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ABSTRACT

Thisreview discussabout theindustrial enzymesand their commercializa-
tion. Particular emphasis is placed on their novel applications apart from
the conventional applications. Application of enzymes has always got an
upper hand over to routine chemical conversion processes due to fewer
loads of chemicals, faster conversion rates, and high reproducibility with
safe and clean environment. Due to significant developments in modern
genetic engineering and proteomics, an unprecedented growth has been
seen in last three decades for the commercialization of industrial enzymes
which in turn gave them the today’s successful label of house hold com-
modities. However, thereisstill aphenomenal scopeleft for researchersin
designing of new, cheap and efficient tailor-made enzymes having broad
specificity and wide applications showing a good stability in stringent
conditions. India has huge market of industrial enzymes and import 70%
requirement from countries like USA, Canada and China. By increased
indigenous production of enzymes, India can reduce the current rate of
import, which would not only fetch the foreign exchange reserves savings
but also will open new employment opportunities.
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Enzymesarepresent in cdlsin minuteamountsand
capable of speeding up chemical reactionsassociated
withlifeprocesses. Withinaliving cdl, enzymesfunc-
tionin sequencesof reactionsnecessary to performnor-
mal cdlular activities¥. Theseenzymescanbeisolated
from cdl inpureform by following anumber of recov-

ery steps. After isolation of enzymes, they can beused
for different gpplicationswhich depend uponthenative
property of the particular enzyme. They have been used
sincethedawn of mankindin cheesemanufacturingand
other applicationssuch asa coholic or acetic acid pro-
ductionviayeastsor bacteria. Thefirst commercia ap-
plication of isolated enzymeswasin detergentsinthe
year 1914. Ther large-scd e production started in 1960s
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after proven their proteinaceous naturein 192623,

Sincethen, industrial enzymebusinessissteadily
growingdueto regular improvisationin productiontech-
nologies, engineering enzymepropertiesand their ap-
plicationinvarious domainsre ated to human health,
food and other applicationg*®. Today, theincreased
demand of enzymesisbeing fulfilled by exploiting the
microorganismsat large scal e fermenters/reactorsus-
ing submerged cultivationsor tray reactorsunder solid
date cultivation by exploitingthe GRAS (Generdly re-
garded as safe) microorganismg?™. Usually the produc-
tion microorganismor biocatayst isgeneticaly manipu-
lated, mutated or adapted to enhancethe desired me-
taboliteyidd, productivity whilemaintainingthar native
properties. Therequirement of enzyme purification steps
dependsupon their gpplications. Enzymes produced at
largescaeareusuadly not purified and directly sold as
concentrated liquidsor granul ated dry powder after their
proper formulation. Enzymesused in specid applica
tionslikediagnostics, health, and recombinant DNA
technology or asasupplement in food/feed need to be
highly purified prior to their application’*4. Isolated en-
zymeshavefound severa gpplicationsinfinechemicd
industriesfor their bulk production. Recently enzymes
got thelimdight for their specificand effective applica
tionsin production of chiraly pureamino acids, rare
sugars, key antibiotics and other specialized applica
tiongs4l,

They arealso usedin production of fructoseor low
calorific sweetenersand semi-synthetic penicillin(s)/
cephal osporin(s) derivativesaswell asseveral other
important finegrade chemica §Y. Enzymesnow canbe
considered asapart of arapidly growing biocatalyst
industry whichinvolvesgeneticaly optimizedlivingcells
and other chemical based recovery and purification
seps. Therisgnginterest in sustainabledevelopment and
environment benign processes, implicationsof micro-
bia enzymesintransformation processes hasbeen pre-
ferred over the conventiona chemical conversion pro-
cess®. Theformer has multiple advantagesin terms of
lesschemica loadinenvironment, efficient, and diluting
multiple downstream transformation attemptswhile
mai ntai ning the product yield and recovery49,

Historical background of industrial enzymes
In 18" century, fermentative activity of microor-

ganismswasdiscovered by the great French scientist
LouisPasteur. Theterm “enzyme” literally means“in
yeast”. Thefirst clear-cut recognition of enzymescame
in 1833 during acohol precipitate of malt extract which
contain athermo labile substance, and archinto sugar
and today known as-amylase. Finally, Sumner proved
theprotein nature of enzymesin 1926 after crystaliza-
tion of urease enzymefrom jack bean®19,

Theuseof renninfrom caf somachin cheesemak-
ing isconsidered probably thefirst application of en-
zymes. Renninisan aspartic protease which hasthe
capability to coagulate milk protein and hasbeen used
for hundredsof yearsby cheesemakers. In 1914, Rohm
in Germany prepared the first commercial enzyme
preparation. Thistrypsinenzymeisolated fromanimas
degraded proteinsand was used successfully asade-
tergent’®. However, thereal breakthrough of enzymes
occurred with theintroduction of microbial proteases
Into washing powderswhich revol utionized the com-
mercialization of detergent based enzymes®*¥, Danish
Company, Novozymefirstly marketed the Bacilluspro-
teasein 1959. However, the major application of mi-
crobid enzymeswasreported infood industry in 1960.
Other enzymeswhich got full limelight & that timewere
-aphaamylases and glucoamylases, which convert
starch with over 95%, into glucose. Starch industry be-
camethe second largest user of enzymes after deter-
gentindustry®.

Presently theindustrid enzyme companiessall en-
zymesfor awidevariety of applicationsafter formulat-
inginacertainratio of different enzymesmakingit a
fine cocktail. Themain gpplication sectorsinclude-de-
tergents (37%), textiles (12%), starch (11%), baking
(8%) and animal feed (6%). Eventoday, only alim-
ited number of commercidly enzymesareknown. A lot
of research attentionisrequired to find out novel en-
zymeswhich have broad specificity with potent appli-
cationsin harsh conditions. Morethan 75% of indus-
tria enzymes, which havebeen commerciaized by to-
day, are hydrolases. Protein-degrading enzymes or so
called proteases constitute about 40% of al enzyme
salesalone. Proteases have shown new and different
applicationsbut their usein detergentsstill dominates
the enzyme market. Today, more than 50 commercia
indudtrid enzymesareavallable Thisnumberisincressng
steadily having the strong back of research devel op-
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ments and innovationstowardsthe precisely applica
tion domaing?.

Enzyme production technologies: a brief assess-
ment

Enzymetechnology, asub-fidd of bic-indudtrid tech-
nology, or white biotechnol ogy, isthe application of
nature’stool set (microorganiams, lignocd lulosesand raw
nutrient commoditiesetc) for the production of enzymes.
Dueto continuousresearch effortsfor improvementin
fermentati on technol ogy and genetic engineering, mi-
croorganismshave opened new vistas of biotech prod-
uctswith enhanced productivity and substantial cost and
timesavings. Enzyme productionismainly based on
fermentati on technol ogy by growing microorganismson
cheaper carbon and nitrogen sources under different
culturecultivation (solid surface or liquid medium) to

get productsof choicewith asafeand clean environ-
ment!®. Figure 1 showsthe production methodol ogies
forindustria enzymes. Microorganismsaregenerally
considered asan asset to enzymeproduction industries
and are cultivated in designed bioreactors under con-
trolled feasible conditionsto produce avariety of inter-
esting compounds of importance”. In current vogue,
theresultsof studying giant “microbid libraries” for mi-
crobia conversion of cheaper carbohydratesfrom the
renewabl e plant biomass and other wastesinto value-
added products can serve as suitableand cost-effec-
tiveraw materid sfor enzymesproduction*?. Enzymes,
derived fromthese (micro-) organisms, areappliedto
catalyzeaconversioninorder to generatethedesired
products. Thedesirablecharacteristicsof industrial mi-
croorganisms depends upon their ability to ferment

Raw media
*Direct Carbon & Nitrogen source
*Agroresidues

*Waste Car bohydrates (municipality solid, waste Paper wasterecycled etc)

®l mprovement in biomass hydrolysis
®Chemical hydrolysis
®*Enzymatic saccharification

Fer mentation process devel opment
*Optimization of parameters
*Recycling of cells
*Ilmmobilization of whole cells

Fermentation
= Liquid - Batch
Fed Batch
Continuous
Solid State

Strain | mprovement
*Genetic Engineering
*Mutation

Product recovery
= Improvement in Downstream
processing For enzymes

Enzyme solution

J

Extracdlular <:| Recovery of enzymes :> Intracellular
Purification / ultra filtration Homogenization of cdls
Freeze drying / vacuum drying : Purification / ultra filtration

J

Final enzyme

Figure1: Schematicflow diagram for enzymesproduction with thefutureimplicationsfor theimprovement in produc-

tion methodologies
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chegpraw materia swithfaster rates, requiring minimal
amount of nitrogenoussubstances, providing highyidds
of preferred metabolite with lesstimeand complica
tions. Many molds (Aspergillus, Penicillium, Mucor
and Rhizopus), and bacteria (Bacillus sps, Escheri-
chia coli) excretelarge quantities of enzymesinto the
surrounding medium or withincell itsd i3,

Over the past five decades of research, continuous
improvement inindustria biotechnology hasbeenin-
strumental for theincumbent of new value-added di-
versified products. However, thistime span hasbeen a
mix of successand failures. Atindustrial scale, both
liquid and solid state fermentation methodshave been
explored and successfully implemented for many bio-
products®. In both thefermentations, maintenance of
suitablephysical parameters (temperature, pH, aera-
tion, agitation etc) and other important factorsviz. in-
oculum age, inoculum concentration, and maintenance
of sterility arecrucial to get theutmost yieldsand pro-
ductivity of enzymes¥. Ingenerd, liquid or submerged
fermentation (batch, fed-batch and continuous culture)
has been more pronouncedly used for enzyme produc-
tionatindustrial scale. Amongal, fed-batch fermenta-
tion has been found most suitable and feasiblefor en-
zymesproduction at industrial level. Thelater iscom-
monly employed for high biomassproductionwithin spe-
cifictimeinterva and conditions. Infed-batch fermen-
tation, themicroorganismworksat |ow substrate con-
centrationswith anincreasing biomassproductionwhich
eventualy will givehighenzymeyield. Inbatch fermen-
tation, themicroorganismworksat high substrate con-
centrationinitially and ahigh product concentration fi-
nally. Dueto low productivitiesand high labor inten-
sve, batch fermentationisgenerdly not recommended
at industrid operations. Continuousfermentationshave
not been explored much for the enzymes production
dueto more chancesof contamination, and areused to
analyzethecriticd production parameters. Howevey, it
islesslabor intensiveand offers ease of operationthan
batch operation™?.

Solid statefermentation isastate of art fermenta-
tion technol ogy which has severa advantagesover to
liquid fermentation in many ways- higher productivity,
low cost mediautilization, ssimplicity, and easy down
stream processing. However, it has somedisadvantages
like-difficultiesin scale up, and controlling of process

parameters (pH, heat, moisture and nutrient concen-
tration). Recent advancementsin reactor designing and
andysishaveshowed theway for successful implemen-
tation of SSFfor industrial enzyme production!”. Im-
mobilized cel sysemsarenow usedindustridly for pro-
duction of different metabolites. Thereare severd ad-
vantagesof usingimmobilized cell syssemover tofree
cell system. First, ahigher cell massper unit fermenta
tion volume can be achieved than with batch, continu-
ousor cell recycle system, resultingin acorresponding
increasein enzyme production. Second, reductionin
down stream processing costs asthereisno need for
cell remova making the product extraction more eco-
nomicd. Third, maintaining aspecific growth rateand
dilutionratein continuousfreecell sysemsisnot acru-
cia factor inimmobilized systems, thusflow ratescan
be optimized for best system kinetics. Findly, therisk
of contamination isreduced dueto fast dilution rates
andhighcell densities™.

After fermentation, downstream processingises-
sentid to obtainafina product from thefermentation
broth. Down stream processing isthe most important
part and decides the economic viability of the prod-
uctl®. Ingenerd, abiological product isether extracel-
lular (secretedinto theenvironment), or intrace lular (re-
taininthecdl itsdf). Theharvesting of intracdl lular prod-
uct isquite complicated and cost effectivein compari-
sontoextracelular products. Somestepsare additiona
inrecovery of intracdlular productslikecd | disruption,
partid purification, and addition of more centrifugation
steps™®l. Till now maximum numbers of enzymesare
being produced by harnessing bacterialike Bacillusor
fungi like Aspergillus. However, someenzymesaredlill
extracted from animal or plant tissues. Plant derived
commercid enzymesincludeproteolytic enzymeslike
papain, bromelain and ficin and some other specialty
enzymeslikelipoxygenasefrom legumesand tubers.
Animal derived enzymesinclude proteaseslikepepsin
and rennint®. TABLE 2 showsthe plant and animal
tissue derived enzymeswith their respective applica
tions. Most of the enzymesare, however, produced by
microorganismsin submerged culturesinlargereactors
or solid statefermentation conditions. Theenzymepro-
duction process can bedivided into following phases:
selection of an enzyme, selection of aproduction strain,
congtruction of an overproducing strain by genetic en-
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TABLE 1: M ajor enzymesmanufacturersin India

Revenue
Company name Products generated
(Rs. millions)
Novozyme India, Bangalore Designer cellu!ases, hemicellulases, detergent, food and feed 1000
enzymes, specialty enzymes.
Biocon India, Bangalore Brewing enzymes, deFergent and textile enzymes, food and feed 910
enzymes, pharmaceutical grade enzymes
Advanced Biochemicals, Alpha-acetol actate decarboxylase, alpha amylase, cellulase and 693
Ahemadabad alkaline protease
Rossari Biotech Ltd., Mumbai Food, feed and paper starch based enzymes 660
Zytex India Private Limited, Mumbai Starch degrading enzymes, food and feed specialty enzymes NA
Fermenta Biotech Ltd, Kullu, Penicillin acylases, Fermase OX 1500, Fermase PA 1500 and enantio- NA
Himachal Pradesh selective enzymes
Kopran Drugs Ltd, Mumbai Penicillin acylases and other beta lactam antibiotic associated NA
enzymes
g:;g;ﬁ;ﬁtmh Ltd., Bhiwadi, Penicillin acylases, glutaryl-7ACA acylase and D-amino acid oxidase NA
Osten Enzymes, Chennai Oil degrading and trans-esterification enzymes NA
Celestial Labs Ltd, Hyderabad.* Alpha amylase and alkaline protease NA
Maps India Ltd., Ahemdabad Palkoenzyme (alpha amylase) and palkobate (alkaline protease) NA

#NA-Not Available, *Production not yet started, all the ground work is over with the technical know- how from Institute of

Microbial Technology, Chandigarh, India.

gineering, optimization of culture mediumand produc-
tion conditions, optimization of recovery process(and
purificationif needed), formulation of astableenzyme
product for application point of viewt., Criteriausedin
the selection of anindustrial enzymeinclude specific
reactionrate, pH and temperatureand stability in pres-
enceof inhibitorsand affinity with substrates.

For the selection of most appropriate microorgan-
ism for the production of desired metabolite at plant
scale, severa aspectshaveto beconsdered. First, the
production strain should haveaGRAS-gtatus, whichis
important especialy if theenzyme produced by theor-
ganismisused infood/feed processes. Second, theor-
ganism should have the capability to produce high
amount of the desired enzymetiterstaking reasonably
lesstime. Third, the organism should beless contami-
nation pronewith agood stability at high volumereac-
torsand lagtly, organism should beableto utilizeabroad
range of carbohydrate and nitrogen sources*®. Most
of theindustrial enzymesare produced by ardatively
few microbial hosts like Aspergillus, Trichoderma,
Fusariumand Phanerochaetefungi, Sreptomycesand
Bacillusbacteria. In genera, yeastsare not good pro-
ducersof extracellular enzymesand arenot preferen-
tidly usedfor thecommercid production of industridly
important enzymes?.

Modern recombinant DNA technologieshaveled

theway for devel oping novel traitsby successfully ma-
nipulationingenetic materid of hostswith desired prop-
erties. After the successful genetic manipulationin or-
ganismto overproducethe desired products, thelater
isoptimized for fermentation processwhichincludes-
mediacomposition, cultivation type and process con-
ditionsfor maximum production of metabolites. The
various parametersviz. carbon and nitrogen sourceand
concentration optimization, and physica factors(pH,
buffering agents, masstransfer rates, agitation, aera-
tion, temperature, foam control) under different culture
cultivation conditions (batch, intermittent batch, fed-
batch and continuous cultivation)*7,

Enzymebusnessin Indiaand I ndian enzymemanu-
factures

TABLE 1 showsthe main enzymes manufacturers
inIndia InIndia, themgor industrid enzyme manufac-
turersare- Novozymesindia, Bangaore, Biocon India
Ltd, Bangal ore, Advanced Biochemica's, Ahemdabad
and Maps India, Ahemdabad. Novozymes was the
market |eader in this segment during 2006-07 with to-
tal salesof Rs.1000 millions. Biocon and Advanced
Biochemica sweretheother mgor playerswiththesales
of Rs.950 and 693 millions respectively. Novozymes,
Advanced Enzymes Technol ogiesand Zytex havereg-
istered over 20% growth in 2006-07 against the previ-
ous year. Rossari registered over 60% growth while
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TABLE 2: Someimportant industrial enzymesand their applications?

Egrzi)\//rgs Enzymes Source and origin Industrial applications
Actindin Kiwi fruit (E)* Food and feed improvement
3 Amylases Malted barley and other frains (E) Brewing, food and bakeries
§ Bromelain Pine apple latex (E) Brewing and fruit juice processing
D Glucanase Malted barley and other food grains(E) Food, brewing and medicines
E Ficin Fig latex (E) Food and fruit pulp clarification
é Lipoxygenase  Soyabeans, green legumes and starchy tubers (1)** ggggr’agfr?d making and aroma
Papain Pawpaw latex and other latex yielding fruits (E) Meat and food preparations
Catalase Liver (I) Food and medicines
® g Chymotrypsin Pancreas (E) Leather and medicines
g % Lipase Pancreas (E) Food, tanneries and medicines
<5 Rennet Abomasum (E) Cheese and medicines
Trypsin Abomasum (E) Leather and pharmaceuticals
Amylase Aspergillus, Trichoderma (E) Food, detergents and baking

Penicillin amidase

Aspergillus, Penicillium (1)

Pharmaceutical and chiral compound
synthesis

Glucoamylase Aspergillus (E) Food, feed and baking
Catalase Aspergillus (1) Food and biosensor development
g Callulase Aspergillus, Trichoderma, Fusarium, Food, detergents, and bioethanol
k= Phaenerochaete (E) production
2 Dextranase Penicillium, Trichoderma (E) Food and confectionaries
% Glucose oxidase Aspergillus, Fusarium (E) Food and gluconic acid production
2 Lipase Aspergillus (E) Food, detergent and biodiesel production
T Rennet Rhizopus (E) Drink and dairy industries
Pectinase Aspergillus, Trichoderma (E) Drink and fruit juice clarification
Alkaline protease Aspergillus, Trichoderma (E) Detergents and glass lens cleaning
Raffinase Mortierella (1) Food and confectionaries
Bioremediation, detoxification, pulp and
Laccase Phenerochete, Cyathus, Pynoporous (E) paper and biosensor development
Invertase Saccharomyces (E)/(1) Sugar syrups and confectionaries
"B Lactase Kluyveromyces (E)/(I) Dairy and food industries
‘g }E Lipase Candida (E) Food, textiles and medicines
> j§> Raffinase Saccharomyces (1) Food and confectionaries
S D-aminoacid Candida (1) Pharmaceutical's
oxidase
3 Amylase Bacillus (E) Starch, detergent and baking
w® Asparagine Bacillus (E) Health
g, Glucose isomerase Bacillus (E) Sugar syrup and food industries
5 Penicillin _ _ Pharmaceuticals (Semi synthetic
= . Bacillus/E.coli (E) antibiotic intermediates and chiral
= amidases .
o) compound synthesis)
8 Protease Bacillus (E) Detergents, food and in textiles
@ Pullulanase Bacillus (E) Starch and food/feed synthesis

*Extracellular, ** Intracellular

Biocon registered 12% growth over thepreviousyear’s
salesrevenue,

Major enzymesand their industrial importance

TABLE 2 summarizesmaor large-scale enzyme
applicationd®¥, Application of microbial enzymesin
detergentswasthefirst mgor break troughin applica
tion of enzymes. Bacteria proteasesarestill themost

important detergent enzymesand predominantly cover
themagjor bio-industrid business. Inredlity, acocktall
of enzymes comprising proteases, amylases, cdllulases,
lipasesetcaremixed inacertain rationto formulatethe
find enzymecocktail isadded in detergentsat adefinite
concentration. Other indugtridly important enzymesare
dpha-amylases, lipases, tannases, penicillin acylasesetc.
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ared so now being used in detergents. However, these
enzymes havetheir own characteristicsand are used
for agpecific gpplication according to their native prop-
erties®s,

Amylasesareused in primarily in starch based in-
dustries, baking and detergentsto remove starch based
stains. Amylaseshydrolysege ainized starchintosm-
pler monomeric constituents, which tendsto stick on
textilefibresand bind other stain components. Cellu-
laseisactualy an enzyme complex capable of degrad-
ing crystalinecdluloseto glucose. Now they areindis-
pensablefor detergent applicationsdso. Intextilewash-
ing cellulasesfirstloosensthe cellulose/hemicellulose
microfibrilsandfindly break downinto ssimpler carbo-
hydrates, which can be dissolved and gets removed
duringwashingfrom cloths. Alkdinecdlulasesare pro-
duced by Bacillusstrainsand neutra and acidic cellu-
lases by Trichoderma, Aspergillus, and Humicola
fungi®.

Starch breaking enzymesinclude avariety of mi-
crobid enzymes. Pullulanaseisan additiona de-branch-
ing enzyme, which act on starch polymer toyield glu-
coseand other monomeric congtituents. Alphaamylase
iscommercialy produced from Bacillussp. whilebeta
amylaseiscommercidly produced from barley grains
and used for the production of the disaccharide mal-
tose.

Enzymeshavewideapplicationindrinksand are
usedinfruit juicemanufacturing. Fruit cell wal needsto
be broken down toimprovejuiceliberation. Addition
of pectinase, xylanaseand cellulaseimprovetherecov-
ery of thejuicefromthefruit pulp. Moreover, pectinases,
amylasesand laccasesarenow commercialy gpplying
injuiceclarification and stabilization.

Brewingisan asoimportant areafor application of
enzymes. Enzymeslike-dphaamylases, betaglucanases,
neutral proteinase, pectinases, papain etc. areintegral
part of brewing processes. Theseenzymescan beused
to helpin starch hydrolysis, solving out thefiltration
problems caused by beta-glucans and hydrolysed pro-
teinspresentinmadyt, and eventuadly controlshazing dur-
ing maturation and storage of dcoholicdrinks. Lipase,
anindustria enzymeisappliedinfat processngindus-
tries, medicinesandin biodiesd production. Themost
important lipasein themarket wasoriginal ly obtained
from Humicola lanuginose. Now, it is successfully

BioTechnology — o

produced on large scale by cloned Aspergillus har-
boring the Humicola gene.

Oxidative enzymesarenow directly beingused to
bleach textiles and paper pul p. Laccase-apolyphenol
oxidasefromwhiterot fungi hasshown promisingre-
aultsinthisfied. Also they arenow commercidly being
used in dyede-colorization, de-inking and for detoxi-
fication of sugar syrups, fruit juice stabilization etc.
Xylanasesaongwith laccasesare now integral part of
pulp and paper industriesinmaking of finequality paper.

Animd feedimprovement by gpplication of enzymes
isavery potentid andinteresting areafor gpplication of
enzymes. Thefirst commercia successwasaddition of
beta-glucanase and xylanaseinto grainsbased feed di-
ets. Xylanaseswerefound to bethemost effective ones
inthiscase particularly in cheek feed improvement.
Usualy afeed-enzyme preparation isamultienzyme
cocktail containing glucanases, xylanases, proteasesand
amylases. Enzymeaddition reducesviscosity, whichin-
creases absorption of nutrients, liberates nutrientsel -
ther by hydrolysisof non-degradablefibresor by liber-
ating nutrientsblocked by thesefibres, and reducesthe
amount of faeces.

Another type of important feed enzymeis phytase.
Phytaseisaphosphoesterasewhich liberates phosphate
from phytic acid whichisacommon compoundin plant
based feed materias. Thisenzymeisarevol utionary
additioninthisaspect. Thenet effect isreduced phos-
phorousin faecesresulting in reduced environmental
pollution.

L eather industry uses combined enzymes consi st-
ing of tannanalytic, proteolytic and lipolyticenzymesin
leather processing. Theuseof theseenzymesisprima
rily associated with the structure of animal skinfor de-
hairing and de-wooling. The application of these en-
zymesresultsinamoreenvironmentaly benign process
and eventually improvesthe quality of theleather by
cleaning and softening the stronger |eather surface.

Somenovel enzymeapplications

In addition to large volume enzyme applications,
therearealarge number of specialty applicationsfor
enzymes. Theseinclude useof enzymesin anadytica
goplications, flavor production, protein modification, and
persond care products, recombinant DNA-technol ogy
andinfinechemical production®®. TABLE 3 summa-
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TABLE 3: Somenovd applicationsof enzymes

Application area Enzyme M echanism of Action Catalysed action
. Detection of released H,0, after
Peroxidases Changingin NAD. (F/NAD(P)H peroxidase catalysed reaction
proportions .
spectrophotometrically
Analytical Detection of color forming

methodology Alkaline phosphatases Antigen-antibody complex reaction p-nitrophenyl phosphate

or peroxidase
H,0, producing oxidative Biosensors based mechanism,  Detection of peroxide and oxygen

enzymes glucose oxidation catalysis consumption

Proteases and Lipases H20, disinfectants of contact lens, Contact lens cleaning
Catal ase degrades H,0,
Personal care GA liberates glucose from starch
products Glucose amylase (GA) and

Glucose oxidase (GO)

Restriction endo, exo
nucleases, ligases,
topoisomerases, gyrases etc.

Recombinant DNA
technology

Cdlulases, xylanases,
lipases, leucine
dehydrogenases

Glucose isomerases,

Penicillin acylases,
Thermolysin proteolytic

Fine Chemicals
synthesis

Chiral, pure amino
acids and aspartame

synthesis enzymes
Glucose isomerases,
Rare sugars cellulases, xylanases and

hemicellulases

Biodiesel, bioethanol

production, alcohol

separation and fatty
acid production

Lipases, cellulases and
hemicellulases

Proteases, lipases, lyases,

Asymmetric synthesis catalases, hydroxynitrilases

Oligosaccharide
synthesis

Glucosyl transferases,
glycosidases, sucrases

oligomers; GO converts glucose to
gluconic acid

Toothpaste disinfection

Gene cloning for making
genetically manipulated
microorganisms for enhanced
enzymetiters
Bioethanol, biodiesdl, xylitol
butanediol, and organic acids
production

Nucleic acid synthesis, degradation
of nucleic acids

Coordinated action of multienzymes
and co-factor regeneration

Amide bond acylation, Racemization
of N-protected aspartic acid and
phenyl alanine methyl esters
formation

Pharmaceuticals, agrochemicals,
sweetner chiral compounds and
D-phenylglycine production

Synthesis of low calorific
sweetners, L-ribulose, L-ribose,
D-xylulose, D-lyxose and 4-
carbon sugars synthesis

Isomerisation, cellulolytic, and
xylanolytic reactions

Transesterification, betal-4, apha 1-
4 likage cleavage of holocellulose
polymer from plants, enantiomeric

nucleophile based catalytic reactions

Enantiosel ective addition reactions,
additions of double bond to some
reactive groups and chiral based
specific reactions

Transesterification of fatty acids,
biodiesal, fuel ethanol production,
and separation of fatty acids

Formation of chiral compounds,
alpha keto acid precursors and L-
aspartic acid production

Oligosaccharide, dextran
production, thermolysin synthesis
for cosmetics, medicines and
functional foods

Coupling and deprotection of
building blocks, polymerization and
hydrolytic reaction

rizessomenove agpplicationsof speciaty enzymes.
Longterm benefitsfrom industrial enzymespro-

duction

Development of any indigenousproduct using chesp
sources and with existing technol ogiesand skilled pro-
fessond isdwaysbeneficid inmany aspects. Herewe
briefly summarize someimportant benefitsachieved by

developingindustriad enzymes production and
fulfilling thecurrent market demand.

= Safeand clean environment option over to chemical

mediated conversion processes

Cost effective and time savingswith faster conver-
sonraesand highreproducibility

Increased employment opportunities

L ess dependency on foreign imported enzymes by
increasing moreindigenous production

Saving of foreign exchangereserves

Key roleinfutureaternativefuels- bioethanol and
biodiesd production

Increased research opportunitiesand teaming up of
biotechnologists, chemists, chemicd engineers, com-
putationa professonalsetc.

inturn
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REVIEW
CONCLUSION

Theapplication of modern techniquesof genetics,
proteomicsand metabolic engineeringiscrucid for the
production of novel and specific enzymesafter exploit-
ing the ‘booster” microorganisms. The use of enzymes
in place of routine chemica mediated processesisa
green and sustainable dternativeto convert them envi-
ronmentally benign processes®. Extensive search for
new enzymevariantsin organismsthat grow inextreme
conditions(hightemperature, highakaineor acidicand
salt concentrations) are of moreinterest dueto their
increased applicationsunder harsh conditions. These
featuresof enzymeswill makemoreindustridly friendly
with broad applications. Other options like protein
reengineering, congtruction of recombinant microorgan-
ism librariesmay be helpful ininsightful spatiaity de-
signing feasiblefor broad gpplications. Also, theuse of
genetic engineering in construction of novel and high
enzymeyieding hostswithstanding against al oddsare
certainly the cutting edge advantagesand will deter-
minethefutureof enzymeresearch.
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