol. In a 25 mL stoppered conical flask, a resin was
suspended in a solution of known concentration of phenylethane diol. The flask was
incubated on oscillatory shaker at 25°C at 120 rpm. After 1 h, the supernatant and

resin were separated by filtration and the supernatant was analyzed for phenylethane
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diol contents by HPLC. The amount of phenylethane diol adsorbed on the resin was
calculated from the difference in concentration of phenylethane diol before and after
treatment with resin.

A graph of amount of diol adsorbed verses amount of resin was used to select
the resins having maximum binding capacity. Furthermore, the adsorption parameter
(X) against the concentration of diol (mM) in the supernatant was used to study a
pattern of diol adsorption on each resin. X is defined as mg of diol adsorbed per g of

resin.

(ii) Selectivity of adsorption of diol on Lewatit VPOC 1163

The adsorption of phenylethane diol was studied in the presence of styrene
oxide. Lewatit VPOC 1163 (2 g dry weight) was loaded in a glass column (6 cm x 2.5
cm). The resin was washed three times with 0.05 M phosphate buffer (pH 7). A
solution of styrene oxide and phenylethane diol (5g/L of each in phosphate buffer)
was passed through a bed of Lewatit VPOC 1163 resin using peristaltic pump with
flow rate of about 5 mL/min. The eluent was collected and analyzed for the

concentration of styrene oxide and phenylethane diol.

(b) Medium engineering
(i) Epoxide hydrolysis in buffer-ionic liquid biphasic reaction medium

The enzymatic hydrolysis of styrene oxide and m-chloro-styrene oxide was
studied using 10 mg of immobilized St-EH in presence of 10% v/v of ionic liquids.
The enzymatic hydrolysis of epoxide was carried out in 20mL stoppered reaction
vessel. To 9 mL of 0.05M phosphate buffer (pH 7.0), 1 mL ionic liquid and 0.1 g (i.e.
94.9 pL) of styrene oxide were added. The hydrolysis was initiated by addition of 10
mg of immobilized St-EH. The reaction mixture was maintained under continuous
stirring with magnetic stirrer at 20°C. The samples were periodically withdrawn and

analyzed for ee of styrene oxide by GC.

(ii) Epoxide hydrolysis in buffer-organic solvent biphasic reaction medium

The enzymatic hydrolysis of styrene oxide and m-chloro-styrene oxide was
studied using 10 mg of immobilized St-EH in presence of 10% v/v of different
organic liquids. In a 20mL stoppered reaction tube, 9 mL of 0.05M phosphate buffer
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(pH 7.0), 1 mL immiscible organic solvent and 0.1 g (i.e. 94.9 uL) of styrene oxide
were added. The hydrolysis was initiated by addition of 10 mg of immobilized Sz-EH.
The reaction mixture was maintained under continuous stirring with magnetic stirrer
at 20°C. The samples were periodically withdrawn and analyzed for ee of styrene

oxide by GC.

7.2.8. Determination of regioselectivity constants for immobilized St-EH
The regioselectivity constants of St-EH towards hydrolysis of styrene oxide
and m-chloro-styrene oxide were determined by method described earlier by

Karboune et al. [16].

(a) Regioselectivity towards hydrolysis of styrene oxide

To 2 puL of enantiopure (R)- or (S)-styrene oxide, 0.2 mL of iso-octane, 1.8 mL
of phosphate buffer (10 mM, pH 7) and 100 mg of immobilized St-EH were added.
The enzymatic hydrolysis was maintained at 20°C under gentle orbital staking. Three
samples (10 puL) were withdrawn at different time periods; phenylethane diol formed

was extracted with ethyl acetate. The ee of the diol was determined by GC.

(b) Regioselectivity towards hydrolysis of m-chloro-styrene oxide

To 2 pL of enantiopure (R)- or (S)-m-chloro-styrene oxide, 2 mL of phosphate
buffer (10 mM, pH 7) and 300 mg of immobilized S-EH were added. The enzymatic
hydrolysis was maintained at 30°C under gentle orbital shaking. Three samples (10
uL) were withdrawn at different time periods; m-chloro-phenylethane diol formed
was extracted with ethyl acetate. The diol was derivatized into the corresponding
acetonide using 2,2 dimethoxypropane in presence of p-chloro-sulphonic acid. The ee

of derivatized product was determined by GC.

7.2.9. Preparative scale enantioselective production of vicinal diols
(a) Production of phenylethane diol

In a laboratory scale stirred cell (XFUF07601, Millipore Inc. USA), a
macroporous filtration fabric cloth (76 mm diameter) was placed on the membrane

support (Fig. 7.1).
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Fig. 7.1: Schematic representation of stirred cell bioreactor; 1: membrane support, 2:

outlet, 3: macroporous filtration fabric cloth, 4: magnetic stirrer, 5: reaction mixture

containing immobilized epoxide hydrolase, 6: sample port and 7: pressure gauze.

The reactor was charged with 85.3 mL of 0.05M phosphate buffer (pH 7.0), 10
mL of iso-octane and 5 g (4.7 mL) of rac-styrene oxide. The biotransformation
reaction was initiated by addition of 10 g of immobilized S#-EH. The reactor
temperature was maintained at 20°C under constant stirring speed of 200 rpm. The
samples were periodically withdrawn and analyzed by GC as described in Section
7.2.10(b).

The reaction was stopped by separating the reaction mixture. The reactor was
thoroughly washed twice with a mixture of 50 mL of iso-octane:phosphate buffer (1:1
by volume) to ensure the complete removal of product and unreacted substrate. The
washings and reaction mixture were pooled together. The iso-octane phase and
aqueous phase were separated using separating funnel. The aqueous phase was
extracted thrice with 30 mL of hexane. The hexane extract was mixed with iso-octane
phase and solvent was evaporated under vacuum using Rotavac® assembly (Buchi R-
200, Switzerland) to obtain styrene oxide. The aqueous phase was further extracted
thrice with 30 mL of ethyl acetate. The solvent within the ethyl acetate phase was

evaporated under vacuum using a Rotavac® assembly to obtain phenylethane diol.

(b) Production of m-chloro-phenylethane diol
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A schematic diagram of stirred cell (XFUF07601, Millipore Inc. USA) which
was used for production of m-chloro-phenylethane diol is given in Fig. 7.1. A
macroporous filtration fabric cloth (76 mm diameter) was placed on the membrane
support. The reactor was charged with 93.35 mL of 0.05M phosphate buffer (pH 7.0),
5 mL of iso-octane and 2 g (1.65 mL) of rac-m-chloro-styrene oxide. The
biotransformation reaction was initiated by addition of 10 g of immobilized S#-EH.
The reactor temperature was maintained at 30°C under constant stirring speed of 200
rpm. The samples were periodically withdrawn and analyzed by GC as described in
Section 7.2.10(b).

The reaction was stopped by separating the reaction mixture. The reactor was
thoroughly washed twice with 50 mL of iso-octane:phosphate buffer (1:1 by volume)
mixture to ensure the complete removal of product and unreacted substrate. The
washings and reaction mixture were pooled together. Extraction of m-chloro-styrene
oxide and m-chloro-phenylethane diol was carried out by the procedure mentioned for

extraction of styrene oxide and phenylethane diol.

7.2.10. Analytical methods
(a) Enzyme activity assay

The enzymatic activity was measured spectrophotometrically using styrene
oxide (at 25°C and pH 7) as substrate as described previously [17]. In a quartz
cuvette, 1.8 mL of water, 100 uL of 40 mM sodium periodate solution and 100 puL of
360 mM styrene oxide solution (prepared in dimethyl formamide) were added. This
reaction mixture was continuously mixed with magnetic stirrer and maintained at
25°C. The enzymatic reaction was initiated by addition of 20 pL of appropriately
diluted S#-EH solution (prepared in 0.05 M phosphate buffer, pH 7.0). The increment

in the absorbance caused by the benzaldehyde formed was measured at 290 nm.

(b) GC analysis

All reaction profiles were monitored by GC (Shimadzu GC-20A, Japan)
equipped with flame ionized detector (FID). The ee of the styrene oxide and
phenylethane diol was determined by using a fast Cyclosil-B® GC column (13 m x
0.1 mm, 0.1 um film, purchased from Agilent Technologies, Germany) while that of

m-chloro-styrene oxide was determined by using a Lipodex-E® GC column (25 m x
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0.25 mm, 0.1 pm film, procured from Macherey-Nagel, Germany). m-chloro-
phenylethane diol was derivatized by 2,2-Dimethoxy propane (98%) in presence of p-
chloro-sulphonic acid and the enantiomeric excess of derivatized product (acetonide)
was analyzed using a Chirasil-DEX® GC column (25 m x 0.25 mm, 0.1 pum film,

purchased from Varian Inc. Canada).

(c) HPLC analysis

The quantitative analysis of phenylethane diol and m-chloro-phenylethane diol
was carried out using a NUCLEODUR® C-18 column (125%4 mm, prepacked column
supplemented with 8x4 mm guard column procured from Macherey-Nagel, Germany)
isocratically eluted using acetonitrile-water mobile phase (30:70 v/v) with a flow rate
of 0.5 mL/min. Peaks were detected by UV detector at 220 nm. Peak area was used as

a measure to calculate the respective concentration.

(d) Determination of enantiomeric ratio

Enantiomeric ratio was determined by using Eq. 7.1 as described earlier [18].

£ In[(1-C)(1—-eey)]
CIn[(1-C)(1+eey)]

—Eq. 7.1

Where, C is conversion ratio and ees is enantiomeric excess of substrate. C

and ees were calculated by using Eq. 7.2 and Eq. 7.3 respectively.

s R
Csny T Csq

S

C=1- -
Cs) 1 Cs0)

—Eq.7.2

Where, cg(t) is concentration of S-enantiomer of substrate and cg(t) is

concentration of R-enantiomer of substrate at time, t. c5,, and cg,, are concentrations

of S-enantiomer and R-enantiomer of substrate respectively at t = 0.

S R
ee———‘S S‘ —Eq.7.3
Eq. 7.
i cs +eg 1
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Where, ¢ is concentration of S-enantiomer of substrate and cf is

concentration of R-enantiomer of substrate.

7.3. RESULTS AND DISCUSSION
7.3.1. Immobilization of St-EH

The results of immobilization experiments are given in Table 7.1. The activity
of free St-EH used for immobilization was 200 U/g of lyophilized enzyme powder
while that of immobilized S-EH was 256.8 U/g of support. Total 8000 units of free
St-EH were loaded on 22 g of GA support and 5650 units were recovered. Thus the

immobilization gave 70% of activity recovery.

Table 7.1: Immobilization of St-EH on GA support

Parameter Free S+-EH Immobilized S+-EH
Activity (U/g) 2000 256.8

Amount (g) 4 22

Total units of St-EH 8000 “ 56507

Activity recovery (%) ¢ - 70.62 %

[a Total units of free St-EH loaded,; b Total units of immobilized St-EH recovered;

Total units of immobilized St - EH recovered
x100 ]

“ Activity recovery (%) = -
Total units of free St - EH loaded

7.3.2. Stability of immobilized epoxide hydrolase
(a) Effect of pH on St-EH activity

Effect of pH on the residual activity of free and immobilized St-EH was
studied for the pH range of 6 to 9 (Fig. 7.2). At pH 6, free St-EH and immobilized St-
EH retained 86.75% and 92.70% residual activity. At pH 8 and 9, free enzyme
retained 41.51% and 7.66% residual activity respectively while at same pH
conditions, immobilized St-EH retained 67.38% and 47.05% residual activity
respectively. Thus the immobilization improved the stability of enzyme in the alkaline

range.
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Fig. 7.2: pH stability of free and immobilized St-EH

(b) Effect of temperature on St-EH activity

The activity profiles of free and immobilized S-EH at different temperatures
are presented in Fig. 7.3. At 20°C and 30°C free enzyme retained 77.99% and 85.93%
residual activity respectively while immobilized S#-EH retained 51.55% and 74.33%

of its initial activity respectively.

The lower activities of immobilized enzyme than those of free enzyme could
be ascribed to the reduced diffusion of substrate inside porous GA support due to

higher viscosity of substrate at lower temperatures.

At 50°C and 60°C the free enzyme was found to retain 91.07% and 7.07%
residual activity respectively while immobilized St-EH retained 97.65% and 70.72%
of its initial activity respectively. These results indicate immobilization has conferred

stability to the enzyme in the temperature range of 50-70°C.
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Fig. 7.3: Temperature stability of free and immobilized St-EH

(c) Thermal stability as function of incubation time

The thermal stability of immobilized St-EH is presented in Fig. 7.4.
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Fig. 7.4: Thermal stability of immobilized Sz-EH as function of incubation time
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The residual activities of immobilized enzyme were found to decrease with
increase in temperature. At the given temperature, the residual activity of immobilized

enzyme showed gradual decrease up to 24 h incubation and thereafter it remained

almost constant till 120 h.

(d) Solvent stability
(i) Stability of immobilized St-EH in water-miscible solvents

Stability of immobilized St-EH in different water-miscible solvents (namely:
methanol, ethanol, iso-propyl alcohol, acetonitrile and dimethyl formamide) was
studied. Incubation of immobilized enzyme in water-miscible solvents resulted in

significant loss of St-EH activity (Fig. 7.5).

50

40

30

20

Residual activity (%)

10

Me-OH Et-OH IPA Acetone ACN Dioxane DMF

Miscible solvent

Fig. 7.5: Stability of immobilized Sz-EH in miscible solvents (Me-OH: methanol, Et-
OH: ethanol, IPA: iso-propyl alcohol, ACN: acetonitrile, DMF: dimethyl formamide.)

The results suggest poor stability of immobilized enzyme in the water-
miscible solvents. The immobilized enzyme incubated in iso-propyl alcohol (50% v/v

in phosphate buffer) expressed maximum residual activity (i.e. 37.84%) while that
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incubated in dimethyl formamide (50% v/v in phosphate buffer) expressed the least
residual activity i.e. 10.96%.

(ii) Stability of immobilized St-EH in water-immiscible solvents

Stability of immobilized S-EH in different water-immiscible solvents
(namely: carbon tetrachloride, cyclohexane, iso-octane, hexane and toluene) was
studied. The result of water-immiscible solvent stability of immobilized St-EH is
given in Fig. 7.6. The immobilized enzyme incubated in iso-octane (50% v/v in
phosphate buffer) retained maximum residual activity i.e. 84.67% while that

incubated in carbon tetrachloride (50% v/v in phosphate buffer) retained the least

residual activity i.e. 30.60%.

100 ~

80

60 A

40

Residual activity (%)
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Carbon Cyclohexane Iso-octane Hexane Toluene
tetrachloride

Immiscible solvent

Fig. 7.6: Stability of immobilized Sz-EH in immiscible solvents

Furthermore, the activity profile of immobilized enzyme was studied in
presence of iso-octane (50% v/v in phosphate buffer) for 120 h. Upon incubation in
iso-octane-buffer emulsion, the residual activity of immobilized enzyme was found to
decrease with time in initial 48 h of incubation and thereafter remained almost

constant till 120 h (Fig. 7.7).
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Fig. 7.7: Stability of immobilized St-EH in iso-octane

Several attempts have been made to immobilize epoxide hydrolases from
different sources. For example: Karboune et al. compared different methods for
immobilization epoxide hydrolase from the fungus Aspergillus niger. The highest
retention of activity (65%) was obtained via ionic adsorption of the enzyme onto
DEAE-cellulose compared to hydrophobic binding (onto porous polypropylene
support) and covalent binding (onto Eupergit resin) [19]. In another report by same
authors, immobilization of recombinant epoxide hydrolase from Aspergillus niger
onto DEAE-cellulose is described [20]. Petri ef al. reported a facile immobilization
method of epoxide hydrolase from Aspergillus niger by covalent linking to epoxide-
activated silica gel under mild conditions. About 90% retention of the initial
enzymatic activity is reported. Though the immobilization did not improve pH and
thermal stability, it considerably improved the storage and operational stability of the
enzyme [21]. Ionic binding of Nocardia epoxide hydrolase on DEAE-cellulose
showed 150-300% activity enhancement. Upon the covalent immobilization, marginal
shift in pH optimum (from 7.5 to 8.0) and large shift in temperature optimum (from

35°C to 45°C) was observed [22]. Epoxide hydrolase producing cells of Nocardia
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tartaricans ATCC 31191 were immobilized within sodium alginate—cellulose
sulfate—poly(methylene-co-guanidine) capsules using a controlled encapsulation
process [23]. Recently, Lee et al. have demonstrated immobilization of His-tagged
epoxide hydrolases of Rhodotorula glutinis (produced by recombinant Escherichia
coli) onto magnetic Fe;O4—silica—NiO nanoparticles. The binding affinity of NiO
towards His-tagged proteins was utilized for the immobilization of the enzyme. More

than 70% activity retention was observed after the immobilization [24].

7.3.3. Product inhibition

The enzymatic hydrolysis of styrene oxide was carried out in presence of
different concentrations of phenylethane diol. The profiles of ees as a function of
reaction time and respective initial reaction rates at different concentrations of
phenylethane diol are given in Fig. 7.8. The initial reaction rate was found to decrease
with increase in the concentration of phenylethane diol. The increase in phenylethane
diol concentration from 0 g/L to 25 g/L, resulted in decrease in the initial reaction rate

from 122.54 pM.min™" to 59.52 pM.min".
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o
1)
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40 - —— 10 g/L diol
—— 15 g/L diol
20 —a— 20 g/L diol
—e— 25 g/L diol
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0 10 20 30 40 50 60 70
Time, min

Fig. 7.8: Inhibition of S-EH by product (phenylethane diol)
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Similarly, the eeg as a function of reaction time and respective initial reaction
rates at different concentrations of m-chloro-phenylethane diol are given in Fig. 7.9.
The initial reaction rate was found to decrease with increase in the concentration of m-
chloro-phenylethane diol. The increase in m-chloro-phenylethane diol concentration
from 0 g/L to 15 g/L, caused decrease in the initial reaction rate from 36.33 pM.min™'
to 17.84 pM.min". The results indicate the predominant inhibition of St-EH by
phenylethane diol and m-chloro-phenylethane diol.
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Fig. 7.9: Inhibition of St-EH by product (m-chloro-phenylethane diol)

7.3.4. Substrate inhibition

Both styrene oxide and m-chloro-styrene oxide are in liquid state at ambient
temperature and pressure and have poor aqueous solubility. Hence, during the
biotransformation reaction, a large fraction of the epoxide (styrene oxide or m-chloro-
styrene oxide) remained insoluble in aqueous reaction medium. This insoluble
substrate had an unfavourable effect on the rate enzymatic hydrolysis presumably
because of two reasons: (i) owing to its corrosive nature, the insoluble substrate has

some inhibitory effect on the enzyme and (i1) droplets of insoluble substrate typically
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tend to adsorb on the immobilized enzyme matrix thereby limiting the rate of
enzymatic hydrolysis. However, the exact implication of substrate inhibition is not

fully understood and the work in this regard is in progress.

7.3.5. Strategies to minimize the product inhibition and substrate inhibition
(a) Use of resin as an adsorbent for product removal

An adsorbent resin which can selectively adsorb diol can be used to minimize
product inhibition. Furthermore, at end of reaction the product recovery becomes easy
as product is adsorbed on the resin. The concept of using an adsorbent resins for
removal of product from the reaction medium has been reported for some
biotransformations [25, 26]. A detailed study of adsorption of diol on resin and

epoxide hydrolysis in presence of resin was carried out.

(i) Adsorption of diol on resin

The graph of amount of diol adsorbed against amount of resin is given in Fig.
7.10. Among the 14 resins studied, 3 resins namely Lewatit VPOC 1163, Dowex
Optipore SD-2 and Dowex Optipore L-493 gave maximum adsorption of

phenylethane diol. These three resins were selected for further studies.

20 4 —A— Amberlite XAD-2

—— Amberlite XAD-4

—=— Amberlite XAD-7

—A— Amberlite XAD-16
—=— Amberlite XAD-1180
—&— Amberlite XAD-2000
—#—Dowex Optipore SD2
—o— Dowex Optipore L323

—A— Dowex Optipore L493
——Duolite S 761

—e— Lewatit VPOC 1064
—&— Lewatit VPOC 1163
—e— Sepabeads SP 207
—=— Silica 100

Amount of diol (mg) adsorbed on resin

0 60 120 180 240 300 360 420
Amount of resin, mg (dry weight)

Fig. 7.10: Adsorption of phenylethane diol on commercial resins

239
Chiral Separation of Drugs and Drug intermediates by Immobilized Biocatalyst



CHAPTER 7: Preparative scale enantioselective synthesis of vicinal diols ...

Fig. 7.11 is a graph showing remaining concentration of diol in the aqueous
phase verses X (i.e. mg of diol adsorbed per g of resin). Among three resins, Lewatit
VPOC 1163 showed maximum capacity of diol adsorption and was therefore selected

for further studies.

400 ~ )
—— Poly. (Dowex Optipore L493)
—— Poly. (Dowex Optipore SD2)
320 1 ——Poly. (Lewatit VPOC 1163)

y = 4210.6x° - 1905.3x? + 286.8x - 9.9312
240 -y = 2032.2x° - 679.52x2 + 100.35x - 2.9903
y = 3381x° - 1990.3x? + 361x - 14.628

160 ~

Remaining diol conc (mM)
in the ageous phase

80

0 \ T ‘
0 0.1 0.2 0.3 0.4 0.5 0.6

X (mg of diol adsorbed/g of resin)

Fig. 7.11: Adsorption of phenylethane diol on commercial resins

(ii) Selectivity of adsorption

We decided upon a semi-continuous system of synthesis for vicinal diols. The
enzymatic hydrolysis was carried out in stirred cell using immobilized S-EH. When
the product concentration reached to a critical level that affected the rate of reaction,
the reaction mixture was separated from immobilized enzyme and passed though the
column containing an adsorbent resin which would selectively adsorb product (diol).
The unreacted substrate was then recycled into the stirred cell for further conversion.

When solution of styrene oxide and phenylethane diol (5 g/L of each in
phosphate buffer) was passed through a bed of Lewatit VPOC 1163 resin, styrene
oxide was completely adsorbed on the resin while phenylethane diol showed partial
adsorption (results not shown). The stronger adsorption of substrate on the resin rather
than product ruled out the possibility of using Lewatit VPOC 1163 resin as selective

adsorbent for product removal.
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(b) Medium engineering
(i) Epoxide hydrolysis in phosphate buffer-ionic liquid biphasic reaction medium

Ionic liquids have been used to minimize the product inhibition in the epoxide
hydrolase transformations [27]. Based on this report, we used four ionic liquids (in
concentration of 10% v/v in 0.05 M phosphate buffer, pH 7.0) for the hydrolysis of
styrene oxide.

The effect of ionic liquid as a reaction medium on ee of substrate and initial
rate of reaction are presented in Fig. 7.12. The initial rates of St-EH catalyzed
hydrolysis of styrene oxide in presence of all ionic liquids were very low.

This could be due to poor stability of enzyme in the ionic liquids and the
inhibitory effects of ionic liquids on enzyme. Another possible reason of poor reaction
rates could be due to high partitioning of substrate into ionic liquids with consequent
low concentration of substrate in buffer phase where the enzymatic hydrolysis takes

place. Detailed study in this regard is currently in progress.

100 -

80
o —a— ee (Phos. buffer)
T 60 - —m—ee (IL-1 + Phos. Buffer)
§ —e—ee (IL-2 + Phos. Buffer)
2 —A— ee (IL-3 + Phos. Buffer)
o
@ 40 7 —m—ee (IL-4 + Phos. Buffer)

20

0 — T T ]
0 10 20 30 40 50 60
Time, min

Fig. 7.12: Synthesis of phenylethane diol in (phosphate buffer + ionic liquid) biphasic
reaction medium. (IL-1: [BMIm]PFg, IL-2: [BMIm]BF,, IL-3: [BMPy]Tf,N and IL-4:
[BMP]T£,N)
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(ii) Epoxide hydrolysis in phosphate buffer-organic solvent biphasic reaction medium

Styrene oxide showed preferential partitioning in several water-immiscible
organic solvents such as iso-octane, hexane and ethyl acetate. Hence organic solvent-
phosphate buffer biphasic medium was used where the solvent phase acted as
substrate reservoir and the enzyme was protected from the substrate inhibition.
Among several immiscible solvents, St-EH showed maximum stability in the iso-
ctane. Hence iso-octane was chosen for this study.

Several initial experiments were carried out to determine the optimum
composition of biphasic medium (results not shown). The relative volumetric ratio of
iso-octane to phosphate buffer in biphasic medium was found to be a critical
parameter. At a higher ratio, a large quantity of styrene oxide partitioned into iso-
ctane phase and resulted in decreased rate of reaction than that in plain phosphate
buffer. At low ratio of iso-octane to buffer, due to high levels of styrene oxide in
buffer phase, an improved rate of reaction could be achieved. However, this increased
the extent of substrate inhibition. Also the rate of reaction was adversely affected due
to loss of enzyme activity. Our study showed that 10:90 mixture of iso-octane-

phosphate buffer give optimum results.

7.3.6. Determination of regioselectivity constants for immobilized St-EH

When unidirectional of bond-making or bond-breaking occurs preferentially
over other possible directions, the reaction is said to be ‘regioselective’. Reactions are
termed completely (100%) regioselective if the discrimination is complete, or
partially (x%), if the product of reaction at one site predominates over the product of
reaction at other sites [28, 29].

The reaction medium can modulate the selectivity of an enzyme [30].
Therefore we studied the effect of iso-octane-buffer phase on regioselectivity of

enzyme towards hydrolysis of styrene oxide and m-chloro-styrene oxide.

(a) Towards hydrolysis of styrene oxide
The regioselectivity constants for hydrolysis of styrene oxide in iso-octane-
buffer biphasic medium are given in Table 7.4(a). The regioselectivity constants for

hydrolysis of styrene oxide in biphasic medium were similar to that in phosphate
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buffer. This suggests that use of biphasic medium did not affect the regioselectivity of
St-EH.

(b) Towards hydrolysis of m-chloro-styrene oxide

The regioselectivity constants for hydrolysis of m-chloro-styrene oxide in iso-
octane-buffer biphasic medium are given in Table 7.4(b). The regioselectivity
constants for hydrolysis of m-chloro-styrene oxide in biphasic medium were similar to
that in phosphate buffer. This suggests that use of biphasic medium did not affect the
regioselectivity of St-EH.

Table 7.4: Regioselectivity constants “ of immobilized S-EH

(a) For hydrolysis of styrene oxide
Reaction medium a-(S) p-S) a-(R) p-(R)
Phosphate buffer 98 2 4 96
Iso-octane-phosphate buffer biphasic medium  98.5 1.5 3.6 96.4

(b) For hydrolysis of m-chloro-styrene oxide
Reaction medium a-(S) p-(S) a-(R) p-(R)
Phosphate buffer 97 3 5 95
Iso-octane-phosphate buffer biphasic medium  97.3 2.7 55 94.5

[“ a-(S) and S-(S) represent regioselectivity constants for S-epoxide (indicating
preference of attack on more substituted and less substituted carbon atom of the
oxirane ring respectively) while a-(R) and S-(R) represent regioselectivity constant for
R-epoxide (indicating preference of attack on more substituted and less substituted

carbon atom of the oxirane ring respectively).]

7.3.7. Preparative scale enantioselective production of vicinal diols
(b) Production of m-chloro-phenylethane diol

The production of m-chloro-phenylethane diol was studied in repetitive batch
mode. The initial reaction rate and reaction time of ten repeated cycles of hydrolysis
of m-chloro-styrene oxide are summarized in Fig. 7.14. The first cycle proceeded with

initial reaction rate of 18.4 pM'min™'-g” and reaction time was about 10 h. Thereafter
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in each successive cycle, the initial reaction rate found to decrease steadily from 18.4
to 10.12 uM'min™"-g"' indicating some loss of enzyme activity during each cycle. To
attain complete conversion of m-chloro-styrene oxide to (R)-m-chloro-phenylethane
diol in successive cycles, the reaction time was accordingly extended. The 10™ cycle
therefore finished at 18 h and 10 min. The ee of product (ee,) in each repetitive batch

was found to be in the range of 95 to 96%.

Yl Y2 Y3
30.00 + T 20 T 96.0
27.00 + + 18
T 955
24.00 + + 16
S 1950
21.00 + 14 2
— 18.10 £
= 1 1740 © | (S T945 B
S 18.00 1620 12 = E
T 15.00 o o
I 1500 + 1400 A | 10 2 teo 2
g 11.50 12.30 o 8
= 12.00 + 11.00 - w + b= o
= 0T 000 1030 T 8 £ loss
_ — <
9.00 - 6 E
T 1930
6.00 + T~ 4
3.00 + -2 1928
0.00 1 1 1 1 1 1 1 1 1 0 -+ 92.0
1 2 3 4 5 6 7 8 9 10
Batch number (Repetitive mode)
1 Time —a— Initial rate of reaction —m— ee of product

Fig. 7.14: Synthesis of m-chloro-phenylethane diol: Performance of stirred cell
bioreactor over ten repeated cycles [Time is on Y, axis, Initial rate on Y, axis and ee

of product on Y3 axis]

(b) Production of m-chloro-phenylethane diol

The production of m-chloro-phenylethane diol was studied in repetitive batch
mode. The initial reaction rate and reaction time of ten repeated cycles of hydrolysis
of m-chloro-styrene oxide are summarized in Fig. 7.14. The first cycle proceeded with
initial reaction rate of 18.4 uM-min™"-g"' and reaction time was about 10 h. Thereafter
in each successive cycle, the initial reaction rate found to decrease steadily from 18.4

to 10.12 uM'min™"-g"' indicating some loss of enzyme activity during each cycle. To
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attain complete conversion of m-chloro-styrene oxide to (R)-m-chloro-phenylethane
diol in successive cycles, the reaction time was accordingly extended. The 10™ cycle
therefore finished at 18 h and 10 min. The ee of product (ee,) in each repetitive batch

was found to be in the range of 95 to 96%.
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Fig. 7.14: Synthesis of m-chloro-phenylethane diol: Performance of stirred cell
bioreactor over ten repeated cycles [Time is on Y axis, Initial rate on Y, axis and ee

of product on Y3 axis]

The enantiomeric ratio (£) of the immobilized S#-EH towards hydrolysis of
styrene oxide was 27.2 while that of m-chloro-styrene oxide was 6.4. These
observations are close to that reported in the literature [8].

Several epoxide hydrolases have been studied for enantioconvergent synthesis
of (R)-phenyl-1,2 ethanediol and (R)-m-chloro-phenyl-1,2 ethanediol. For example:
Pedragosa-Moreau et al. reported two epoxide hydrolases from Aspergillus niger and
Beauveria sulfurescens that catalyzed the enantioconvergent synthesis of (R)-phenyl-
1,2 ethanediol with an enantiopurity more than 90% ee and yield greater than 50%

[31]. An enantioconvergent synthesis of (R)-phenyl-1,2 ethanediol using genetically
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engineered epoxide hydrolases from Agrobacterium radiobacter and Solanum
tuberosum gave 98% ee and 100% yield [32, 33]. Several epoxide hydrolases have
been studied for enantioconvergent synthesis of (R)-phenyl-1,2 ethanediol and (R)-m-
chloro-phenyl-1,2 ethanediol. For example: Pedragosa-Moreau et al. reported two
epoxide hydrolases from Aspergillus niger and Beauveria sulfurescens that catalyzed
the enantioconvergent synthesis of (R)-phenyl-1,2 ethanediol with an enantiopurity
more than 90% ee and yield greater than 50% [31]. An enantioconvergent synthesis of
(R)-phenyl-1,2 ethanediol using genetically engineered epoxide hydrolases from
Agrobacterium radiobacter and Solanum tuberosum gave 98% ee and 100% yield
[32, 33]. Hwang et al. employed two recombinant epoxide hydrolases from
Aspergillus niger and Rhodotorula glutinis for enantioconvergent synthesis of (R)-
phenyl-1,2 ethanediol. The product with 90% ee and 95% yield was obtained [34].
Kim et al. have recently demonstrated a enantioconvergent synthesis of (R)-phenyl-
1,2 ethanediol by using two recombinant epoxide hydrolases from a bacterium
(Caulobacter crescentus), and a marine fish (Mugil cephalus). The authors reported a
conversion of rac-styrene oxide (at a concentration of 6g/L) into (R)-phenyl-1,2
ethanediol with 90% ee and 94% quantitative yield [35]. The enantioconvergent
synthesis of (R)-m-chloro-phenyl-1,2 ethanediol using recombinant Solanum
tuberosum epoxide hydrolase is reported by Monterde et al. The enantioconvergent
transformation of rac-m-chloro-styrene oxide (at a concentration of 10 g/L) gave (R)-
m-chloro-phenyl-1,2 ethanediol with 90% ee and 94% quantitative yield [8].
Enantioconvergent transformations of other epoxides such as p-chloro-styrene oxide
[20, 36, 37] and p-nitro-styrene oxide [38] into their corresponding enantiopure diols
has also been studied.

The maximum concentration of rac-styrene oxide used for EH-catalyzed
enantioconvergent synthesis of (R)-phenyl-1,2 ethanediol is 6 g/L [35]. The present
study reports enantioconvergent transformation of rac-styrene oxide at concentration
of 50 g/L. Whereas, the maximum concentration of rac-m-chloro-styrene oxide used
for EH-catalyzed enantioconvergent synthesis of (R)-m-chloro-phenyl-1,2 ethanediol
is 10 g/L [8]. The present study reports enantioconvergent transformation of rac-m-
chloro-styrene oxide at concentration of 20 g/L. Thus, the present study has shown
enantioconvergent transformations of epoxides at much higher concentrations than

those reported previously.
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7.4. CONCLUSIONS

The immobilization of S-EH on GA support gave high activity recovery. The

immobilization of S--EH on GA support increased the pH and temperature stability of

enzyme. The immobilized enzyme had better stability in water-immiscible solvents

than in water-miscible solvents. Use of 10:90 mixture of iso-octane-phosphate buffer

biphasic medium was observed to be beneficial to minimize the substrate inhibition

and chemical hydrolysis of substrate. The immobilized enzyme expressed high

operational stability in repetitive hydrolytic batches of styrene oxide as well as that of

m-chloro-styrene oxide.
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CHAPTER 8: Conclusions

8.1. CHAPTERWISE CONCLUSIONS
Chapter 2:

Epoxy-activated porous polymer beads of allyl glycidyl ether with ethylene
glycol dimethacrylate as cross-linking agent and lauryl alcohol as porogen provided
an excellent support for lipase immobilization. The immobilization of lipases (CRL
and PPL) on AGE-(L)-100 polymer beads resulted in improved pH and temperature
stability and extended storage half-life. Among the different lipases screened, CRL
exhibited highest enantioselectivity towards hydrolysis of PG-ester, DOPA-ester and
HPA-ester (£ = 11.9, 9.6 and 15.6 respectively) while PPL exhibited highest
enantioselectivity towards hydrolysis of NA-ester (£ = 17.9). Both CRL and PPL
preferentially hydrolyzed the S-enantiomer of unnatural amino acid ethyl esters. The
immobilization of lipases (CRL and PPL) on AGE-(L)-100 polymer beads did not

alter their enantioselectivity towards hydrolysis of unnatural amino acid ethyl esters.

Chapter 3:

A blend of polyurethane (meth)acrylate and GMA was coated and cured on a
PP membrane to have better surface hydrophilicity, biocompatibility, strength and
chemical stability. This membrane has excellent protein binding capacity hence can
be used for enzyme immobilization. Under optimum conditions, the biocatalytic
membranes (CRL-PUA-I and PPL-PUA-I), showed high activity recovery (about 90%
and 91% respectively) and high retention of specific activity (about 92% and 96%
respectively). Furthermore these biocatalytic membranes showed better stability over
a wider range of pH and temperature than that of free enzyme. CRL-PUA-I showed
maximum enantioselectivity towards hydrolysis of PG-ester, DOPA-ester and HPA-
ester (£ = 11.3, 10.3 and 14.4 respectively) while PPL-PUA-I showed maximum
enantioselectivity towards hydrolysis of NA-ester (£ = 15.2). Moreover, CRL-PUA-I
and PPL-PUA-I exhibited high operational stability during repetitive hydrolytic
cycles of HPA-ester and NA-ester respectively.

Chapter 4:
The production of amidase by Rhodococcus erythropolis MTCC 1526 was
found to depend greatly on four media components (namely: sorbitol, yeast extract,

meat peptone and acetamide). Using the RSM, it was possible to model individual and
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interactive effects of media components on amidase production. The validity of the
model was confirmed by the close agreement between experimental and predicted
values. The media optimization by RSM effectively enhanced the amidase production
by 6.88 fold. Among four methods of cell immobilization, entrapment of R.
erythropolis cells in alginate gel (ALG-Re) and polyvinyl alcohol agar (PVA-Re)
gave higher amidase activity. Amidase of R. erythropolis MTCC 1526 preferentially
hydrolyzed S-enantiomer of unnatural amino acid amides. ALG-Re and PVA-Re
biocatalytic matrices showed better enantioselectivity towards hydrolysis of PG-
amide (£ = 15.6 and E = 14.8 respectively) and HPA-amide (£ = 11.5 and £ = 10.6
respectively). These biocatalytic matrices showed poor enantioselectivity towards

hydrolysis of NA-amide (£ = 6.2 and E = 6.1 respectively).

Chapter 5:

The immobilization of L-aminoacylase on epoxy-activated porous polymer
beads of styrene-glycidyl methacrylate-divinyl benzene ter-polymers has significantly
improved the stability of aminoacylase with respect to pH, temperature and storage.
Enantiomeric ratios of the immobilized enzyme were high (£ = 125 to 200) towards
hydrolysis of amides, moderate (E =~ 22 to 59) towards hydrolysis of N-acetyl
derivatives and poor (E < 15) towards the hydrolysis of amino acid esters. Thus, the
production of enantiopure amino acids via aminoacylase catalyzed hydrolysis of rac-
amino acid amides appears to be an attractive alternative. However the operational
stability of immobilized aminoacylase found to be inadequate for reuse of the enzyme

in a repetitive batch mode.

Chapter 6:

In this work, we have demonstrated that co-aggregation of aminoacylase with
an aminated polymer (e.g. PEI) facilitates formation of physically stable CLEA. The
method described yields stable cross-linking and no release of enzyme was found
upon storage. The cross-linking significantly improved the stability of aminoacylase
with respect to pH, temperature and storage. Aminoacylase-PEI CLEA were able to
hydrolyze different amino acid derivatives (namely: amino acid esters, N-acetyl
amino acids and amino acid amides) in an enantioselective manner. The

enantioselectivity however, was dependent on the type of amino acid derivative. The
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enantioselectivity of CLEA was remarkably high towards hydrolysis of amides,
moderate towards hydrolysis of N-acetyl derivatives and poor towards the hydrolysis
of amino acid esters. Aminoacylase-PEI CLEA exhibited high operational stability in
repetitive cycles of rac-HPA amide hydrolysis. Aminoacylase-PEI CLEA catalyzed
hydrolysis of rac-amino acid amides gave best results for biocatalytic production of

the given enantiopure amino acids.

Chapter 7:

The immobilization of S-EH on GA support gave high activity recovery. The
immobilization of S-EH on GA support increased the pH and temperature stability of
enzyme. The immobilized enzyme had better stability in water-immiscible solvents
than in water-miscible solvents. Use of 10:90 mixture of iso-octane-phosphate buffer
biphasic medium was observed to be beneficial to minimize the substrate inhibition
and chemical hydrolysis of substrate. The immobilized enzyme expressed high
operational stability in repetitive hydrolytic batches of styrene oxide as well as that of

m-chloro-styrene oxide.

8.2. ENANTIOSELECTIVITY OF BIOCATALYSTS TOWARDS SYNTHESIS
OF UNNATURAL AMINO ACIDS

In the present thesis, enantioselective synthesis of unnatural amino acids was
studied using three immobilized biocatalysts viz. lipases (EC 3.1.1.3), amidase (EC
3.5.1, 3.5.2) and L-aminoacylase (E.C. 3.5.1.14). These biocatalysts were used for
synthesis of enantiopure unnatural amino acids (viz.  phenylglycine,
homophenylalanine, 2-naphthylalanine). The different biocatalytic routes studied in
the present thesis are schematically represented in Fig. 8.1.

Enantiomeric ratios (E) for lipase catalyzed hydrolysis of amino acid esters
(route I) were in the range of 12-18 while that for amidase catalyzed hydrolysis of
amino acid amides (route II) were in range of 6-16. Aminoacylase catalyzed
hydrolysis of amino acid esters (route III) gave enantiomeric ratios in the range of 6-
14 while that of N-acetyl amino acids (route IV) gave enantiomeric ratios in the range
of 22-60. Aminoacylase catalyzed hydrolysis of amino acid amides (route V) gave
maximum enantiomeric ratios (£ > 200 for PG amide and HPA-amide while £ = 124

for NA-amide). Thus among the different biocatalysts studied, immobilized
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aminoacylase offered maximum enantioselectivity towards hydrolysis of amino acid

amides.

(RS)-Amino acid esters

PG-ester (E=11.9)
HPA-ester (E = 15.6)
NA-ester (E=17.9)

(Chapter 2 & 3)

Candida rugosa lipase/
Porcine pancreatic lipase

=
2
]
4
(RS)-Amino acid amides | 4. melleus v R. erythropolis | (RS)-Amino acid amides
PG-amide (£ >200) | noYIse | (§)-Unnatural | o amidase PG-amide (E = 15.6)
HPA-amide (E >200) Route V amino acid Route I HPA-amide (E = 11.5)
NA-amide (£ = 124.4) NA-amide (E = 6.4)
(Chapter 5 & 6) (Chapter 4)
A. melleus A. melleus
aminoacylase aminoacylase
(RS)-N-Acetyl amino acid (RS)-Amino acid esters
N-Acetyl-PG (E = 54.3) PG-ester (E = 6.5)
N-Acetyl-HPA (£ = 60.0) HPA-ester (E = 14.2)
N-Acetyl-NA (E =22.6) NA-ester (E=8.1)

(Chapter 5 & 6) (Chapter 5 & 6)

Fig. 8.1: Enantiomeric ratios (E) for different enzymatic resolution reactions studied
in this thesis. (For the given amino acid derivative and for the given enzymatic route,

E mentioned in this figure represents the maximum value experimentally obtained by

using an immobilized enzyme preparation).
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